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Preface

In recent years, a worldwide transition in dietary ingredients has been observed where
people have incorporated more livestock products in their diet. A major transition has taken
place in the developing world such as India, where dietary composition has changed
drastically. This has been attributed primarily to urbanization and income escalation. It is
projected that by 2050, the demand for livestock food products like milk, meat and eggs will
increase by 70% more than that in 1990. This growing demand will be met either by
increasing livestock numbers or by enhancing their productivity. Further, the cattle and
small ruminant population is likely to increase to 2.6 and 2.7 billion by 2050, respectively.
The human population is also escalating at a rate of 90 million per year, and is expected to
reach 9.6 billion by 2050. This increasing human population will claim first rights on the
world’s diminishing resources, which will therefore leave a meagre supply for livestock.
Apart from shrinking water and land resources, changing climate is emerging as a major
concern causing hindrance in enhancing livestock productivity.

The primary objective of this book is to raise awareness among scientists, academics,
students, livestock farmers and policy makers of the twin inter-related and inter-dependent
complex mechanisms of livestock rearing and climate change. Intensive livestock farming,
land degradation, deforestation and greenhouse gas (GHG) emissions are the few important
factors that accelerate climate change, and which in turn aggravate the adverse impacts of
climate change on global livestock production. The threat of climate change on livestock will
be stratified, and vulnerability will vary from one ecoregion to another. On the one hand, the
prolificacy of livestock, the availability of feed and fodders, the quality of feeds, the
biodiversity of animal genetic resources, livestock productivity and immunity status, as well
as the emergence of new diseases and vectors, are the major issues affected by climate
change. While on the other hand, livestock production is also listed in the major causes that
are accountable for climate change.

Emissions of GHGs, explicitly methane and nitrous oxide, are the major concerns
associated with livestock production. Enteric methane emission from livestock not only
plays a considerable part in global warming and climate change but also epitomizes the
substantial loss of feed energy. Livestock excrement also emits methane and nitrous oxide,
albeit the magnitude of GHG emission is comparatively not as much as it is from other
sources and always depends on excrement management systems, which differ from country
to country. The FAO anticipate that GHG emissions from the livestock sector will double in
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the next 35-40 years, in accordance with livestock numbers, and will remain a debatable
issue for their large GHG contribution.

The challenges before animal researchers are multifold for achieving equilibrium between
livestock numbers, production and productivity and scarce feed and fodder and other
resources to satisfy the requirements of the populace across the globe. Addressing the multi-
directional links of livestock production and climate change to perceive the precise impacts
of one to the other is of paramount importance in a given environment for suitable
acclimation approaches and to formulate ameliorative measures.

While collating this book, we have split the contents into sections: one on livestock
production, one on climate change and one on enteric methane amelioration. In the first
section, decisive issues such as current feed and fodder demand, the effect of climate change
on feed availability and quality, projections for 2030, water requirement, etc., have been
dealtin order. Given the due importance to abiotic stress, nitrogen emissions and phosphorus
pollution, well-designed individual chapters are arranged in this section that suggest the
appropriate corrective measures for these global glitches. As ruminants thrive mainly on
fibrous feed material, particularly in the developing world, the special topics on metagenomics
and proteomics are positioned in this section for the effective use of these emerging
approaches in fibre degradation.

As stated earlier, livestock production and climate change are amalgamated through
complex mechanisms, and one affects the other in many ways. Therefore, in the section on
climate change, an attempt is made to address the interspersed link under seven chapters,
focusing on the carbon footprint of producing food of animal origin, carbon sequestration,
livestock diversity, animal reproduction, meat production and the role of indigenous
livestock in the changing climatic scenario.

Exclusive attention is given to enteric methane emission in the final section for being the
critical factor in climate change, and is deliberated under nine different chapters converging
on status, thermodynamics, feeding and biological interventions to address the problem
and to achieve practically viable reduction levels for minimizing the impact of global warming
and saving biological energy that can be directed towards productive functions.

The reciprocity of livestock production and climate change is a global issue, which needs
the collective efforts of researchers from different parts of the world. Translation research
always emerges from sound basic knowledge. Therefore, attempts have been made to
describe each chapter in that light, focusing on development and application. This book
brings together authors from 12 countries from Asia, Africa, Europe, Australia and the USA.
The selection of authors is an indication of the relevance of this subject, as they have
addressed different issues in a global perspective. Each chapter is written by renowned
professionals who have expertise in a given field and who have made a substantial
contribution to the progressing science in that particular area.

This endeavour would not have been successful without the help of the contributory
authors, who went to great pains to compile up-to-date information on these topics. The
editors are indebted to all our contributors for their commendable and sincere efforts in
writing the chapters and finishing the assignment within the allocated time.

We hope that the readers of this volume will find a full coverage of all the relevant topics
associated with climate change in reference to livestock production, and we believe that the
comprehensive, compact and up-to-date information contained in this book will empower
animal scientists to cope with the climate change issue.

P.K. Malik, R. Bhatta, J. Takahashi,
R.A. Kohn and C.S. Prasad
Editors

March 2015
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Overview

C.S. Prasad,* P.K. Malik and R. Bhatta
National Institute of Animal Nutrition and Physiology, Bangalore,

India

1.1 Livestock Sector

Worldwide livestock are an integral com-
ponent of agriculture that contribute
directly or indirectly to the populace by
providing food, value-added products, fuel
and transport, enhancing crop production
and generating incomes, livelihoods, etc. In
addition, livestock also diversify production
andincome, provide year-round employment
and reduce risk. Livestock play an important
role in crop production, especially in
developing countries, through providing
farmyard manure and draught power to
cultivate around 40% of arable land. There
are 1526 million cattle and buffalo and 1777
million small ruminants in the world (FAOQ,
2011). Worldwide, these animals are
scattered under grazing (30%), rainfed
mixed (38.5%), irrigated mixed (30.15%)
and landless/industrial (1.15%) production
systems. There are interregional differences,
too, in the distribution of livestock, attri-
buted to the agroecological features, human
population density and cultural norms. Sub-
Saharan Africa, Latin America and the Near
East have a fairly larger land area per person
engaged in agriculture, and therefore have a
greater livestock proportion dependent on
grasslands.

Livestock virtually support the livelihood
of about 1 billion poor across the globe, of
which 61% inhabit South and South-east
Asia (34% in South Asia and 27% in South-
east Asia). Livestock provide over half of the
value of the global agricultural output, with
one-third in developing countries. This share
rises with income and living status, as

evidenced from OECD (Organisation for
Economic Co-operation and Development)
countries, where livestock contribute above
50% of agricultural gross domestic product
(GDP). In 2010, the export value of the
livestock product in international trading
was about US$180 billion, which constituted
around 17% of the total agricultural product
export value. Approximately 13% of total
calorie consumption comes from livestock
products on a global scale, while in developed
countries this figure increases to ~21% of
total calorie consumption. Additionally, live-
stock products cater to 28% of the world’s
total protein need, whereas in developed
countries they make up 48% of the total.
Due to the comparatively high cost of
livestock products and low incomes, the
consumption of livestock products in the
developing world is still low. However, in the
past few years, due to rising incomes and
better living standards, a clear transition
towards an animal product-based diet is
becoming evident in developing countries.

1.2 Trends

The global population is expanding by 90
million per annum, and is expected to reach
9.6 billion by 2050 (UNDESA, 2013). The
increase in the population of developing
countries will accelerate more compared to
that of the sub-Saharan and developed
world. In 2050, there will be an escalation of
~70% in population growth in contrast to
1990. There is a concurrent upsurge in
people’s income; since 1980, an increase of

* Corresponding author. E-mail: cadaba_prasad @ yahoo.co.in
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2 C.S. Prasad et al.

1.5% has been recorded on a global scale,
while in Asian countries the increase is
around 5-7% during the same period. This
hike in income is one of the major factors
leading to the migration of people towards
urban areas; it has been reported that 20%
of the total population inhabited urban
areas in 1900, which subsequently rose to 40
and >50% in 1990 and 2010, respectively.
It is projected that 70% of the population
will have migrated to urban areas by 2050.
Higher earnings, urbanization and the
preference for a better quality diet will shift
the majority of people to accommodate
livestock products in their meal.

The Food and Agriculture Organization
(FAO, 2008) estimated the world’s livestock
population comprised 1.58 billion bovines
(1.4 billion cattle and 0.18 billion buffalo),
1.95 billion small ruminants (1.09 billion
sheep and 0.86 billion goats), 0.025 billion
camels and 0.059 billion horses. It is
projected that the cattle population might
increase to 2.6 billion and small ruminants
to 2.7 billion by 2050. This livestock popu-
lation is not distributed uniformly across
continents and countries; one-quarter of the
total cattle population is concentrated in
Brazil and India, and 56% of total world’s
buffalo are residing in India alone (FAO,
2008). The bovine and ovine populations
have increased 13 and 22%, respectively,
from the 1983 figures. Increasing the
population of livestock may be one way to
meet the requirement of a large human
population in the coming years; however,
limited feed and fodder resources, scarce
water sources, land shrinkage and climate
change pose a restriction on this option and
a constant conflict between food—-feed crops.

The overall demand for agricultural
products including food, feed, fibre and
biofuels is expected to increase by 1.1%
year‘1 from 2005-2007 to 2050, and to meet
this increased demand cereal production
must increase by 940 million tonnes (Mt) to
reach 3 billion tonnes (Bt), meat by 196 Mt
to reach 450 Mt, and oil crops by 133 Mt to
achieve the necessary figure of 282 Mt
(CGIAR, 2014). The world’s demand for
milk, meat and eggs will increase by 30, 60
and 80%, respectively, by 2050, as compared
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to the demand in 1990. The aggregate
demand for livestock products is projected
to be 70% more in 2050 than that in 1990
(Le Gall, 2013). The growth in milk pro-
duction is not as much as that seen in meat
production over the past few years. However,
the consumption of milk per capita per year
has increased by 7 kg in the past 30 years
(Alexandratos and Bruinsma, 2012). The
foremost increase in milk consumption in
the past few years has been seen in the
developing countries, where consumption
has increased by 15 kg per capita per year. To
meet the requirement of the population in
2050, an increase of 1.1% per annum from a
production of 664 Mt in 2005-2007 has
been projected. As milk production in
developed countries has already achieved a
plateau and is now almost stagnant, this
increase in production has hence, out of
necessity, to come from the developing
countries, where resources are shrinking
and productivity enhancement is the only
option.

To meet global demand in 2050, meat
production will have to be increased at a rate
of 1.3% per annum above the 258 Mt
produced in 2005-2007 (Alexandratos and
Bruinsma, 2012). However, there is a
regional disparity projected for this growth;
maximum growth in meat production is
projected in South Asia (4% per annum),
followed by sub-Saharan Africa (2.9%) and
the Near East/North Africa (2.2%). For
developed countries, the growth in meat
production will remain stagnant at around
0.7% per annum. Figure 1.1 shows that meat
and milk consumption in comparison to
2002 will increase by 6.4 and 0.49% by 2015
and by 14.10 and 3.47%, respectively, by
2030.

Thus, it is clear from the above discussion
that the requirement for livestock products
will increase dramatically in future, and the
major segment of this increased demand
will come from the developing world, which
still has much unexplored potential and may
be influential in satisfying the requirement
of a large human population in 2030/2050.
This increased demand shall be met in two
ways, either by increasing the number of
animals or through intensifying the pro-
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Fig. 1.1. Projections for meat and milk consumption (kilogram per capita per annum): 2015/2030.

(Modified from Thornton, 2010.)

duction potential of livestock, especially in
the developing world. However, this is not
going to be an easy task for stakeholders, as
the livestock sector is currently facing many
adversities that need to be addressed
urgently. Climate change is one of the major
issues adversely affecting livestock pro-
duction across the world. All the major
issues restricting the production from this
sector are discussed very briefly in the
subsequent section.

1.3 Livestock and Climate Change

About one-third of the ice-free terrestrial
surface area of the planet is occupied by
livestock, which uses almost 15% of global
agriculture water. Livestock systems have
both positive and negative effects on the
natural resource base, public health, social
equity and economic growth (World Bank,
2009). Livestock are considered a threat to
the degradation of rangelands, deforestation
and biodiversity in different ecoregions, and
also to supplies of nitrogen and phosphorus
in water. As per one estimate, livestock are
accountable for 20% of rangeland degrad-
ation and pose a threat to the biodiversity of
306 of the 825 ecoregions worldwide (Le
Gall, 2013). Animal production systems and
climate change are intermixed through com-
plex mechanisms, and the threat of climate
change is ubiquitous to the agriculture and
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livestock sector; however, the intensity of
impact is stratified, depending on the
agroclimatic region and country. In one way,
climatic variations influence livestock pro-
duction by altering the surrounding environ-
ments that govern the well-being and
prolificacy of livestock; affecting the quality
and quantity of crop biomass, animal health,
etc. On the contrary, livestock production
also has a large impact on climate change
through the emission of the large quantity
of greenhouse gases (GHGs) associated with
livestock rearing and excreta. Climate
change has both direct and indirect impacts
on livestock; increase in events such as
droughts, floods and cyclones, epidemic
diseases, productivity losses and physio-
logical stress are a few of the direct impacts
of climate change on livestock, while indirect
impacts would be on feed and fodder quality
and quantity, the availability of drinking
water and the interactions between the host
animal and pathogens.

1.3.1 Livestock - the culprit in climate
change

Carbon dioxide (CO,) is the major GHG
accountable for more than half of the
greenhouse effect; however, emission from
animals as such is negligible and CO, emits
mainly from industries and fuel burning.
Though methane (CH,) is the second major
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GHQG, its current atmospheric concentration,
i.e. ~2 ppmv (parts per million volume), is
far less than the concentration of CO,
(396.81 ppmv). CH, and nitrous oxide (N,0)
are the two major GHGs from animal
agriculture that contribute to global warming,
Livestock rearing has two components for
GHG emissions; one is enteric fermentation
and the other is excreta. As such, enteric
fermentation contributes almost 90% of the
total CH, emission from ruminants, and the
rest comes from hindgut fermentation. The
intensity of CH, emission from excreta
depends on the management system
followed; the collection and storage of dung
in pits or lagoons creates the desirable
anaerobic conditions and therefore leads to
more CH, emissions from excreta; however,
the emission of CH, from the heap system in
most of developing countries, including
India, is much less, as most of the heap
portion is exposed to the environment and
emission takes place only from the deep inner
layer. To the contrary, the N,O emission from
the heap system is comparatively more, due
to exposure in an open environment.

Both CH, and N, O have 25 and 310 times
more global warming potential, respectively,
as compared to CO,, and therefore become
more important when global warming is
debated. In the total CH, emission of 535 Tg
yearl, 90 Tg is derived from enteric
fermentation, whereas 25 Tg comes from
animal wastes. Animal production systems
emit 7.1 Gt CO,-equivalent (eq) GHGs per
annum, which represents around 14.5% of
human-induced GHGs. In addition, the
ruminant supply chains also emit 5.7 Gt
CO,-eq year™ of GHGs, of which 81, 11 and
8% are associated with cattle, buffalo and
small ruminant production, respectively
(Opio et al., 2013). In one estimate, the FAO
projected that the GHG emissions from the
anticipated livestock numbers may be
doubled in the next 35-40 years. This shall
precipitate much argument, as industrial
GHG emission is anticipated to be on the
decline.

Further, animal production systems are
also the largest contributors of reactive
nitrogen to the environment in the form of
NH,*, NH;, NO,, N,O and NO. However,
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most of these nitrogen losses from agri-
culture, except N,O, do not affect climate
change directly, but these compounds have
serious environmental consequences by
contributing to haze, the acidity of rain,
eutrophication of surface-water bodies and
damage to forests. The intensification of
livestock production to satisfy requirements
has led to the rigorous use of manures and
fertilizers, resulting in the saturation and
accumulation of phosphorus in the soil,
which creates the problem of eutrophication
and impairs ecosystems.

1.3.2 Impacts on livestock production

As stated earlier, both livestock and climate
change are interrelated by complex mechan-
isms. Figure 1.2 illustrates the possible
interrelated mechanisms by which livestock
and climate change impact on each other. In
the section above, we have seen briefly how
livestock production affects climate change,
and in this section, the impact of climate
change on livestock production will be
addressed in short, as this is deliberated in
detail in subsequent chapters. Increasing
demand has put pressure on the resource
base, leading to more intensification and
expansion of livestock production systems.
Further, the cropping area in dry regions is
also expanding, which forces pastoral
livestock systems to relocate into still more
arid lands.

Feed and fodders are the key components
in livestock production, not only because
these are the basic resources that fuel animal
productivity but also are the key link
between livestock, land and several regulat-
ing and provisioning ecosystem services
such as water cycles, GHG emissions, carbon
sequestration, maintenance of biodiversity
and others. As illustrated earlier, livestock
production and productivity has to increase
substantially from the current level to meet
increased demand in the future, which in
turn depends on the availability and quality
of feed resources; in many projections, crop
yields, especially in the tropics and sub-
tropics, are projected to fall by 10-20% by
2050, due to a combination of warming and

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Overview 5

Temperature rise

Enteric CH,

.
)

e
H.Emc :
—
nteric CH, - ') S/
 Enteric 1
. i o e
/& {

gy
- w

Temperature rise

wx | ] Global warming

Shrinking of water sources
Less dfinking water

ST |

)
S & |
A @ |

| /

1 S
'.'Feed and fodder scarcity__,/

Less water for crop

Fig. 1.2. Inter-dependence of livestock production and climate change.

drying. The impact on crop yield may be
even more severe in some places.

Stover production in the intensive
ruminant production systems of South Asia
is now almost stagnant and needs to be
complemented with some other alternative
feeds to avoid an acute deficit in future. The
availability of stover will vary from region to
region, and a large increase is anticipated to
occur in Africa, due mostly to productivity
enhancement in maize, sorghum and millet.
Changes in atmospheric CO, level and
temperature will change the herbage
growth pattern and pasture composition
through the changing grasses to legume
ratio. The greater incidences of drought
may offset the yield of dry matter with the
changing concentration of water-soluble
carbohydrates and protein.

Ecosystems inhabited by animals are an
amalgamation of biotic and abiotic factors
that govern the production and productivity
of the animals. Climate change is a major
driving factor that exposes farm animals to
abiotic stress, particularly to heat stress,
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which in turn adversely affects animal
productivity. As one-third of cattle and most
buffalo inhabit the tropical and subtropical
world, heat stress through climate change
will therefore have far-reaching negative
consequences on livestock rearing and
production in these vulnerable parts.
Climate change may also affect the future
of all farm/forest animal genetic resources
(AnGRs), as they may be at risk of being lost
through the direct impacts of climate change
mediated by increased incidences of drought/
flood and the emergence of epidemic
diseases. However, indirect impacts of
climate change on livestock will take place
through alteration of the capability to adapt
to extreme climatic conditions. Climate
change in terms of extreme temperatures
and changes in CO, concentrations are likely
to impose differential opportunities for
several species, depending on the adapt-
ability of a particular species in a broader
range of biogeographic conditions. The
impacts on favoured species may be more
severe, as they will increase both in numbers

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

6 C.S. Prasad et al.

and extent and will compete for diminishing
resources such as feed and water. Thus,
climate change and favoured species present
two of the greatest threats to biodiversity
and the provision of valuable ecosystem
services.

Climate change will affect reproduction
in farm animals, too, through inadequate
nutrition or stress conditions as the results
of climate change. Nutrition and stress, in
turn, will affect the entire hypothalamus-
pituitary and gonadal axis in both male and
female systems, and may lead to abnormal
gametogenesis, folliculogenesis and ovula-
tion, change in sexual behaviour, low con-
ception rate, increased embryo and preg-
nancy loss, delayed post-partum recovery,
increased calving intervals, lowered peri-
natal vigour and increased perinatal
mortality and morbidity, etc. Climate change
is likely to affect the productive and repro-
ductive performance of animals after birth
through epigenetic changes in the maternal
womb.

Another issue is the availability of water
for livestock drinking and crop production;
temperature rise affects water availability
adversely, and globally, freshwater resources
are relatively scarce, amounting to only 2.5%
of all water resources. In addition, the water
tables in most regions of tropical countries
are declining incessantly and it is projected
that, by 2025, 64% of the world’s population
will live in water-stressed basins, compared
to 38% today (Rosergrant et al., 2002).
Increasing livestock numbers in the future
to meet demand will clearly add to the
additional demand for water, particularly for
the production of livestock feed: 1 m® of
water is required to produce about 0.5 kg dry
animal feed in North American grasslands
and about 5 kg of feed in tropical systems
(Peden et al., 2007).

The shift from plant-based diets to more
animal products will lead to the intensifi-
cation of livestock production, resulting in
more GHG emissions. The emission of GHGs
from whole systems needs to be measured to
develop strategies to minimize emissions in
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absolute quantity, otherwise cutting down
emissions from one point may increase
them from another. The carbon footprint
(CF) may help to assess the GHG emissions
associated with the production of food of
animal origin and to identify the hotspots
for reducing GHGs from whole systems. For
example, the average carbon footprint
(kilogram CO,-equivalent) for producing 1
kg beef is 10 on a global scale, but there is
much variation among countries, ranging
from 8.5 (Germany) to 23.6 (Ireland). There
is an urgent need to adopt such farming
systems that ensure carbon sequestration
from the whole system, comprising fossil
fuel combustion, feed production, land
restoration, deforestation, biomass burning,
animal rearing, etc. Sustainable animal
agriculture requires an understanding of
crop—animal interactions and integrated
natural resource management. Good agro-
nomic practices may potentially enhance
carbon sinks and ensure better ecosystem
services, crop and animal productivity and
less methane emissions, and may also
mitigate nitrous oxide emission and
ammonia volatilization.

Thus, climate change is going to have far-
reaching consequences in future for dairy
and meat production in vulnerable parts of
the world. Therefore, the upshot of climate
change is that livestock is expected to exhibit
a dual role of mitigation and adaptation in
order to meet the challenge of food security.
This book is designed to address the
multidirectional link of livestock production
and climate change under the three most
important segments; in other words,
livestock production, climate change and
enteric methane amelioration. The book
covers all the recent approaches and
ameliorative measures to counteract the
adverse action of climate change on livestock
production and to minimize the enteric
methane emissions from livestock. The
multidirectional link of livestock and climate
change is addressed in the subsequent
three segments of the book, which are
indispensable to the theme.
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Abstract

Globally, livestock contributes 40% to
agricultural gross domestic product (GDP),
employs more than 1 billion people and
creates livelihoods for more than 1 billion
poor. From a nutritional standpoint, live-
stock contributes about 30% of the protein
in human diets globally and more than 50%
in developed countries. Aquaculture
accounts for nearly 50% of global seafood
production and employs more than 100
million people. As outlined in the livestock
revolution scenario, consumption of animal-
sourced food (ASF) will increase sub-
stantially, particularly in the so-called
developing countries in response to
urbanization and rising incomes, offering
opportunities and income for smallholder
producers and even the landless, thereby
providing pathways out of poverty. It is
important to recognize that the increasing
demand for ASF pertains to ruminants
(meat and milk), monogastrics (broilers,
eggs and pork) and aquatic animals such as
fish. To put it differently, much more animal
feed will be needed for all domestic livestock
and farmed aquatic animals in the future.
Competition for feed among livestock and

* E-mail: m.blummel@cgiar.org

fish species will increase, in addition to
competition with human food production
and biomass needs for biofuels and soil
health, unless we see significant levels of
intensification of ASF production, and in
ways that are environmentally sustainable.
Animal source food production globally
already faces increasing pressure because of
negative environmental implications, par-
ticularly because of greenhouse gas emis-
sions. As livestock and aquaculture are
important sources of livelihood, it is
necessary to find suitable solutions to
convert these industries into economically
viable enterprises, while reducing the ill
effects of global warming. In relation to
climate change, ASFs will have to play a dual
role: one of mitigation and the other of
adaptation.

The most evident and important effects
of climate change on livestock production
will be mediated through changes in feed
resources. The main pathways in which
climate change can affect the availability of
feed resources for livestock - land-use and
-systems changes, changes in the primary
productivity of crops, forages and
rangelands, changes in species composition
and changes in the quality of plant material

8 © CAB International 2015. Livestock Production and Climate Change
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- will be discussed in the chapter. The
chapter will propose an environmentally
friendly development of livestock production
systems, where increased production will be
met by increased efficiency of production
and not through increased animal numbers.
For aquaculture, the focus will be on better
sourcing of feedstuffs and on-farm feed
management. Feeding strategies that
increase the efficiency of production by
producing more from fewer livestock
animals and less feed will result in reduced
greenhouse gas emissions. This will be
demonstrated by analysing livestock popul-
ations in India and their respective level of
productivity. Thus, in India in 2005/06, the
daily milk yield of cross-bred, local cows and
buffalo averaged 3.61 1, resulting in a ratio of
feed metabolizable energy (ME) for
maintenance and production of 2.2 to 1. By
increasing daily milk production in a herd
model (of a mixed cross-bred, local cow,
buffalo population) from 3.61 to 151 day™*,
energy expended for maintenance becomes
1:1.91. As a result, the same amount of
milk can be produced by fewer livestock,
leading to a reduction in emissions of
methane of more than 1 million tonne (Mt)

year.

2.1 Introduction
2.1.1 Livestock: the good and the bad

Globally, livestock contributes 40% to
agricultural gross domestic product (GDP),
employs more than 1 billion people and
creates livelihoods for more than 1 billion
poor (Steinfeld et al., 2006). From a
nutritional standpoint, livestock contributes
about 30% of the protein in human diets
globally, and more than 50% in developed
countries. Moreover, livestock helps many
farm households diversify livelihoods and
reduce risks, particularly when crops fail.
The relationships between livestock and the
environment are complex, and appear to be
viewed very differently in developed and
developing country perspectives. The Food
and Agriculture Organization report,
Livestock’s Long Shadow, focused on the
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effects of livestock on the environment
(Steinfeld et al., 2006). The climate change
impacts of livestock production (calculated
in Steinfeld et al. (2006) at 18% of the total
global greenhouse gas (GHG) emissions
from human sources) have been widely
highlighted, particularly those associated
with rapidly expanding industrial livestock
operations in Asia. Hall et al. (2011) estimate
that 1% of GHG emissions, equivalent to
6-7% of agricultural GHG emissions, come
from aquaculture. Global estimation also
shows that livestock uses 30% of land, 70%
of agricultural land and is an important
agent of land degradation, deforestation, N
and P in water supplies. Yet, in smallholder
crop-livestock and agropastoral and pastoral
livestock systems, livestock are one of a
limited number of broad-based options to
increase incomes and sustain the livelihoods
of an estimated 1 billion people globally who
have a limited environmental footprint.
Livestock are particularly important for
increasing the resilience of vulnerable poor
people subject to climatic, market and
disease shocks through diversifying risk and
increasing assets. Given that almost all
human activity is associated with GHG
emissions, those from livestock and fish in
these systems are relatively modest when
compared to the contribution that livestock
and farmed fish make to the livelihoods of
this large number of people. The complex
balancing act of resource use, GHG emissions
and livelihoods is almost certain to get more
rather than less complicated, because of the
so-called livestock and blue revolutions.

As outlined in both the livestock
revolution and recent fish production
scenarios (Delgado et al., 1999; World Bank,
2013), the consumption of animal-sourced
foods (ASFs) will rise in developing and
emerging countries. Current and recom-
mended future meat consumption patterns
are summarized in Table 2.1. While the
increasing demand for livestock products
offers market opportunities and income for
smallholder producers and even the landless,
thereby providing pathways out of poverty
(Kristjanson, 2009), livestock production
globally faces increasing pressure because
of negative environmental implications,
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Table 2.1. Current daily meat consumption and convergent meat consumption levels recommended for

2050. (Data modified from McMichael et al., 2007.)

Country/category Current consumption

Recommended consumption

Developed countries 224 g day™
Latin America 147 g day™!
Developing countries 47 g day™!
Africa 31 g day™’

]

902 g day~" or 20 g day~" animal protein®

ml

Notes: 2A maximum of 50% of red meat; equals on a yearly basis either: (i) 45 kg of fish; (i) 60 kg of eggs; (iii) 230 kg of

milk.

particularly because of GHG emissions
(Steinfeld et al., 2006). Besides GHGs, the
high water requirement in livestock
production is a major concern. As livestock
is an important source of livelihood, it is
necessary to find suitable solutions to
convert this industry into an economically
viable enterprise, while reducing the ill
effects of global warming. In relation to
climate change, livestock will have to play a
dual role: one of mitigation and the other of
adaptation.

By taking the livestock population and its
current level of productivity in India, this
chapter proposes a possible option that can
address the issues associated with livestock-
livelihood and livestock and the environment.

2.2 Climate Change on Key Livestock
Systems Components Other Than
Feed

2.2.1 Livestock genetics and breeding

Traditionally, the selection of animals in
tropical breeds has been an adaptive one,
but in recent times, market pull has
stimulated a rapidly changing demand for
higher production that could not be met
quickly enough by breed improvement of
indigenous animals. Widespread cross-
breeding of animals, mostly with ‘improver’
breeds from temperate regions crossed with
local animals, has occurred, often with poor
results. Little systematic study has been
conducted on matching genetic resources to
different farming and market chain systems
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from already adapted and higher-producing
tropical breeds. However, given the even
greater climatic variability and stresses
anticipated, this is a logical response to the
adaptive challenges that will be faced. The
greatest role for using the adaptive traits of
indigenous animal genetic resources will be
in more marginal systems in which climatic
and other shocks are more common.
Indigenous breeds, which have co-evolved in
these systems over millennia and have
adapted to the prevalent climatic and disease
environments, will be essential (Baker and
Rege, 1994). These systems are under
substantial pressure arising from the need
for increased production as well as land-use
changes. Under these circumstances,
ensuring continuing availability of these
adapted animal breeds to meet the needs of
an uncertain future is crucial.

Current animal breeding systems are not
sufficient to meet this need and the
improvement of breeding programmes
under different livestock production and
marketing contexts is a critical area for new
research. The preservation of existing animal
genetic diversity as a global insurance
measure against unanticipated change has
not been as well appreciated as has that for
plants, although a recent report on the state
of the world’s animal genetic resources
(FAO, 2007) and the accompanying
Interlaken Declaration have highlighted
this important issue. When conservation
through use is insufficient (as is the wide-
spread situation with indiscriminate cross-
breeding), ex situ, especially in vitro,
conservation needs to be considered as an
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important component of a broad-based
strategy to conserve critical adaptive genes
and genetic traits.

2.2.2 Livestock (and human) health

The major impacts of climate change on
livestock and human diseases have been
focusing on vector-borne diseases. Increas-
ing temperatures have supported the
expansion of vector populations into cooler
areas, either into higher-altitude systems
(for example, malaria and tick-borne
diseases in livestock) or into more temperate
zones (for example, the spread of bluetongue
disease in northern Europe). Changes in
rainfall pattern can also influence an
expansion of vectors during wetter years.
This may lead to large outbreaks of disease,
such as those seen in East Africa due to Rift
Valley Fever virus, which is transmitted by a
wide variety of biting insects. A good
example is also the complexity of climate
change influences with other factors
associated with vector populations of tsetse
flies in sub-Saharan Africa (McDermott et
al., 2001). Helminth infections, particularly
of small ruminants will be influenced greatly
by changes in temperature and humidity.
Climate changes could also influence disease
distribution indirectly through changes in
the distribution of livestock species. For
example, areas becoming more arid would
only be suitable for camels and small
ruminants.

2.3 Feed Use and Its Projections
2.3.1 Current feed demand and use

Feed production is a key component in
livestock production, not only because it is
the key resource that fuels animal
productivity but also because it is the key
link between livestock, land and several
regulating and provisioning ecosystem
services such as water cycles, GHG
emissions, carbon sequestration, mainten-
ance of biodiversity, and others. The global
use of feeds for livestock between 1992 and
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2000 was estimated at 4.6-5.3 billion tonnes
(Bt) of dry matter (DM) year™* (Bouwman et
al., 2005; Wirsenius et al., 2010; Herrero et
al., 2013). Of this, grass comprises the
majority of biomass consumed (2.3-2.4 Bt
DM), followed by grains (0.5-1 Bt of
concentrates), crop residues (0.5-1.2 Bt)
and other feeds (cultivated fodders and
legumes, occasional feeds, etc.). The larger
ranges between grains and crop residues lie
in different definitions of the feed
components, with the lower bound for crop
residues representing only stovers and the
upper bound including some agroindustrial
by-products like brans, oilseed cakes and
others. The worldwide feed consumption by
livestock as per animal type, system and
feed type is presented in Table 2.2 and Fig.
2.1 (Herrero et al., 2013). Monogastrics
dominate the use of grain globally and in
most regions, with the exception of South
Asia and the MENA region (Middle East and
North Africa), where industrial monogastric
production accounts for only 20-25% of
production (Herrero et al., 2013). Meat
animals, both cattle and small ruminants,
consume the majority of fibrous feeds. In
terms of regional differentiation, livestock
in the developing world consumes most of
the feed: grass (73%), crop residues (95%)
and occasional feeds (90%), respectively
(Herrero et al., 2013). This, coupled with the
fast dynamics of livestock production
growth in these regions, makes biomass
dynamics a critical entry point in improving
the sustainability of livestock enterprises in
the future. Globally, mixed crop-livestock
systems consume two-thirds of livestock
fibrous feeds.

Herbivorous/omnivorous  fish  have
traditionally been reared in pond systems
dependent on autochthonous production
(i.e. microorganisms, phyto- and zoo-
plankton) enhanced by the application of
limited quantities of on-farm crop and
animal wastes that both provide a source of
direct nutrition and boost autotrophic and
heterotrophic production above natural
levels (Brummett and Beveridge, 2015).
However, through the increased use of feeds,
production has been intensifying in order to
generate more fish biomass per unit of land
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Table 2.2. Feed consumption at the world level per animal type, system and feed type (thousand tonnes).

(From Herrero et al., 2013.)

Grazing Occasional Stover Grains All feed
Cattle 1,902,557 403,187 520,441 225,987 3,052,172
LGA 237,689 15,256 5,878 1,114 259,937
LGH 133,285 13,914 22 733 147,953
LGT 65,000 9,731 106 6,829 81,667
MXA 338,742 150,439 264,856 38,677 792,714
MXH 306,850 115,326 133,867 22,831 578,874
MXT 296,118 27,590 76,912 108,861 509,481
Others 408,842 35,283 24,366 30,543 499,034
Urban 116,030 35,647 14,434 16,400 182,510
Small ruminants 359,623 155,940 51,886 59,867 627,316
LGA 114,538 9,713 1,278 8,153 133,682
LGH 18,021 1,450 1,726 21,196
LGT 14,763 24,393 7,047 46,203
MXA 97,831 40,070 33,971 17,127 188,999
MXH 34,935 15,356 11,504 5,013 66,808
MXT 22,293 39,604 3,038 11,277 76,212
Other 39,166 19,596 1,327 6,180 66,269
Urban 18,076 5,758 767 3,345 27,946
Pigs 537,129 537,129
Smallholders 67,983 67,983
Industrial 469,146 469,146
Poultry 476,329 476,329
Smallholders 76,144 76,144
Industrial 400,185 400,185
Livestock total 2,262,180 559,127 572,327 1,299,312 4,692,946

Notes: LG = livestock grazing; MX = mixed crop-livestock system; A = arid; H = humid; T = temperate/highland.

and water use, and today only an estimated
30% of farmed fish production does not use
any feeds (Tacon et al., 2011). Temperature
and sunlight, as well as nutrients, determine
autochthonous production. Increases in
temperature can be expected to affect
productivity and fish growth and production
up to a maximum for warm-water systems
and species (e.g. catfish, tilapias and Indian
major and Chinese carp) of 30°C and 25°C
for common carp. Increases in rainfall may
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decrease autochthonous production through
increased turbidity while decreases in
rainfall might reduce pond volumes for
production (Allison et al., 2009).

Two types of feed are used: supplementary
feeds, which are generally based on
refractory, long-chain, carbohydrate-based
crop wastes, such as rice, and wheat bran
and oil cakes, sourced on-farm or locally
(FAO, 2013). Such feeds, which have minimal
processing and result in a moist dough or
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Fig. 2.1. Regional estimates of feed consumption by livestock species: (a) grains; (b) grazed grass; (c)
occasional feeds; (d) stovers (million tonnes dry matter). EUR = Europe, OCE = Oceania, NAM = North
America, LAM = Latin America, EAS = Eastern Asia, SEA = South East Asia, SAS = South Asia, MNA =
Middle East and North Africa, SSA = Sub Saharan Africa. (From Herrero et al., 2013.)

simple moist or dried pellets, still dominate
farmed fish production, especially of carp,
tilapias and catfish in Asia. The impacts of
climate change described above will affect
crop production, and therefore quantity and
quality (see following chapter). Nutritionally
complete feeds, however, are becoming
increasingly widely used. Such feeds were
first developed for the trout and salmon
industries and were based largely on
fishmeal and fish oil, with crop-based
feedstuffs added for energy and to bind the
diet, thelatter being of particularimportance
to maintain pellet integrity in water until
consumed. For more omnivorous fish
species, much less fish-based ingredients
are required. Pelleted feeds are often
manufactured by small, local feed mills,
which often use low-quality feedstuffs and
have a scant understanding of fish nutrition
to produce diets that, although cheap,
perform poorly. However, large multi-
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national companies, such as CP Foods in
Asia, increasingly dominate aquaculture
feed markets, bringing with them research
knowledge, use of superior feedstuffs and
extrusion technologies and technical
support to producers. Total industrial com-
pound aqua feed production has increased at
an average rate of 11% per annum, from 7.6
million tonnes (Mt) in 1995 to 29.2 Mt in
2008 (Tacon et al., 2011). While extruded
feeds have advantages over conventional
pelleted feeds in terms of feed integrity and
digestibility that translate into decreased
food conversion ratios, they are more
energy-intensive to produce.

The main crops used in the production of
aquaculture feeds are soybean, rapeseed,
maize and wheat bran (cf. livestock: maize,
soybean cake, bran and wheat) (Troell et al.,
2014, unpublished results). While there is
some overlap with both demand from
livestock and for human consumption,
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aquaculture uses only 4% of the crop
biomass used in livestock production (Troell
etal., 2014, unpublished results; Tacon et al.,
2011). While aquaculture can be expected to
grow by at least 50% by 2030 (Hall et al.,
2011; World Bank, 2013; WRI, 2014), and
while its dependency on feeds can be
expected to grow by at least a similar
amount, it very much depends on technology
development and the markets and policy
drivers as to what effects this will have on
demand for feedstuffs and on the sector’s
impacts on climate change (WRI, 2014).

2.3.2 Projections of feed use to 2030

A number of studies have projected feed use
to 2030 (Bouwman et al., 2005; Wirsenius et
al., 2010; Havlik et al., 2014; Troell et al.,
2014, unpublished results). Estimates of
feed use by livestock to 2030 range from 6.5
to 8 billion tonnes (Bt) DM year*, depending
mostly on assumptions about improvements

in the quality of feed available or reductions
in the demand for livestock products caused
by human dietary transitions to diets with
less meat (Fig. 2.2). Under business-as-usual
conditions, the rate of growth of feed use to
2030 is projected to be between 2.9 and
3.3% year ! (Bouwman et al., 2005; Havlik et
al., 2014). Most of this growth is expected in
tropical and subtropical areas that exhibit
the highest growth rates in animal number
and the highest increase in the demand for
livestock products. For aquaculture, the
estimates are in the order of 25 Mt of crops,
growing to something like 35-45 Mt under
various scenarios, within the next 30 years.
The dynamics of future feed use are
dominated by large increases in grain use
due to a faster increase in the consumption
and production of pork and poultry, relative
to ruminant products. Additionally, grass-
land expansion and/or intensification hold
the key to future land use by ruminants
(Herrero et al., 2013; Havlik et al., 2014). In
the business-as-usual case, grasslands are
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Fig. 2.2. Feed consumption in 2000 (BASE) and two contrasting scenarios (REF, FIX) to 2030. REF
represents a scenario where systems transitions to more intensive mixed systems could occur to 2030,
while FIX is a scenario where the proportions of production systems remain constant to 2030. LG =
livestock grazing; MX = mixed crop—livestock system; A = arid; H = humid; T = temperate/highland; URB =
urban; OTH = other; IND = industrial monogastrics; SMH = smallholder monogastrics; GRAIN RUMI =
grain fed to ruminants; GRAIN MONG = grain fed to monogastrics. (From Havlik et al., 2014.)
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projected to provide an additional 0.8-1.3
Bt DM for ruminant production, while in
alternative scenarios (Wirsenius et al., 2010;
Havlik et al., 2014), grassland expansion
contracts as systems intensify with higher-
quality feeds or human diets change. Crop
residues keep on playing a significant role,
especially in alternative scenarios, as their
relative proportions in ruminant diets
increase slightly. This suggests that if these
resources are also targeted for improved
nutritional value, they could play an
increased strategic role in using livestock as
avehicle for improving livelihoods, increased

resource-use efficiencies and human
nutrition in the future. The forecast for
global feed availability by 2030 as per
production system, animal and feed type is
illustrated in Table 2.3.

2.4 Effect of Climate Change on Feed
Resources and Quality

Despite the importance of livestock and fish
to the poor and the magnitude of the
changes that are likely to happen, the
impacts of climate change on livestock

Table 2.3. Global feed projections to 2030 by livestock production system (thousand tonnes). (From

Havlik et al., 2014.)

Row labels Grazing Occasional Stover Grains Grand total
Cattle 2,376,674 450,973 758,563 341,388 3,927,597
LGA 177,456 9,452 2,896 518 190,323
LGH 213,086 19,998 9 1,315 234,408
LGT 68,399 5,898 77 7,308 81,682
MXA 372,966 134,724 301,582 76,858 886,129
MXH 551,769 148,338 286,885 58,140 1,045,132
MXT 468,679 61,671 128,352 150,335 809,038
Other 408,508 35,265 24,329 30,534 498,636
Urban 115,810 35,627 14,433 16,379 182,249
Small ruminants 568,116 277,486 97,459 99,039 1,042,100
LGA 173,961 28,723 1,296 12,428 216,409
LGH 49,796 4,134 3,308 57,239
LGT 14,442 46,387 10,691 71,520
MXA 162,061 77,960 60,091 30,305 330,417
MXH 83,890 53,342 30,826 18,302 186,361
MXT 26,723 41,586 3,152 14,479 85,939
Other 39,166 19,596 1,327 6,180 66,269
Urban 18,076 5,758 767 3,345 27,946
Pigs 907,391 907,391
Other 67,980 67,980
Urban 839,411 839,411
Poultry 852,073 852,073
Other 76,140 76,140
Urban 775,932 775,932
Grand total 2,944,789 728,458 856,022 2,199,890 6,729,160

Notes: LG = livestock grazing; MX = mixed crop—livestock system; A = arid; H = humid; T = temperate/highland.
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systems, particularly in  developing
countries, is a neglected research area
(Thornton et al., 2009). The few existing
predictions and impact assessments are
qualitative, at large scale and lack com-
prehensiveness (Sirohi and Michaelowa,
2007; Nardoneetal.,2010). Most projections
on climate change and its impacts focus on
crop production (e.g. Sirohi and Michaelowa,
2007; Challinor and Wheeler, 2008;
Thornton et al., 2009). In view of increasing
demand (note the preceding chapter) and
the shrinking supply of livestock feed, such
information gaps are worrisome.

Climate change is a significant and lasting
change in the statistical distribution of
weather patterns over periods ranging from
decades to millions of years. It is caused by
factors such as biotic processes, variations in
solar radiation received by earth, plate
tectonics and volcanic eruptions. Certain
human activities, including crop and
livestock production, have also been
identified as significant causes of recent
climate change (IPCC, 2007). As illustrated

earlier, the impacts of climate change on
livestock are multidimensional. The most
evident and important effects of climate
change on livestock production are mediated
through changes in feed resources. Figure
2.3 illustrates a simplified flow diagram
exemplifying the main pathways in which
climate change can affect the availability of
feed resources for livestock and links climate
change and livestock feed quality and
productivity. It summarizes it into: (i)
impacts on biomass productivity; (ii)
impacts on the composition of pasture
species; and (iii) impacts on the chemical
composition of feed resources (plant, e.g.
Thorntonetal.,2009). However, information
on the relative importance of these impacts
is not available.

Predicted impacts are most often
associated with different but interactive
factors such as increase in temperature,
carbon dioxide (CO,) fertilization and land-
use/land-cover changes, shortage of fresh
water and greater incidences of rainfall, and
change in length of growing period (LGP)

Climate change

Frequency

Severity

Geography

Rainfall and temperature

Climate process drivers

Impacts on biomass productivity

* Greater incidences of rainfall and
shortage of fresh water

Increased CO, and temperature

Land-use/land-cover change

Change in LGP

]

Change in composition of
pasture species

* Legume—grass proportion

¢ Dominance of weedy species

» Change in herd structure and as a

result selective feeding/grazing

Impact on feed quality
—® and quantity and
animal productivity

v

Change in chemical composition
of the plant

¢ Change in concentration of water-

soluble carbohydrate

Lignification

» Changes in availability of nutrients

* Change in C/N

Fig. 2.3. Simplified flow diagram illustrating the main pathways in which climate change affects feed

quality and productivity.
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(IPCC, 2007; Sirohi and Michaelowa, 2007;
Challinor and Wheeler, 2008; Thornton et
al., 2009).

Parthasarathy and Hall (2003) suggested
that 40-70% of the livestock feed sources
in India, depending on the dominant
ecoregions, comes from crop residues.
Projections indicate that these roles will be
intensified (Herrero et al., 2013). Pasture
and grazing land is only about 3.4% (Sirohi
and Michaelowa, 2007) of the total area, and
thus the contribution is negligible. In view
of these facts, here we try to focus only on
the impacts of climate change on crop
productivity, to understand its implications
for livestock feed quality and productivities.

Despite acknowledged spatial variability
and uncertainty on predictions, many model
outputs suggest that precipitation will
increase at higher latitudes and decrease in
tropical and subtropical regions (IPCC,
2007). Crop yields are projected to fall in the
tropics and subtropics by 10-20% by 2050
due to a combination of warming and
drying, but in some places yield losses could
be more severe. Future projections of climate
change using global and regional climate
models, run by the Indian Institute of
Tropical Meteorology (IITM), with different
Intergovernmental Panel on Climate Change
(IPCC) emission  scenarios, indicate
temperature changes of about 3-5°C and an
increase of about 5-10% in summer
monsoon rainfall (NATCOM, 2004). It is
also projected that the number of rainy days
may decrease by 20-30%, which would mean
that the intensity of rainfall is expected to
increase. There are no comprehensive
studies on the yield losses of all crops as the
result of climate change. For major food-
feed crops such as rice, wheat, sorghum and
millet, there are fragmented studies, many
concluding reduced yields, but with different
magnitudes and underlying assumptions.

For example, prediction with and without
CO, fertilization suggests different pictures.
In this regard, for major food—feed crops
such as millet and sorghum, losses of about
10-15% of grain yield during the second half
of the 21st century are projected. Khan et al.
(2009) suggested a strong linear decline in
wheat yield with the increase in January
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temperature. According to these authors, for
every degree increase in mean temperature,
grain yield of wheat decreased by 428 kg
hal. For rice, an increase of 1°C in
temperature resulted in a 5, 8, 5 and 7%
decrease in grain yield in north, west, east
and southern regions, respectively. An
increase of 2°C in temperature resulted in a
10-16% reduction in yield in different
regions, while a 4°C rise led to a 21-30%
reduction. On interaction between CO,
fertilization and increased temperature, for
example at 350 ppm in north India, there
was a change of -5, -12, -21, -25 and -31%
in grain yield of rice with an increase of 1, 2,
3, 4 and 5°C in temperature, respectively. In
the same region, and at the same
temperatures but at 550 ppm, these yield
changes were 12, 7, 1, -5 and -11%,
respectively. Thus, in eastern and northern
regions, the beneficial effect of 450, 550 and
650 ppm CO, was nullified by an increase of
1.2-1.7, 3.2-3.5 and 4.8-5.0°C, respectively
(Challinor and Wheeler, 2008; Khan et al.,
2009). In contrast to this nullifying effect,
Thornton et al. (2009) discussed that such
nullification of the impacts of increased
temperature on productivity by CO,
fertilization was very optimistic (for C,
crops), and they suggested that such effects
could only be partial. This argument
obviously can lead to an overall decrease in
grain yield and livestock feed productivity.
The question is to understand what this
implies for livestock feed sourcing, par-
ticularly in view of both regional- and global-
scale projections illustrating a sharp increase
in demand (Ramachandra et al., 2007;
Herrero et al., 2013).

In a projection to 2020, Ramachandra et
al. (2007) illustrated that crop residues as
dry fodder sources would remain an
important source of feed, and suggested a
deficit level of about 10-11%. But the work
of Ramachandra et al. (2007) did not take
the impacts of climate change into account.
Put differently, when the impacts of climate
change are added to the current undersupply,
the existing gaps for dry fodder will be
amplified. It is important to note that the
ongoing competition for uses of crop
residues as a source of household energy,
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soil and water management will worsen this
adverse trend.

Although the pasturelands in India are
increasingly shrinking, pocket-wise, they
are important sources of feed. Permanent
pasture and grazing land in India is about
3.4% of total agricultural land (Sirohi and
Michaelowa, 2007). In addition to an
expected reduction in biomass productivity,
Sirohi and Michaelowa (2007) argue that
additional changes of grassland in terms of
composition of species (grass: legume
species ratio) might be the result. The change
in grassland composition could be in re-
sponse to increasing temperature (resulting
change in LGP) and also to a change in
farmers’ behaviour in adapting to certain
livestock species (to capture opportunities
and also to adapt to climate change), and
thus selective feeding. For example, in the
drylands of Indiain recent years, a significant
increase in small ruminants has been
noticed. Further controlled research as to
how such a change can impact longer-term
grassland composition needs to be con-
firmed empirically. The fact that legumes
constitute important sources of crude
protein (CP), such change in composition for
pasture will impact the quality of livestock
feed negatively.

12 1

104

Water intake (kg kg~' DM feed day~")

As indicated in Roger et al. (2000) and
Thornton et al. (2009), climate changes
through increased CO, concentration will
affect feed quality, particularly in terms
of carbon/mnitrogen (C/N). Higher C/N
influences the microbial population, and
thus digestibility of the feed. Also, increased
temperature can result in lignification which
leads to reduced digestibility and nutrient
availability for livestock (Thornton et al.,
2009).

Water scarcity has become globally
significant over the period 1960-2000 or so,
and is an accelerating condition for 1-2
billion people worldwide (MEA, 2005). The
response of increased temperatures on
water demand by livestock is well known.
For Bos indicus, for example, water intake
increases from about 3 kg kg™! of DM intake
at 10°C ambient temperature, to 5 kg at 30°C
and to about 10 kg at 35°C (see Fig. 2.4;
NRC, 1981).

However, about 100 times more water
can be required for fodder production than
for drinking water, resulting in low livestock
water productivity. Empirical evidences
across scales (both consumption and use
efficiencies) vary significantly (Haileslassie
et al., 2011). For example, in Gujarat, the
heartland of the Indian white revolution, on
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Fig. 2.4. Variation of livestock water intake as affected by temperature gradient and dry matter intake.

printed on 2/14/2023 5:19 AMvia .

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Feed Resources vis-a-vis Livestock and Fish Productivity in a Changing Climate

average 3400 1 water are required for the
production of 1 kg of milk (see Table 2.4).

Indirect effects on feed resources can have
asignificant impact on livestock productivity,
carrying capacity of rangelands, buffering
ability of ecosystems and their sustainability,
price of stovers and grains, trade in feeds,
changes in feeding options, GHG emissions
and grazing management. Generally, de-
pendency on crop residues, reduced
digestibility as the result of lignification and/
or change in species composition will have a
negative feedback on the mitigation (e.g.
increased GHG emission).

2.5 Option to Address Mitigation and
Adaptation

Options to address the complex issue of
feed-livestock-livelihood-climate  change

can be viewed from different angles. For
example, one option, as is apparent from
Fig. 2.5, is change in food habit from an
inefficient ASF to a more efficient one. In
this case, beef is a far less efficient source of
calories and protein than milk and other
meats (Wirsenius et al., 2010). But livestock
uses in tropical countries are multiple and
cannot be narrowed down to only energy
and protein and the key issue is then how to
strike a balance.

A closer look at the energy usage and
productivity of animals in most tropical
countries suggests that with low-producing
animals, most of the feed is used for
maintaining the animal and not for the
production of ASE. Blimmel et al. (2013)
used dairy production and productivity in
India in 2005/06 as an example and found
thatonlyabout 32% of the feed metabolizable
energy was used for milk production. If daily

Table 2.4. Some water requirements and allocations in dairy production.
(Data modified from Singh et al. (2004), who used a life cycle analysis.)

Site Water required (I) Produce
Guijarat 3,400 1 kg of milk
10,000 Fodder production per animal per day
Global 900 1 kg of milk
30
Calories M Protein
25

20

-
o

it

Beef Sheep

Shrimp  Milk (cattle) Milk (buffalo)

Pork Poultry Finfish Molluscs

Fig. 2.5. Energy and protein production efficiencies of the different animal species (livestock species [%
or “units of edible output per 100 units of feed or grass input]) Wirsenius et al. (2010). Note: ‘edible output’
refers to the calorie and protein content of bone-free carcass.

printed on 2/14/2023 5:19 AMvia .

Al use subject to https://ww.ebsco.coniterns-of-use



20

M. Blummel et al.

milk yield per animal would increase from
the 2005/06 across-herd (buffalo, cross-bred
and indigenous cattle) average of 3.61 kg to
15 kg, then the total feed metabolizable
energy requirement would be reduced by
over 50% (Table 2.5), resulting from fewer
animals being needed to produce the same
amount of milk. In other words, more than
50% less feed biomass would be required to
produce the same amount of ASE.

It is highly improbable that the so-called
livestock revolution can materialize without
significant intensification in the production
of ASF. These considerations are exemplified
in Table 2.6 based on the dairy scenario in
India, which in 2005 had a dairy livestock
population of 69.75 million producing about
82 Mt of milk. By 2020, the demand for milk
is predicted to increase to about 172 Mt. If
per animal milk yield were to increase at the
compound annual growth rate (AGR),
average daily milk yield would be 5.2 kg and

about 20 million more dairy animals would
be required to meet the demand for milk.
Given the already severe feed shortage and
the mounting concerns about the negative
environmental effects from livestock (illus-
trated in the preceding section), this is
clearly not a viable strategy. In contrast,
increasing per animal productivity as con-
ceptualized in Table 2.5 would result in a
significant reduction in animal numbers
and feed requirements per unit produced
(Blimmel et al., 2013).

The importance of per animal productivity
for total feed requirement relative to ASF
production can also be demonstrated for
pigs, assuming a growth development from
10 to 80 kg of live weight and daily live
weight gains (LWG) of 100, 200, 300, 400
and 500 g. Data were calculated according to
Kirchgessner (1997), assuming that total
metabolizable energy (ME) requirement
equals ME for maintenance (ME) plus ME

Table 2.5. Actual across-herd average daily milk yields (3.6 kg) and scenario-dependent (6—15 kg)
metabolizable feed energy requirements to support total Indian milk production of 81.8 million tonnes (Mt)
in 2005 and reduction in methane production relative to milk production from fewer animals. (Data

modified from Blimmel et al., 2013.)

Milk (kg day~")

Metabolizable energy required (MJ * 10°)

Methane production (Tg)

Maintenance Production Total CH, from 81.8 Mt of milk
3.6 1247.6 573.9 1821.5 2.3
6 749.9 573.9 1323.8 1.7
9 499.9 573.9 1073.8 1.4
12 374.9 573.9 948.8 1.2
15 299.9 573.9 873.9 1.1

Table 2.6. Milk demand in India in 2005/06 and in 2020 and dairy population and feed demand under
across-herd yields of 3.61 kg day~"! in 2005/06, an estimated compounded annual growth rate in 2020 of
5.24 kg day~' and needed average daily milk yield of 6.76 kg day~" if the milk demand in 2020 is to be

provided by the dairy livestock population of 2005/06.

(2005/06) 2020 2020 (fixed DLP)
Milk (million tonnes) 81.8 172.0 172.0
Yield (kg day~") 3.61 5.24 6.76
Dairy livestock population (DLP; millions 69.75 89.92* 69.76
head)

Feed metabolizable energy requirements (MJ * 109)

Maintenance 1,247.6 1,608.2 1,247.6
Production 573.9 1,075.0 1,075.0
Total 1,821.5 2,683.2 23,266.6
Feed requirements (tonnes) 247,500,000 364,570,000 315,600,000
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for protein accretion (ME) plus ME for fat
accretion (MEf). The following equations
were used:

ME,_ (kJ day™) = 719 * kg LW0.63 *

1.1.ME (2.1)
- -1 :

ME, = 40.4 kJ g™* protein (2.2)

ME, =52.7kJ g"* fat 2.3)

Protein and fat content in LWG were
assumed to be 16.0% and 9.5% in LW up to
20 kg; 16.5 and 12.1% from LW 20-40 kg;
16.4 and 16.3% from LW 40-60 kg; and 15.9
and 20.9% from LW 60-80 kg, respectively
(Kirchgessner, 1997).

Pigs that grow at 500 g day ™ would reach
slaughter after 140 days, while pigs growing
at 100 g daily would need 700 days. Such
differences in fattening periods would
obviously have severe implications for feed
requirement for maintenance, and total feed
requirement for the production of 70 kg of
LW is much lower for faster-growing pigs
(Fig. 2.6). Daily weight gains of 500 g would
be approximately half of the achievable

8000
7000
6000
5000
4000

3000

Metabolizable energy (MJ)

2000

1000

100 200

gains in highly intensified and specialized
industrial state-of-the-art pig fattening
enterprises, and still about 50% of the feed
energy is used for maintenance purposes
(Fig. 2.6). Contrarily, in dairy production,
feed energy for maintenance and pro-
duction would equal about 8 1 day™?, i.e. a
moderate level of production (calculated
from Table 2.4). Still, the feed input for 70
kg of live weight will decrease from about
7000 MJ ME to about 2200 MJ ME if pigs
grow at a rate of 500 g day ! rather than 100
g dayl. In summary, if carefully planned
and implemented, this approach will have
both mitigation and adaptation impacts.
Decreasing animal population and increas-
ing per animal productivity will help in
decreasing the total feed requirement in
ruminants and monogastrics, with positive
effects in terms of land and water resources
and GHG emission.

The picture is less clear in aquaculture.
According to recent projections in the Fish to
2030 report (World Bank, 2013), capture
fisheries production will remain fairly stable
between 2010 and 2030. In contrast, global
aquaculture production will maintain its

M ME maintenance 10-80 kg
B ME production 70 kg LW
M ME total

300 400 500

Daily live weight gain (g)

Fig. 2.6. Requirement of metabolizable feed energy (MJ) to produce 70 kg of live weight gain in pigs
growing at daily rates of 100, 200, 300, 400 and 500 g.
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steady rise from historical levels, reaching
the point where it equals global capture
production by 2030. Global fish supply, from
both capture and culture, is projected to rise
to 187 Mt by 2030, as compared to 147 Mt
in 2010. The rapid growth of aquaculture has
raised questions concerning its environ-
mental sustainability. The Blue Frontiers
study (Hall et al., 2011) compared the global
and regional demands of aquaculture for a
range of biophysical resources across the
entire suite of species and production
systems in use today. The units of analysis
were the elements of a six-dimensional
matrix comprising 13 species groups, 18
countries, 3 production intensities, 4 pro-
duction systems, 2 habitats and 5 feed types.
This gave 75 positive matrix elements that
accounted for 85% of the estimated total
world aquaculture production in that year.
The data from the 75 species production
systems reviewed showed a positive relation-
ship between overall production levels and
impact.

A comparison of environmental efficien-
cies across countries gave a variable picture.
A look at the drivers of impact, i.e. those
attributes of the production system that
contributed most to environmental impact,
showed that the fish production system
itself contributed most to eutrophication,
but impacts on climate change and acidifi-
cation were dependent on the nature of the
national energy supply; a factor outside the
control of the local operator. The study also
noted that fish convert a greater proportion
of the food they eat into body mass than do
livestock and therefore the environmental
demands per unit biomass or protein
produced are lower (Hall et al, 2011). A
number of key conclusions and recom-
mendations are identified in Hall et al
(2011) that point the way towards improved
productivity for aquaculture with reduced
environmental impact.

First, feed represents a significant
influence on the environmental impact of
aquaculture development, and reducing the
dependency on fishmeal and fish oil, while
requiring new innovations in technologies
and management, will have spectacular pay-
offs both in terms of profitability, food and
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nutrition security and reduced environ-
mental impact. Second, aquaculture has,
from an ecological efficiency and environ-
mental impact perspective, benefits over
other forms of animal source food
production for human consumption. In view
of this, where resources are stretched, the
relative benefits of policies for fish farming
versus other forms of livestock production
should be considered. Third, reductions can
be made to the sector’s impact on both
climate change and acidification by improv-
ing energy efficiency throughout the pro-
duction and value chains, and for more
intensive systems shifting to alternative
energy sources. Fourth, aquaculture affects
climate change and climate change will affect
aquaculture, and to minimize the potential
for climate change, energy consumption
should be minimized and new aquaculture
enterprises should not be located in regions
that are already high in sequestered carbon,
such as mangroves, sea grass or forest areas.

2.6 Conclusion

Global and regional trends in livestock and
fish feed resources need to be seen in the
context of contraction (western hemispheres
and Latin and Central America (LCA)) and
convergence (developing and emerging
countries) in the consumption of animal-
sourced food and the impact of climate
change. Climate change will affect livestock
and fish production mainly through its
effects on feed production and resourcing. A
big unknown in global feed requirements
resides with a decrease in ASF consumption
(i.e. contraction), as recommended by
health, environmental and ethical agencies
for the western hemispheres and LCA;
feedstuffs requirements in those regions
will likely contract too. Actual feed resource
demand in the developing and emerging
countries will depend heavily on the degree
of intensification in the sense of increasing
per animal productivity. Focusing on
productive animals will address both the
adaptive and mitigation measures of climate
change related to feeding and feed sourcing,
associated natural resource usage (for
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example, land and water) and GHG emission.
Yet, despite the important role the sector is
playing in the livelihood of smallholders in
the tropical world, the livestock sector is an
understudied area. For example, many
studies addressing feed demand supply
projections do not yet take the climate
change scenario into consideration.
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Abstract

The livestock sector accounts for 40% of the
world’s agriculture gross domestic product
(GDP). It employs 1.3 billion people and
creates livelihoods for 1 billion of the
population living in poverty. Climate
change is seen as a major threat to the
survival of many species and ecosystems,
and the sustainability of livestock production
systems in many parts of the world. On the
one hand, the current trend for the demand
of livestock products is increasing, which
offers market opportunities for small,
marginal and landless farmers, while on the
other hand, livestock production is facing
the negative implications of environmental
change, where abiotic stress is noteworthy.
For animals, heat stress is the most stressful
among all the abiotic stressors. Reducing
the impact of abiotic stress on livestock
requires a multidisciplinary approach with
emphasis on nutrition, housing and health.
Some biotechnological options may also be
used to reduce abiotic stress. It is important
to understand the livestock responses to
environment and to analyse them carefully
inordertoalter nutritional and environment-
related management practices. Future
research needs for ameliorating abiotic
stress in livestock are to identify strategies
for developing and monitoring appropriate

* E-mail: drsejian@gmail.com

measures of heat stress; to assess the genetic
components, including the genomics and
proteomics of heat stress in livestock; and to
develop alternative management practices
for reducing abiotic stress and improving
animal well-being and performance.

3.1 Introduction

Livestock systems, which occupy about 30%
of the planet’s ice-free terrestrial surface
area, are a significant global asset, with a
value of US$1.4 trillion (Steinfeld et al.,
2006). Livestock farming is an important
risk-reduction strategy for vulnerable com-
munities, and livestock are important
providers of nutrients and traction for
growing crops in smallholder systems.
Livestock products globally contribute 17%
to calorie consumption and 33% to protein
consumption (Rosegrant et al., 2009). The
sustained improvement of incomes and
rapid urbanization during 1970-2000 in
parallel to population growth have
prompted a higher demand for meat and
other animal products, particularly in
developing countries (FAO, 2009).

The World Bank has estimated that meat
production should increase by 80% between
2000 and 2030 in order to meet the increased
demand of livestock products. For this,
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available animal resources should be used
more efficiently, while it is essential to
preserve natural resources and to prevent
pollution of the environment.

The livestock sector accounts for 40% of
the world’s agriculture gross domestic
product (GDP) and creates livelihoods for 1
billion of the world’s population living in
poverty (FAO, 2009). Climate change is seen
as a major threat to the survival of many
species and ecosystems, and the sustain-
ability of livestock production systems in
many parts of the world. While the
increasing demand for livestock products
offers market opportunities and income for
small, marginal and landless farmers,
livestock production globally is facing the
increasing pressure of negative environ-
mental implications, particularly because of
abiotic stresses (Sejian et al., 2013a).

Approximately one-third of the world’s
cattle population is located in arid zones,
and according to IPCC predictions, the global
average surface temperature may rise
between 1.8 and 4°C by 2100 (IPCC, 2007).
Livestock production is highly sensitive to
climate change, and there is a non-linear
relationship between climate change and
livestock productivity (Kabubo-Mariara,
2009; Shinde and Sejian, 2013). The
ecosystem that animals inhabit is a
composite of biotic and abiotic factors that
interact closely to determine the level of
production of individual cattle. These factors
or stressors, which include temperatures,
diseases, pests and nutrition, are most harsh
and unfavourable for production in the arid
and semi-arid areas of the globe (Sejian,
2012).

Furthermore, changes in the frequency
and severity of extreme climatic events will
have more significant negative con-
sequences on food production and food
security. Increasing frequencies of heat
stress, drought and flooding events are
estimated to be more likely as a result of
climate change and will have adverse effects
on crop and livestock productivity (IPCC,
2007). The impacts of abiotic stress on
livestock production and strategies for
amelioration are subsequently discussed in
this chapter.
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3.2 Impact of Climate Change on
Livestock Production

There is a range of thermal conditions within
which animals maintain a relatively stable
body temperature by altering behavioural
and physiological activities. Heat stress in
animals arises from their inability to
dissipate sufficient heat from the body to
maintain homeothermy. High ambient
temperature, relative humidity and radiant
energy compromise the ability of animals to
dissipate heat. As a result, there is an
increase in body temperature, which in
turn initiates compensatory and adaptive
mechanisms to re-establish homeothermy
and homeostasis. These readjustments are
generally referred to as adaptations and may
be favourable or unfavourable to the eco-
nomic interests of humans, but are essential
for the survival of animals. Thus, an increase
in air temperature would affect an animal’s
performance directly by affecting the
animal’s heat balance.

The potential direct and indirect impacts
of climate change on livestock production
have not been explored thoroughly.
Changes in crop availability and quality,
which have been the primary focus of
previous studies, affect animal production
through changes in feed supplies. The
impact of climate change on feed quality
and quantity is discussed in detail in
Chapter 2, Section I, this volume. Changes
in climate would lead directly to a reduction
in milk yield and conception rates in dairy
animals. Because voluntary feed intake
(VFI) is the primary factor influencing the
production capacity of livestock, the
accurate prediction of the feed consumption
of livestock under heat stressis a forerunner
to assessing accurately production changes
resulting from a warmer climate. The
magnitude of the changes in production
levels may be understood better by
quantification of the potential impacts of
climate change on livestock production.
Projected economic losses resulting from
temperature-induced reduction in pro-
duction levels may justify mitigation of
these temperature increases through alter-
ation in management practices such as the
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installation of shades, of sprinklers in
feedlots, the evaporative cooling of barns,
etc.

3.3 Impact of Abiotic Stress on
Livestock Production

Factors such as temperature, solar radiation,
humidity and wind, etc., have a direct impact
on animals, whereas other factors such as
feed intake, feed quality and quantity,
digestibility, pests and diseases, which are
themselves directly influenced by climate
change, have indirect effects on animal
production. Fundamentally, animal pro-
duction is affected by climate change
through:

1. Changes in livestock feed-grain avail-
ability.

2. Impacts on livestock pastures and forage
crop production and quality.

3. Changes in the distribution of livestock
diseases and pests.

4. Direct effects of weather on animal
health, growth and reproduction (Smit et al.,
1996).

Table 3.1 describes the direct and indirect
impacts of abiotic stresses on livestock
production.

3.3.1 Feed and fodder quality and
availability

Change in climate is expected to have several
impacts on feed and fodder crops and
grazing systems in the following way: (i)
changes in herbage growth brought about by
changes in atmospheric carbon dioxide
(CO,) concentrations and temperature; (ii)
changes in the composition of pastures,
such as changes in the ratio of grasses to
legumes; (iii) changes in herbage quality
with changing concentrations of water-
soluble carbohydrates and nitrogen at given
dry matter (DM) yield; (iv) greater incidences
of drought, which may offset DM yield
increases; and (v) greater intensity of
rainfall, which may increase nitrogen
leaching in certain systems (Hopkins and
Del Prado, 2007).

In terms of impacts on grasslands,
sustained increase in mean temperatures
results in significant changes in rangeland

Table 3.1. Direct and indirect effects of abiotic stresses on livestock production.

Availability of feed Distribution of

Growth Milk production Reproduction and water livestock diseases
Reduced average Reduction in milk Reduced intensity =~ Reduced pasture Altered patterns of
daily gain quantity and duration of availability diseases in
oestrus animals
Reduced body Reduction in overall Reduced LH level  Reduced quantity Emergence of new
weight milk quality Reduced oestradiol of feed and diseases
fodder
Reduced BCS Decrease in net Low progesterone  Reduced Change in the

Reduced birth
weight

energy, fat and
protein

Decreased per cent

Decreased quality

micronutrient
content in feed

prevalence of
existing diseases

Reduced water Changes in the

of casein and of oocytes quantity and distribution and

lactalbumin Increased quality available ~ abundance of
embryonic for livestock disease vectors
mortality

Decreased IgG & IgA Reduced fertility

rate

Note: BCS = body condition scoring; LH = luteinizing hormone.
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species distribution, composition and
patterns, and biome distribution (Hanson et
al., 1993). Increased temperatures lead to an
increase in the lignification of plant tissues
and therefore reduce the digestibility and
degradation rates of plants (Minson, 1990),
which can ultimately result in a below par
genetic production potential of the animal.
Apart from this, grasses in the tropical
region are considered to be nutritionally
poor, as they are C, plants and adopted a
different photosynthetic pathway for
acclimatizing themselves to the climate. C,
plants have a higher photosynthetic rate,
which in turn results in higher fibre content,
low stem-to-leaf ratio and reduced digesti-
bility and intake (Leng, 1984). Climate
change will thus have the greatest impact on
ruminant species (Blackburn and Mezzadra,
2006). Climate change impact on feed and
fodder availability and quality is discussed at
length in Chapter 2, Section I, this volume.

3.3.2 Effects on animals

Aliterature review by Sirohi and Michaelowa
(2007) cites Hahn (1999) in giving the
thermal comfort zone for temperate-region
adult cattle as being in the range 5-15°C.
McDowell (1972) reported that significant
changes in feed intake and numerous
physiological processes did not occur in the
range 5-25°C. However, the thermal comfort
zone is influenced by a range of factors, and
is much higher in tropical breeds because of
both better adaptation to heat and the lower
food intake of most domestic cattle in
smallholder systems. Hot weather can affect
animal bioenergetics strongly, with adverse
effects on the performance and well-being of
livestock.

Apart from reduced feed intake, other
biological mechanisms by which heat stress
impacts production and reproduction
include altered endocrine status, reduction
in rumination and nutrient absorption,
and increased maintenance requirements
(Collier et al., 2005). This decrease in energy
results in a reduction in energy balance, and
partially explains why cows lose significant
amounts of body weight when subjected to
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heat stress (reduced gut fill also contributes)
(Baumgard and Rhoads, 2007). The impact
of climate change on the various biological
functions of animals is deliberated in the
chapters of Section II, this volume.

Effects on growth

Growth, described as the increase in live
body mass or cell multiplication, is controlled
by both genetic and environmental factors
(Marai et al., 2007). Sejian et al. (2010a)
reported that elevated ambient temperature
was considered to be one of the environ-
mental factors influencing average daily
gain. The reason for the effects of elevated
ambient temperature on growth reduction
could be due to the decrease in anabolic
activity and the increase in tissue catabolism
(Marai et al., 2007). This decrease in
anabolism is essentially caused by a decrease
in voluntary feed intake. The increase in
tissue catabolism occurs mainly in fat
deposits and/or lean body mass. In addition,
the increase in tissue catabolism could be
due to an increase in catecholamine and
glucocorticoids after exposure to heat stress.
Previous studies showed that under severe
heat stress, such as trauma or shock, the
systemic blood flow was redistributed
(Ooue et al., 2007; Leon, 2008). To dissipate
heat, the primary physiological autonomic
responses increase blood flow to the body
surface (Horowitz, 2003), resulting in early
gastrointestinal ischaemia and hypoxia
(Hinnebusch et al., 2002) and improper food
assimilation, accountable for subnormal
growth.

Effects on milk yield

With impounding heat stress, there is
decline in physical activity and associated
(direct and indirect) decline in levels of feed
intake (Mader and Davis, 2004). In addition,
high temperatures as well as reduced feed
intake put a ceiling on dairy milk yield. In
the tropics, this reduction may be between
half and one-third of the actual potential of
modern cow breeds (Parsons et al., 2001).
Reduction in dry matter intake (DMI) is the
major provider to decrease milk production
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(Collier et al., 2005). When cows are affected
by heat stress, there is also a reduction in
rumination and nutrient absorption, with a
simultaneous increase in maintenance
requirement, resultant in a net deficit of the
nutrient/energy available for productive
traits (Collier et al., 2005). Studies by Rhoads
et al. (2009) have shown that the reduction
in DMI may be responsible for only a 36%
decrease in milk production when cows are
heat stressed, while 64% can be explained by
other changes induced by heat stress.
Rhoads et al. (2009) further demonstrated
evidence of the reprioritization of post-
absorptive nutrient partitioning in heat-
stressed animals as the mobilization of
adipose tissue is non-existent, contrary to
the findings of increased cortisol,
norepinephrine and epinephrine during
acute heat stress (Collier et al., 2005) that
normally stimulate lipolysis and mobili-
zation of adipose tissues, and thus increased
non-esterified fatty acids. Rather, glucose-
sparing mechanisms seem to be prevented
during heat stress due to metabolic
adaptations (Rhoads et al., 2009). Hence,
less availability of glucose becomes the
limiting factor for milk production. During
late pregnancy and the early post-partum
period, a hot environment affects milk
quality negatively and leads to lower
colostrum net energy, fat and protein
content. In addition, the analysis of protein
fractions showed a reduction in the per-
centage of casein, lactalbumin, immuno-
globulin G (IgG) and immunoglobulin A
(IgA) (Nardone et al., 2006).

Effects on reproduction

The detrimental effects of heat stress on the
reproduction processes of Holstein cattle
have been well documented and include
reduction in the intensity and duration of
oestrus, reduction in the pulse and
amplitude of luteinizing hormone, reduced
oestradiol secretions, delayed ovulation, low
progesterone concentration, reduced quality
of oocytes, decreased blood flow to the
uterus, increased uterine temperature,
higher follicular persistency, changes in
endometrial prostaglandin secretions, in-
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creased embryonic mortality and reduced
fertility rates (Jordan, 2003). In bulls, heat
stress has the followings adverse impacts:
(i) hyperthermia of the scrotum; (i)
deterioration of semen quality, as evidenced
by reduced semen motility, semen con-
centration, percentage of motile sperm and
percentage of intact acrosome, increase in
sperm abnormality; (iii) decreased testoster-
one levels; and (iv) reduced spermatogenesis
(Hansen and Arechiga, 1999; Wolfenson,
2009). The effect of climate change on
reproduction is described in detail in
Chapter 12, Section II, this volume.

Somatic cells within the follicles (theca
and granulosa cells) could be damaged by
heat stress. Heat stress affects ovarian
follicles and also induces a decrease in
oestradiol synthesis (Sejian et al., 2011). It
compromises oocyte growth in cows by
altering progesterone, luteinizing hormone
and follicle-stimulating hormone secretions
during the oestrus cycle (Ronchi et al.,
2001). Rensis and Scaramuzzi (2003)
hypothesized that the dominant follicle
developed in alow luteinizing hormone (LH)
environment, resulting in reduced oestradiol
secretion, inducing poor expression of
oestrus by shortening its length and
intensity. In summer, motor activity and
other manifestations of oestrus are reduced
(Nobel et al., 1997), and the incidence of
anoestrus and silent ovulation are increased
(Gwazdauskas et al., 1981). These effects are
answerable for a reduction in the number of
mounts, and thereby poor detection of
oestrus in hot weather compared to cold
weather (Pennington et al., 1985). Therefore,
in hot climates, there is a reduction in the
number of inseminations and an increase in
the proportion of inseminations that do not
result in pregnancy.

The plasma concentrations of insulin,
IGF-I and glucose are decreased in the
summer compared to the winter season (De
Rensis et al., 2002), probably because of low
dry matter intake and negative energy
balance. Both IGF-I and glucose are generally
stimulatory to follicular growth and
implantation, and glucose is a primary fuel
for the ovary (Rabiee et al., 1997). Glucose
availability is also directly involved in
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modulating LH secretion (Bucholtz et al.,
1996), and severe hypoglycaemia inhibits
pulsatile LH secretion and prevents
ovulation (Jolly et al., 1995). This is another
mechanism by which heat stress and its
associated reduction in dry matter intake
decrease the post-partum fertility of dairy
cows. Further, the metabolic hormone,
prolactin, is temperature sensitive and its
levels in summer are increased (Ronchi et al.,
2001), which can inhibit follicular develop-
ment and suckling-induced prolactin
secretion, leading to increased post-partum
anoestrus in suckled cattle (Lupoli et al.,
2001).

During pregnancy and prepartum, heat
stress could decrease thyroid hormones and
placental oestrogen levels, while increasing
non-esterified fatty acid concentrations in
blood; all of which can alter the growth of
the udder and placenta, the nutrients
delivered to the unborn calf and subsequent
milk production (Collier et al, 1982). In
males, semen quality (concentration, number
of spermatozoa and motile cells/ejaculate) is
lower in summer than in winter and spring
(Mathevon et al., 1998). Heat stress reduces
the libido of rams and causes sperm damage,
reducing fertility, which will affect flock
production. The effects of heat stress on the
motility of ejaculated sperm in bulls persist
for 6-8 weeks (Meyerhoeffer et al., 1985).

3.3.3 Distribution of livestock diseases
and pests

Effects on pathogens

Higher temperatures may increase the rate
of development of pathogens or parasites
that spend some of their life cycle outside
their animal host, which may lead to larger
populations (Harvell et al., 2002). Climatic
changes induced by global warming exert a
selection pressure that will modify the
biodiversity of pathogens (Lovejoy, 2008),
their biomass and the epidemiology of the
infections they cause. One potential con-
sequence of significant and permanent
changes to the climate is altered patterns of
diseases in animals, including both the
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emergence of new disease syndromes and a
change in the prevalence of existing diseases,
including changes in the geographic range
of existing vectors (Summers, 2009;
Tabachnick, 2010). Therefore, animals may
be exposed to entirely different parasites
and diseases (Herrera et al., 2008), putting
an even greater pressure on the production
and survival of livestock breeds. Pathogens
that are able to maintain and disseminate
better in drought conditions would be
expected to become dominant in areas
where aridity would be increased under the
influence of global warming. In general, it
could be expected that pathogens having the
lowest basic reproductive ratio, or R,
(Morand and Guegan, 2008), would be most
vulnerable to the changes induced by global
warming.

Effects on the vector

There may be several impacts of climate
change on disease vectors (midges, flies,
ticks, mosquitoes and tsetse are all
important vectors of livestock disease in the
tropics). Changes in absolute rainfall or
pattern and temperature regimes may affect
both the distribution and abundance of
disease vectors, as can changes in the
frequency of extreme events (outbreaks of
some mosquito-borne diseases have been
linked to the El Nifio-Southern Oscillation
(ENSO), for example). It has also been
shown that the ability of some insect vectors
to become or remain infected with viruses
(such asbluetongue) varies with temperature
(Wittmann and Baylis, 2000). The feeding
frequency of arthropod vectors may also
increase with rises in temperature. As many
vectors must feed twice on suitable hosts
before transmission is possible (to acquire
and then to transmit the infection), warmer
temperatures may increase the likelihood of
successful disease transmission.

Effects on the host

Baylis and Githeko (2006) observed that
mammalian cellular immunity could be
suppressed following heightened exposure
to ultraviolet B radiation, which is an
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expected outcome of stratospheric ozone
depletion. So, greenhouse gas (GHG) emis-
sions that affect ozone could have an impact
on certain animal diseases, although this
link has not been studied in livestock. A
more important effect may be on the genetic
resistance to disease. While animals often
have evolved genetic resistance to diseases
to which they are commonly exposed, they
may be highly susceptible to new diseases.
Climate change may bring substantial shifts
in disease distribution, and outbreaks of
severe disease could occur in previously
unexposed animal populations (possibly
with the breakdown of endemic stability).

Other indirect effects

Climate change may also affect the
abundance and/or distribution of the
competitors, predators and parasites of the
vectors themselves, thus influencing the
patterns of disease. It may also be that
changes in ecosystems, driven by climate
change and other drivers that affect land
use, could give rise to new mixtures of
species, thereby exposing hosts to novel
pathogens and vectors, causing the
emergence of new diseases (WHO, 1996).

3.4 Adaptive Mechanisms for Abiotic
Stresses

3.4.1 Basic principles

The process by which animals respond
to extreme climatic conditions includes:
genetic or biological adaptation, phenotypic
or physiological adaptation, acclimatization,
acclimation and habituation. When environ-
mental conditions change, an animal’s
ability to cope with (or adapt to) the new
conditions is determined by its ability to
maintain  performance and oxidative
metabolism.

An animal response to stress is influenced
by a number of factors including: species,
breed, previous exposure, health status,
productivity level, body condition, mental
state and age. Insufficient acclimatization or
adaptation would determine what an animal

printed on 2/14/2023 5:19 AMvia .

experiences as stressful. The subsequent
acclimatization or adaptation of the animal
may alleviate the stress response. Animal
response to stress usually results in a loss of
performance (e.g. growth or reproduction)
before cellular and molecular stress re-
sponses are activated. This suggests that the
use of biological stress markers as an aid in
selection may be limited. Figure 3.1 describes
the different adaptive mechanisms in live-
stock for maintaining homeostasis.

3.4.2 Neuroendocrine mechanisms

Neuroendocrine responses to stress play an
integral role in the maintenance of
homeostasis in livestock. In general,
activation of the stress circuitry inhibits
functions such as growth and reproduction
(Sejian, 2013; Sejian et al., 2013a).
Substantial evidence suggests that neuro-
endocrine responses vary with the type of
stressor and are specific and graded, rather
than ‘all or none’. While acute responses
have important adaptive functions and are
vital to coping and survival, chronic stressors
elicit endocrine responses that may actually
contribute to morbidity and mortality
(Sejian et al., 2010b). Integration of these
responses is possible through the network
of mutual interactions that exist between
the immune system, the central nervous
system and the endocrine system (Sejian
and Srivastava, 2010a,b). A crucial com-
ponent of this network is the stress axis.
Activation of the stress axis is accomplished
through the release of several neuro-
transmitters and hormones. The stress
axis, or the hypothalamo-pituitary—adrenal
(HPA) axis, consists of three components:
corticotrophin-releasing hormone (CRH),
neurons in the hypothalamus, corticotrophs
in the anterior pituitary and the adrenal
cortex. A variety of molecular mediators
have been implicated in the stimulation of
CRH neurons, ranging from neuro-
transmitters, such as catecholamine to pro-
inflammatory cytokines. CRH is an obli-
gatory and primary stimulus for adreno-
corticotropin hormone (ACTH) secretion by
the pituitary gland. Subsequently, ACTH
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Fig. 3.1. Different livestock adaptive mechanisms to environmental stress (Sejian, 2013). HPA =
hypothalamo—pituitary—adrenal; CRH = corticotropin-releasing hormone; ACTH = adrenocorticotrophic
hormone; TSH = thyroid-stimulating hormone; AVP = arginine vasopressin; HSP = heat shock protein; RR
= respiration rate; PR = pulse rate; RT = rectal temperature; SR = sweating rate; T, = tri-iodo-thyronine;
T, = thyroxine; PCV = packed cell volume; Hb = haemoglobin.

stimulates glucocorticoid synthesis from the
cells of the adrenal cortex. Glucocorticoid is
the final activation product in the HPA axis
and the primary effector molecule of this
neuroendocrine circuit (Sejian, 2013). The
secretion of ACTH, which is very crucial in
this neuroendocrine response, seems to be
regulated by a variety of peptides, but
principally by CRH and vasopressin (VP;
arginine vasopressin in most mammalian
farm animal species, lysine vasopressin in
pigs). CRH seems to be active mainly in the
acute phase of stress, while VP is proposed
to maintain HPA axis activity after repeated
stimulation. In addition to the more
traditional regulation of pituitary corti-
cotrope function by hypothalamic peptides,
pro-inflammatory cytokines are now
recognized to play an important regulatory
role in the HPA axis. Currently, interleukin-1,
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interleukin-6 and tumour necrosis factor are
implicated strongly as stimulators of the
stress axis. Cytokines are also capable of
stimulating the secretion of the hormone,
leptin, from adipocytes. Leptin is now
recognized as an inhibitor of stress axis
activity. Therefore, both leptin and gluco-
corticoids complete the negative feedback
circuit to suppress stress axis activity and
maintain homeostasis.

3.4.3 Heat shock response

Heat shock response is a rapid molecular
mechanism that is transient and short
acting and emerges via the production of
heat shock proteins (HSPs) subsequent to
exposure of the cells to sublethal stress. The
heat shock response involves both heat
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shock factors (HSFs) and HSPs. The heat
shock response is induced by the
accumulation of misfolded proteins in the
cytoplasm, and is mediated by HSFs. To
date, four HSFs have been identified: HSF-1,
HSF-2, HSF-3 and HSE-4. HSE-1 plays a
major role in heat shock response, while
other members (HSF-2, HSF-4) are activated
after prolonged stress or participate in
normal cellular processes, embryonic
development and cellular differentiation.
Once activated, the HSF-1 monomer
trimerizes with other HSF-1 molecules,
which is essential for DNA binding. The
activated complex can then enter into the
nucleus and initiate transcription of HSPs.
HSFs are transcription factors regulating
the expression of HSPs through interaction
with specific DNA sequences in the promoter
of HSP genes (heat shock elements). Heat
shock elements are a stretch of DNA located
in the promoter region of genes containing
sequential multi-nucleotide, copies of
5'-nGAAn-3’, and are found in both HSP
genes and a variety of other genes
responsible for stress tolerance. The initial
stimulus for HSF-1 appears to be recognition
of the hydrophobic domains of denatured
proteins, similar to the processes occurring
during heat stress. When cells are exposed
to heat stress, increased numbers of
misfolded proteins are accumulated and
postulated to have a competitive release of
transcription factor from HSPs in the
cytoplasm (Saxena and Krishnaswamy,
2012). HSPs were identified originally as
proteins whose expression was increased
markedly by heat shock. Several HSPs play
important functions in normal cellular
physiology. Induction of HSPsin mammalian
cells starts within minutes after the
initiation of thermal stress, with peak
expression up to several hours later. HSPs
possess chaperonin activity, and with this
function they prevent the misaggregation of
denatured proteins and assist in the proper
refolding of denatured protein to native
conformation. Some of the prototypical
chaperonin HSPs are HSP40, HSP60, HSP70
and HSP90. HSP70, having a molecular
weight ~70,000 daltons, is more abundant
in cells stressed by elevated temperatures.
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3.4.4 Molecular and cellular mechanisms

Understanding the cellular dynamics behind
the short- and long-term adaptation of
tropical food animals will be of great use in
developing mollifying measures for improv-
ing productivity (Collier et al., 2008). HSPs
are a family of approximately one dozen
proteins, which are evolutionarily conserved
and many of them function as molecular
chaperones and critical regulators for
protein folding and structural functions.
Studies done on the unicellular yeast depict
temporal variation in the gene expression
profile when various stressors are used as
treatment, and thereby many common
environment-specific response genes (CER)
have been identified constituting 18-38% of
the genome. CER genes constitute induced
expression of classical heat shock genes,
osmotic stress protectants such as polyols
and trehalose, protein degradation enzyme,
genes involved in increased membrane
permeability and ion transport, as well as
compensatory expression of isozymes or
allozymes and free radical scavengers like
superoxide dismutase, glutathione system
and cytochrome P450. CER also constitute
genes that are repressed and associated with
translation and protein synthesis to shunt
energy in favour of large-scale adenosine
triphosphate ~ (ATP)  requirement for
chaperone function. Cells in response to
stress also bring about changes in the ratio
of saturated lipids to unsaturated lipids in
their membrane to alter flexibility as well as
transport across the membrane, which
corresponds to homoviscous adaptation.
Knowledge on the molecular mechanism of
environmental stress is still in its infancy
and may explain the biodiversity of animal
genetic resources. In general, the cause of
heat stress to the cell has the following
consequences: (i) inhibition of deoxyribo-
nucleic acid (DNA) synthesis, transcription,
ribonucleic acid (RNA) processing and
translation; (ii) inhibition of progression
through the cell cycle; (iii) denaturation and
aggregation of protein; (iv) increased
degradation of protein through proteasomal
and lysosomal pathways; (v) disruption
of cytoskeletal elements (microtubules,
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microfilaments and intermediate filaments);
and (vi) changes in membrane permeability,
leading to accumulation of intracellular
sodium (Na), hydrogen (H) and calcium ions.

3.5 THI Index for Heat Stress Severity

Abiotic environmental factors having vital
influence on the productivity of dairy cows
are: air temperature, humidity, solar
radiation and wind. Heat tolerance involves
three factors: thermal environment (mainly
temperature, humidity, solar radiation and
wind), animal body and a suitable scale for
numerical expression of the effect of the
thermal environment on the animal body.
Heat tolerance is normally measured on the
environment or the animal. In terms of the
environment, indices are normally created
using factors such as temperature, humidity,
wind speed and radiation load, among
others.

Various indices derived from primary
meteorological measures have been de-
veloped: wind-chill index (Siple and Passel,
1945); temperature-humidity index (Thom,
1959); black globe humidity index
(Buffington et al., 1981); effective tem-
perature for dairy cows (Yamamoto, 1983);
equivalent temperature index for dairy cows
(Baeta et al., 1987); thermal comfort index
for sheep (Silva and Barbosa, 1993); heat
load index for beef cattle (Gaughan et al.,
2008); and environmental stress index
(Moran et al., 2001). A good temperature—-
humidity index (THI) for measuring
environmental warmth and its effect was
developed for cattle (Kibler, 1964). However,
sensors and indices do not adequately
represent the complex physiological, be-
havioural and adaptive capabilities of
animals. The indices must be appropriately
tested for each environment and animal
species. For example, a test carried out by Da
Silva and co-workers (2005, unpublished
results) with Holstein and Jersey dairy cows
of several herds in the north-eastern region
of Brazil (approximately 5° latitude) showed
that the equivalent temperature index
(Baeta et al., 1987) performed much better
than other indices.
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The THI, which uses dry bulb (Tdb) and
wet bulb temperature (Twb), was initially
developed by Thom (1959) as a heat index
for human comfort, but it has remained the
most common heat stress indicator used for
different animal species. Various THI more
adapted to cattle comfort were developed
later (Bianca, 1962; Berry et al., 1964; NRC,
1971). Most of these indices were evaluated
as potential predictors of heat stress and
milk yield losses of dairy cattle using large
data sets in humid and hot, tropical
environments (Bohmanova et al., 2007,
Dikmen and Hansen, 2009). The livestock
weather safety index (LWSI; LCI, 1970) is a
benchmark commonly used to assign heat
stress levels to normal, alert, danger and
emergency categories. The LWSI quantitates
environmental conditions using the THI
based on temperature and humidity only
(Thom, 1959; NOAA, 1976). A THI between
70 and 74 is an indication to producers to be
aware of the existence of potential heat
stress in livestock. In the LWSI, THI values
<74 are classified as alert, 74 < THI < 79 as
danger and 79 < THI < 84 as emergency.
Otherindicesbased on drybulb temperature,
wet bulb temperature, relative humidity or
dew point have been developed (Buffington
etal., 1981; Roseler et al., 1997).

Indices for cold stress are lesser studied
than those for heat stress. A wind chill
index (WCI) was developed by Siple and
Passel (1945) relating ambient temperature
(Ta) and wind speed (WS) to the time for
freezing water, which was altered by Tew et
al. (2002) to take biological factors into
account. As indices for heat and cold stress
are separate, Mader et al. (2010) proposed a
comprehensive climate index (CCI), which
incorporated adjustments for relative
humidity (RH), WS and radiation (RAD)
over conditions that encompassed both
hot and cold environmental conditions.
Although it covers a wider range of environ-
mental conditions, index convolution con-
founds the analyses of variances using
random regression methodology. Further-
more, solar radiation and wind speed are of
minor importance for cows kept in insulated
barns, implying that there is additional
uncertainty if detailed information on the
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management and housing conditions of
farms is missing.

Although THI is still the most widespread
indicator of heat stress, it does, however,
have its limitations, because it is (i) an
empirical representation; (ii) assumes that
all animals react similarly to environmental
stressors; and (iii) does not account for other
environmental effects (e.g. WS and RAD)
and cow-specific effects (e.g. age and breed).
One problem with these indices is of not
taking the cumulative effects of heat load,
natural cooling, or both, into consideration.
Mader et al. (2010) showed that animals
might accumulate heat during the hottest
hour of the day (with an accompanying rise
in body temperature), but this heat was
dissipated when the temperature fell. If this
cooling process is insufficient or inefficient,
the animals may enter the next hot period
with an accumulated heat load (AHL; Hahn
and Mader, 1997). These authors developed
a THI hour model to account for intensity x
duration of thermal status. St-Pierre et al.
(2003) developed modelsusing combinations
of maximum THI, daily duration of heat
stress and heat load index (HLI). Neither
model accounts for air movement or solar
radiation. The existing indices (THI) use the
thermal situation at a point in time (intensity
only). They do not take into account the
effect of exposure (duration) to adverse
thermal conditions. Furthermore, there is no
genotype distinction, so all cattle are
assumed to respond the same. As such, THI
may under- or overestimate the effect of an
adverse heat event, especially when night-
time conditions are not considered. Night-
time recovery (or a lack thereof) is an
important element when assessing the heat
load status of cattle (Hahn and Mader, 1997).

If night-time conditions are not con-
sidered, the heat load status of the animal
may be underestimated. If the day following
a heat event is cool, then underestimation is
not critical. However, if the following day is
hot (HLI > threshold), then cattle may enter
the day with a carryover heat load and may
be susceptible to heat stress at lower HLI
values than expected.

Recently, technological advances have
facilitated the collection of large and precise
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additional environmental parameters (e.g.
RAD, WS and duration of exposure) and
physiological parameters (e.g. respiration
rate, rectal and core body temperature and
sweating rate). New thermal indices (TI)
incorporating environmental and physio-
logical data in addition to cow specificities
(e.g. breed and age) have been developed to
overcome the various THI limitations
(Gaughan et al., 2008; Mader et al., 2010).
Several indices to measure heat tolerance
have been developed over the years involving
biological factors. The THI was adjusted for
wind and solar radiation based on changes
in panting scores (Mader et al., 2006) and on
a respiration rate index using dry bulb
temperature, RH, WS and solar radiation
(Eigenberg et al., 2005). Marai et al. (2007)
suggest the use of average relative deviations
(ARD) from normal (positive or negative) in
thermal, water and/or nitrogen balances of
animals (or in all traits measured) due to
exposure to hot climates for the detection of
adaptability to a hot climate. Other indices
such as tunica dartos indices (TDI; Marai et
al., 2006) have been used during high
ambient temperatures. The tunica dartos
muscle extends to dissipate as much of the
excess heat as possible from the testes.

Recent advances have proposed infrared
thermography (IRT) as a method of
measuring a larger number of animals in less
time and without physical contact with the
animals. Any variables that influence heat
production are transmitted through blood
capillaries and are dissipated in infrared
waves. Stewart et al. (2005) stated that the
effects of climatic conditions, daily and
ultra-daily rhythms, feeding times, milking
and rumination should be investigated when
validating the method, as they interfere
directly with hormone production and
physiological responses. In the same study,
ocular IRT was used as a stress measure in
dairy cattle with a high correlation between
ocular IRT temperature, cortisol and ACTH
levels.

Stewart et al. (2007) observed that ocular
IRT was related to regulation of the
autonomous nervous system and therefore
pain and stress (including thermal) directly
interfere in this observation. According to
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Knizkova et al. (2007), limitations involved
in the method include those with images
obtained in direct sunlight, exposed to wind
or surfaces that are dirty. A major advantage
of the method is that it does not require
direct physical contact with the surface
monitored, thus allowing remote reading
of temperature distribution (Speakman
and Ward, 1998). Stewart et al. (2005)
recommended IRT as a non-invasive tool to
study animal welfare as long as certain
parameters were taken into account: the
emissivity of the object, reflectance of the
object and distance between the object and
the camera (Knizkova et al., 2007).

Despite the above indices, most critical
ranges cited are still those of Hahn (1985),
with no consideration being taken into
account of the type of animal, breed,
physiological status, etc. Robertshaw (1985)
showed that heat stress was a balance
between metabolic heat gain and environ-
mental exchanges (either gain or loss)
through conduction, convection, radiation
and evaporation (sweating or respiration).
These should therefore be taken into
consideration (either directly or indirectly)
when evaluating heat tolerance.

3.6 Approaches for Alleviating
Abiotic Stress

Adaptation options to climate change have
been summarized by Kurukulasuriya and
Rosenthal (2003), who define a typology of
adaptation options that includes the
following: (i) micro-level adaptation options,
which include farm production adjustments
such as diversification and intensification of
crop and livestock production, land-use
pattern and irrigation, and alterations in the
timing of different operations; (ii) income-
related responses that are potentially
effective adaptation measures to climate
change and include crop, livestock and flood
insurance schemes, credit schemes and
income diversification opportunities; (iii)
institutional changes, including pricing
policy adjustments such as the removal or
putting in place of subsidies, the develop-
ment of income stabilization options,
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agricultural policy including agricultural
support and insurance programmes,
improvements in local agricultural markets,
and the promotion of interregional trade in
agriculture; (iv) technological developments
such as the development and promotion of
new crop varieties and livestock feeds,
improvements in water and soil management
and improved animal health technology. In
an excellent review, Beede and Collier (1986)
identify three management strategies which
can minimize the effects of thermal stress:
(1) physical modification of the environment;
(ii) genetic development of heat-tolerant
breeds; and (iii) improved nutritional
management. All these will be discussed
below. Figure 3.2 describes the various
strategies for reducing the impact of abiotic
stress on livestock.

3.6.1 Genetic approach

Although all living organisms are naturally
and frequently exposed to many kinds of
stressors during their lifespan, it is the
fittest that adapts better and survives to
produce and reproduce, a process that occurs
over a long period. Thermal stress has been
shown to affect production indices in
tropical  regions  (Silanikove,  2000).
Nevertheless, well-adapted animals have
been characterized by the maintenance or
minimum loss of production during stress,
high reproductive efficiency and disease
resistance, as well as longevity and low
mortality rates (West, 2003). The genetic
approach to mitigate climate change
adversity should include measures such as:

1. Identifying and strengthening of local
genetic groups that are resilient to climatic
stress/extremes.

2. Genetic selection for heat tolerance or
bringing in types of animals that already
have good heat tolerance and cross-breeding
the local genetic population with heat- and
disease-tolerant breeds.

3. Identifying the genes responsible for
unique characteristics like disease tolerance,
heat tolerance and ability to survive in
low-input conditions, and using these as a
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Strategies to reduce abiotic stress impact on livestock
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Fig. 3.2. Different strategies to reduce the impact of abiotic stress on livestock.

basis for the selection of future breeding
stock will help to mitigate the adverse
effects of climate stress.

Identification of stress-resilient gene pool

One strategy for reducing the magnitude of
heat stress is to identify the animals that are
genetically resistant to heat stress. Many
local breeds have valuable adaptive traits
that have developed over a long period,
which include tolerance to extreme tem-
perature, humidity, etc., tolerance/resist-
ance to diseases and adaptation to survive
and regularly produce/reproduce in low/

printed on 2/14/2023 5:19 AMvia .

poor management conditions and feeding
regimes.

Thermotolerant strains or breeds have
been developed in many livestock species
(Hansen, 2011). Most of the negative effects
of heat stress on animal performance are a
consequence of either the physiological
adaptations that homeotherms undergo to
regulate body temperature or the failure to
regulate body temperature (Hansen, 2011).
Thus, selection for the regulation of body
temperature during heat stress could result
in animals that are resistant to the
deleterious effects of heat stress. With
novel emerging molecular techniques like
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the rapid sequencing of genomes, the
identification of  region-specific and
character-specific animals can be identified
for further improvement.

Genetic selection for heat tolerance

Strictly regulated body temperature was
found to promote the greatest productivity
in beef cattle, and even small increases in
body temperature had a negative effect on
metabolic processes (Finch, 1986). The
maintenance of body temperature is
heritable through characteristics including
sweating competence, low tissue resistance
and coat structure and colour, but there is
evidence that within Bos taurus cattle, an
increased capacity for thermoregulation is
accompanied by a reduction in energy
metabolism (Finch, 1986). Turner (1982)
reported that there was genetic variation of
rectal temperature and that there was a
negative correlation between rectal tem-
perature and fertility, suggesting that
selection for lower rectal temperature would
improve fertility. However, the authors
acknowledged that such selection had the
potential to favour a lower metabolic rate or
feed intake. Selection for heat tolerance
without selection for an accompanied
greater productivity would likely result in
lower overall performance of the animal.
Sweating response was found to correlate
negatively with metabolic rate, suggesting
difficulty in combining the desirable traits of
heat adaptation and metabolic potential in
cattle (Finch et al., 1982).

As the genetic correlation between pro-
duction and heat tolerance is approximately
-0.3, the continued selection for production
ignoring heat tolerance would hence result
in decreasing heat tolerance. However, a
combined selection for production and heat
tolerance is possible because of the small
correlation between the two. Further
investigation in this area is necessary to
exploit a genetic approach able to determine
the heat tolerance of an animal while
selecting for high milk yield potential (West,
2003). It may be necessary to develop
strategies for the selection of dairy cattle
for specific climatic conditions, enabling the
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improvement of genetic potential even in
warm climates. Ravagnolo and Misztal
(2000) proposed a model that used weather
data from public weather stations to
account for heat stress. Their model had two
animal genetic effects, one corresponding
to performance under mild conditions and
the other with the rate of decline after
crossing the threshold of heat stress. The
application of this model in a genetic
evaluation would predict rankings of
animals in various environments with
similar management but in different
climatic conditions.

Identifying the genes responsible for
tolerance

Given the complexity of the traits related to
adaptation in tropical environments, the
discovery of genes controlling these traits is
a very difficult task. One obvious approach
to identifying genes associated with
acclimation to thermal stress is to utilize
gene expression microarrays in models of
thermal acclimation to identify changes in
gene expression during acute and chronic
thermal stress. Another approach would be
with single gene deletions exposed to a
defined thermal environment. This permits
the identification of those genes that are
involved in key regulatory pathways for
thermal resistance and thermal sensitivity.
Finally, gene knockout models in single cells
will allow the better delineation of cellular
metabolic machinery required for acclimati-
zation 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
determined in order to see if there are
single nucleotide polymorphisms (SNPs)
associated with changes in the coding for
gene expression or protein function.
Identification of SNPs associated with
variation in animal resistance or sensitivity
to thermal stress will permit the screening
of animals for the presence or absence of
desirable or undesirable alleles. However,
further research is needed to quantify the
genetic antagonism between adaptation and
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production traits to evaluate the potential
selection response.

Microarray analyses or genome-wide
association-based studies identified the
participating genes for cellular acclimation
response and indicated that heat shock
proteins were playing a major role in
adaptation to thermal stress (Collier et al.,
2008). In mammalian cells, non-lethal heat
shock produces increased thermotolerance
through the enhanced expression of heat
shock genes. Additional genes of interest
have been identified for fibroblast growth
factor, solute carrier proteins, interleukins
and tick resistance genes in recent studies.
Genes associated with cellular metabolism
and identified by microarray analysis only
and not by genome-wide association studies
include phosphofructo kinase, isocitrate
dehydrogenase, NADH dehydrogenase,
glycosyl transferase, transcription factor
and mitochondrial inositol protein gene.
Other genes of importance were thyroid
hormone receptor, insulin-like growth factor
IT and annexin. Genes repressed in response
to environmental stress are mostly con-
cerned with the translation of genes for
cytoplasmic  ribosomal protein, DNA
polymerase [, IT and III, transcription, t-RNA
synthetases, proteins required for processing
ribosomal RNA and a subset of translation
initiation factors. The identification of the
variety of CER genes involved in stress
responses suggests that these responses are
aimed at the production of additional energy
(ATP), maintenance of the environment, as
well as the repression of protein synthesis to
ensure energy conservation and minimize
an unnecessary burden on the cell.

Two specific genes associated with the
effects of heat stress on milk yield, the slick
gene (Liu et al, 2011) and an allele of
ATP1A1 (Olson et al., 2003), are associated
with lower rectal temperature (RT). Olson et
al. (2003) reported the presence of a slick
hair gene in the bovine genome. This gene is
dominant in mode, and cattle carrying the
dominant allele of this gene have slick hair
and are able to maintain body temperature
at lower rates. Slick hair has a positive effect
on growth and milk production under dry,
tropical conditions. The phenomenon of

printed on 2/14/2023 5:19 AMvia .

cross-resistance where exposure to one
stressor enhances resistance to other
stressors has been noted by Hoffmann et al.
(2003). This suggests that heat stress-
tolerant cattle may also be tolerant to other
stressors such as disease, reduced feed
quality, parasites, etc. Such stress-tolerant
cows may have lower culling rates and thus
may stay in herds for longer. This fact has
been confirmed in Drosophila, where a
relationship between heat resistance and
longevity has been found. However, whether
or not this is valid in cattle is still unknown
(Sorensen et al., 2003). Core body tem-
perature during heat stress is a heritable
trait in dairy cattle, with early estimates
varying from 0.15 to 0.31°C (Seath, 1947)
and a more recent estimate indicating a
value of 0.17°C (Dikmen et al., 2012).
Reliability of genetic estimates for rectal
temperature, such as for other genetically
controlled traits (Van Raden et al., 2009;
Hayes et al., 2010), should be improved by
genome-wide association studies (GWAS) to
identify SNPs associated with the regulation
of rectal temperature. Quantitative trait loci
(QTL) can be identified for low heritability
traits and used to improve the reliability of
genetic estimates, despite the gain in
reliability being less than for more heritable
traits (Cole et al,, 2011; Wiggans et al.,
2011). In addition, GWAS can be useful for
understanding the underlying biology of a
trait by identifying candidate genes in
physical proximity to QTL (Cole et al., 2011,
Berry et al., 2012; Pfahler and Distl, 2012).

Breeding strategies

Changing the breeding animal every 2-3
years (exchange from other district herd) or
artificial insemination with proven breed
semen will help to enhance productivity.
This may be supplemented with the supply
of superior males through the formation of
anucleusherd atblocklevel. Synchronization
of the breeding period depending on the
availability of feed and fodder resources
results in healthy offspring and better
weight gain. Local climate-resilient breeds of
moderate productivity should be promoted
over susceptible cross-breeds.
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As the tools and techniques of breeding
are changing, so too are the objectives of
many breeding programmes. Although there
is little evidence of direct genetic limits to
selection for yield, if selection is focused
too narrowly there may be undesirable
associated responses (Simm et al., 2004);
for example, in dairy cattle, where along
with genetic gain in some production traits,
there is now considerable evidence of
undesirable genetic changes in fertility,
disease incidence and overall stress
sensitivity, despite improved nutrition and
general management (Hare et al., 2006).
Trade-offs are likely to become increasingly
important between breeding for increased
efficiency of resource use, knock-on impacts
on fertility and other traits and environ-
mental impacts such as methane production.
Whole-system and life cycle assessment
(‘cradle-to-grave’ analyses that assess the
full range of relevant costs and benefits) will
become increasingly important in dis-
entangling these complexities.

There is considerable value in under-
standing better the match between livestock
populations, breeds and genes with the
physical, biological and economic landscape;
this landscape livestock genomics approach
should lead in the future to understanding
the genetic basis of adaptation of the
genotype to the environment (Sere et al.,
2008). These authors conclude that further
selection for cattle lines with -effective
thermoregulatory control will be needed in
future, although it may be difficult to
combine the desirable twin traits of
adaptation to high-temperature environ-
ments with high production potential.
Under such challenges, balancing genotypes
with production environments will become
a crucial element requiring the utilization of
diverse genetic resources with appropriate
genetic potentials for growth, milk pro-
duction, resistance to disease and prolificacy
(Blackburn and Mezzadra, 2006).

Cellular and molecular therapies for abiotic
stress amelioration

The tools of molecular genetics are likely to
have considerable impact in the future. For
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example, DNA-based tests for genes or
markers affecting traits that are difficult to
measure currently, such as meat quality and
disease resistance, will be particularly useful
(Leakey, 2009). Another example is
transgenic livestock for food production;
these are technically feasible, although the
technologies associated with livestock are at
an earlier stage of development than the
equivalent technologies in plants. In com-
bination with new dissemination methods,
such techniques could change livestock
production dramatically. Complete genome
maps for poultry and cattle now exist, and
these open up the way for possible advances
in evolutionary biology, animal breeding
and animal models for human diseases
(Lewin, 2009). Genomic selection should be
able to at least double the rate of genetic
gain in the dairy industry (Hayes et al.,
2009), as it enables selection decisions to be
based on genomic breeding values, which
can ultimately be calculated from genetic
marker information alone rather than from
pedigree and phenotypic information.
Genomic selection is not without its
challenges, but it is likely to revolutionize
animal breeding.

Much of the effect of heat stress on the
establishment and maintenance of pregnancy
involves changes in ovarian function and
embryonic development that together reduce
the competence of the oocyte to be fertilized
and the resultant embryo to develop. It is
possible to manipulate the connection
between hyperthermia and cellular responses
to elevated temperature to improve fertility
during heat stress. Three therapeutic
approaches will be discussed here for doing
so and what is known regarding the cellular
and molecular basis for their efficacy. One of
these is embryo transfer, which has been
demonstrated repeatedly to reduce the
magnitude of infertility associated with
maternal heat stress. The second approach,
manipulation of the antioxidant status of the
female, has not yet been reduced to practice
and has yielded equivocal results in the field.
The third approach related with the selection
of genes controlling cellular thermotolerance
could lead to the development of lines of
cattle with superior genetic resistance to heat
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stress. Demonstration of the genetic dif-
ferences in embryonic resistance to elevated
temperature (i.e. heat shock) envisages that
such genes exist, but their identity remains
largely unknown (Hansen, 2013a). There are
also direct effects of elevated temperature on
nuclear maturation, spindle formation,
cortical granule distribution, free radical
formation, mitochondrial function and
apoptosis (Soto and Smith, 2009; Andreu-
Vazquez et al., 2010; Nabenishi et al., 2012).

Garcia-Ispierto et al. (2012) found that
the administration of melatonin implants
beginning at 220 days of gestation in cows
during the summer reduced the interval to
conception in the subsequent post-partum
period and decreased the incidence of cows
experiencing >3 breeding per conception.
Melatonin has antioxidant properties in the
follicle (Tamura et al., 2013) and had earlier
been found to reduce the effects of heat
stress in mice (Matsuzuka et al., 2005). Two
antioxidants have been reported to protect
embryos from heat shock in culture,
anthocyanin (Sakatani et al., 2007) and
dithiothreitol (Castroe Paula and Hansen,
2008).

Additional research into the development
of practical delivery systems is warranted. It
is also essential to evaluate whether the
fertility-promoting effects of less known
antioxidants exist in nature, because they
may have different properties than the more
commonly studied antioxidants. Two of
these, the anthocyanins found in sweet
potato (Sakatani et al., 2007) and epigallo
catechingallate found in green tea (Roth
et al., 2008), have been reported to protect
the embryo (anthocyanins) or oocyte
(epigallocatechingallate)  from  elevated
temperature.

Genetic selection

There are also breed differences in cellular
responses to elevated temperature. Nelore,
Brahman and Romosinuano embryos are
more resistant to the disruptive effects of
elevated temperature on development than
Angus or Holstein embryos. In addition,
previous exposure to heat shock tended to
reduce the ability of Angus blastocysts to
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establish pregnancy after transfer into
recipients, whereas there was no effect for
Nelore embryos (Silva et al., 2013). Breed
differences in thermotolerance have also
been observed in the endometrium (Malayer
and Hansen, 1990) and lymphocytes
(Kamwanja et al., 1994; Paula-Lopes et al.,
2003).

Identification of the genes controlling
cellular thermotolerance or of the genetic
markers linked to those genes could lead to
the selection of cattle possessing embryos
with increased resistance to disruption by
elevated temperature. To date, only one
such genetic marker has been identified.
Basiricoetal. (2011) studied the relationship
between two SNPs in the 5’ untranslated
region of the HSP70 gene and resistance of
peripheral blood mononuclear cells from
lactating Holsteins exposed to 43°C for 1 h
in vitro. Both SNPs affected viability
following heat shock. Moreover, the allele
that was associated with increased survival
also resulted in increased expression of the
HSP70.1 gene. SNPs for rectal temperature
during heat stress have been identified in
Holsteins (Dikmen et al., 2013), as well as
SNPs for cellular resistance to heat shock
(Basirico et al., 2011). Further advances in
livestock genomics, including the in-
corporation of whole-genome sequencing
into selection schemes (Hayes et al., 2013),
should make it easier to identify and select
alleles conferring thermotolerance for the
whole animal and cellular level. Moreover, it
will be possible to use molecular tools like
transcription activator-like effector
nuclease (TALENs) (Joung and Sander,
2013) to perform genome editing to change
the sequence of specific genes and to
introduce favourable alleles into the cattle
population. Some of these alleles could
represent new mutations not existing in
nature that improve thermotolerance and
other traits of importance in a warming
world.

Marker-assisted selection through the
use of high-throughput marker systems is
currently being used extensively in breeding
programmes to improve selection efficiency,
accuracy and direct focus towards traits of
great importance for adaptation (Sutton,

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

42

V. Sejian et al.

2009). The association between gene activity
and response to abiotic stress is the major
challenge involving functional genomics
research and plant and animal breeding.
New tools and approaches such as genetic
modification, gene knockout, RNA inter-
ference, genomics, proteomics, meta-
bolomics and metagenomics have allowed
new insights in this field, and many advances
in the role of genetics controlling complex
traits such as those involved with response
to abiotic stress.

3.6.2 Shelter design and abiotic stress

The housing of animals is a very important
management aspect that can have a
profound impact on livestock production,
with an evident and timely result. This
proves the fact that altering the micro-
environment can improve the performance
of animals. The major strategies providing
elaborate  housing involving  shade,
sprinklers, fans, air conditioners, etc., are
capital-intensive, not very efficient and are
of limited use for small and medium-size
dairy farming.

Site selection

Fundamental to minimizing the effect of
local weather is the selection of a site for
housing. Climatic factors vary with height
above the ground level at a given specific
location and with terrain in a general
location. Observations of the microclimate
in a general location will reveal much
variation in thermal conditions resulting
from terrain features, differential exposure,
wetlands, rivers, type and height of
vegetation, human activities and other
factors. Proper selection of a site to
emphasize factors for enhanced heat dis-
sipation (minimal radiation, air temperature
and humidity, maximal air velocity) will
have long-term protection.

Windbreaks

Grazing animals or animals giving birth will
seek shelter from strong winds, especially
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during cold weather. Structures or trees can
reduce wind speed markedly and can be
beneficial to the survival of exposed animals
(especially newborns). However, windbreaks
have an importance much beyond these
benefits, especially in the tropical and
subtropical regions. First, high temperatures
accompanied by dry winds may damage
grass plants. Studies of the effects of wind
on grass plants grown in controlled
environments have shown that strong wind
reduces grass growth as the result of damage
to leaf surfaces, which affects the water
relations of the plant (Grace, 1981); in
addition, there is the more serious, indirect
effect of the physical shaking of the plant.
Second, while dependent on the available
soil moisture, the harmful effects of high
temperatures, high vapour pressure deficits
and moderate to strong winds can increase
the loss of water from evapotranspiration
(Onyewotu et al., 2004).

Third, in a semi-arid region, the land is
most vulnerable to wind erosion when
vegetation cover is sparse and the soil is
dry. Wind erosion is, in fact, one of the
most important causes of desertification
(Onyewotu et al., 2003a; Zheng et al., 2005).
A windbreak acts as a barrier, lowering the
wind speed near the ground surface,
deviating and splitting the air stream. The
protection achieved is determined by the
configuration, height, density and thickness
of the trees in a belt. The higher the
windbreak, the greater will be the distance
of its downwind (and upwind) protection,
which involves reduction of soil erosion and
soil moisture loss by evapotranspiration.
The shelter effect on grassland growth has
been estimated and an almost 20% increase
in growth was found (WMO, 1996). If there
is a depression in the immediate proximity
of the trees, a maximum growth benefit can
be observed at a distance of 2-5 times the
height of the trees and little effect at
distances greater than 15 times the height
(Ruiz-Vega, 1994). However, in using trees
as windbreaks, there is a trade-off between
any enhanced growth of the associated
grassland and the area occupied by the
shelter trees, unless they have associated
timber or fuel value (Onyewotu et al.,
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2003b). The use of leguminous trees or
shrubs can be a practical means to counteract
the effects of wind and heat stress, as well as
to improve animal diet.

Partially/ completely enclosed shelters

In temperate regions, partially enclosed
shelters can reduce the thermal radiation
received by animals during hot weather.
Enclosed shelters are not recommended for
tropical climates because of the decreased
natural air velocity and sanitation. Under
clear sky conditions, the average radiant
heat load over a 7 h period was reduced
almost 10% by the addition of a west wall to
a simple shade; adding more walls helped,
but to a lesser degree (Hahn et al., 1963).
Provision of a partial west wall has been
demonstrated to improve the productive
performance of housed broilers in hot
weather, while a partial east wall did not
(Oliveira and Esmay, 1982). One can suppose
that with cloud conditions, the benefit from
a walled shelter should be even more
pronounced, since the contribution of
diffuse radiation would be reduced. There
are no guidelines available for evaluating the
benefits of open walled versus partially/fully
enclosed shelters on animal performance, as
the relative merits depend on many factors.
For installations in temperate regions
subject to both hot and cold weather, open
front structures facing south (northern
hemisphere) or north (southern hemi-
sphere), with large doors or panels in the
north (northern hemisphere) or south
(southern hemisphere) wall, are an accept-
able compromise. The use of fans in hot
weather should be considered if natural air

velocity is less than about 2 m s71.

3.6.3 Dietary strategies

Fibre feeding

There is a logical rationale of more heat pro-
duction associated with acetate metabolism
compared with propionate, and hence the
feeding of low fibre ration during hot
weather is recommended. Feeding more
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concentrate at the expense of fibrous
ingredients increases the energy density of a
diet and also reduces heat increment (Sejian
etal., 2012). It has been proposed that a diet
containing sufficient concentrates will
ensure high propionate production with an
adequate supply of NADPH to enable the
acetate to be converted into fat, whereas on
a high-roughage diet, the reverse has taken
place and metabolic excess of acetate must
be utilized for energy as a result of a futile
cycle (Parker, 1984). In spite of negative
effects, fibre quality is important all
throughout the summer, as it has some
buffering capacity and stimulates saliva
production. Grant (1997) demonstrated
that a diet having a neutral detergent fibre
(NDEF) value of 60% still provided sufficient
fibre for the production of fat-corrected

milk.

Fat

The inclusion of fat to the diet of lactating
dairy cows is a common practice for
increasing the energy density of the diet and
potentially reduces the heat increment
during hot weather. The addition of 3-5% of
fat to the diet can be achieved without any
adverse action on ruminal microflora
(Palmquist and Jenkins, 1980). In thermo-
neutral conditions, cows receiving 25% of
metabolizable energy (ME) from protected
tallow had shown an 8-13.6% higher
utilization efficiency of energy for lactation
than those not receiving supplemental
tallow (Kronfeld et al., 1980). The conversion
of dietary fat to body fat is highly efficient
when compared with the conversion of
acetate to fatty acids (Baldwin et al., 1980).
Heat-stressed cows do not want to oxidize
body reserves for energy purposes, and
hence the feeding of dietary fat (rumen
inert/rumen bypass) probably remains an
effective strategy of providing extra energy,
especially during negative energy balance.
Compared to starch and fibre, fat has a much
lower heat increment in the rumen (Van
Soest, 1982) and thus it can provide energy
without a negative thermal side effect.
However, there are surprisingly few
experiments designed specifically to
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evaluate how supplemental dietary fat
affects body temperature indices, or even
production parameters. Reports from most
of these experiments showed little or no
differences in rectal temperatures (Chan et
al., 1997; Drackely et al., 2003), and only the
study of Wang et al. (2010) demonstrated a
slight reduction in rectal temperature, which
was at a specific time of day and not all the
time. Contrarily, the findings of Moallem et
al. (2010) indicated that cows fed on
additional fat showed an increase in rectal
temperatures. Wang et al. (2010) reported
an increased respiration rate on the feeding
of additional fat to cows. Overall results
from a limited number of experiments
varied, but little or no apparent benefit was
typically observed when supplemental
dietary fat was included. The reasons for the
discrepancies are unclear, but could be due
to the type of fats used for the supple-
mentation (saturated versus unsaturated),
the rate of inclusion, the type of protection
(i.e. calcium salt versus prill), environmental
factors (i.e. the severity of heat stress) or
other dietary interactions. In one study
(Holter et al., 1992), 15% whole cottonseed
or 15% whole cottonseed plus 0.54 kg of
calcium salt of fatty acids was added to the
diet of lactating dairy cows and established
that heat production declined by 6.7 and
9.7% in excess of maintenance, while total
heat loss declined to the tune of 4.9 and
7.0%, respectively. Feeding unsaturated
fatty acids during heat stress has illustrated
benefits at different reproductive biological
windows. Feeding unsaturated fatty acids to
ewes has been shown to alter the lipid
composition of oocytes, improving thermo-
tolerance (Zeron et al., 2002). The
nutritionist needs to have additional
controlled experiments (besides theoretical
heat calculations) in order to make
intelligent ration-balancing decisions for the
inclusion of supplemental fat and to arrive
at the composition of fat mix to be given
during heat stress.

Protein

As DMI declines, the quantity of consumed
nutrients including crude protein (CP) also
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declines, and a negative protein balance may
occur (Hassan and Roussel, 1975). During
hot weather, dietary protein density is often
increased to compensate for lower intake,
and cows offered diets containing 20.8% CP
during hot conditions had greater DMI and
milkyield than those offered diets containing
14.3% CP (Hassan and Roussel, 1975). DMI
usually declines with temperature increase
and therefore a corresponding change in
nutrient density is a must for sustaining
productivity. The tendency is to increase
dietary  protein concentration above
requirements, but there is an energetic cost
associated with feeding excess protein.
Excess nitrogen (N) above requirements
reduces ME by 7.2 kcal g of N (Tyrrell et al.,
1970). When 19 and 23% CP diets were fed,
milk yield was reduced by over 1.4 kg
(Danfaer et al., 1980) and the energy cost
associated with synthesizing and excreting
urea accounted for the reduced milk yield
(Oldham, 1984). Blood non-protein nitrogen
(NPN) content was correlated positively
with rectal temperature (Hassan and
Roussel, 1975), suggesting reduced energy
efficiency and greater heat production with
excessive dietary N. Dietary protein
degradability may be particularly critical
under heat stress conditions. Diets with low
(31.2% of CP) and high (39.2% of CP) rumen
undegradable protein (RUP) fed during hot
weather had no effect on DMI; however,
milk yield increased by 2.4 kg day! and
blood urea N declined from 17.5 to 13.3 mg
100 ml™ for the diet containing higher RUP
(Belibasakis et al., 1995). In addition, cooling
the cow may affect the response of the cow
to protein supplementation. When diets
with a similar RUP content from high-
quality (blood, fish and soybean meals) or
lower-quality (maize gluten meal) proteins
were fed to cows housed in shade or shade
plus evaporative-cooled environments, cows
fed high-quality RUP yielded 3.8 and 2.4 kg
more milk in the evaporative cooled and
shaded environments, respectively, than
those fed on low-quality proteins (Chen et
al., 1993). Although the interaction of
protein quality by environment was not
significant, the authors theorized that the
greater response to high-quality protein for
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cows in the cooled environment was because
the amount of protein metabolized for
energy was reduced and less energy was
used in converting NH, to urea. In addition,
cows in the cooled environment had higher
milk yield and greater protein demand.

Minerals

During hot weather, declining DMI and high
lactation demand requires increased dietary
mineral concentration (West, 1999). How-
ever, alterations in mineral metabolism also
affect the electrolyte status of the cow
during hot weather. The primary cation in
bovine sweat is potassium (K) (Jenkinson
and Mabon, 1973), and sharp increases in
the secretion of K through sweat occur
during hot climatic conditions (Mallonee et
al., 1985). The absorption of macrominerals
including calcium (Ca), phosphorus (P) and
K declined during hot temperatures (Kume
etal.,1989). Kume et al. (1986) also reported
that trace element requirements might
increase with elevated environmental
temperature. Unlike humans, bovines utilize
potassium (K*) as their primary osmotic
regulator of water secretion from their sweat
glands. As a consequence, K* requirement is
increased (1.4-1.6% of DM) during the
summer, and this should be adjusted
through the diet (Sejian et al., 2013b). In
addition, dietary levels of sodium (Na*) and
magnesium (Mg?*) should be increased, as
they compete with K" for intestinal
absorption (West, 2002).

Water

Water intake not only is vital for milk
production (milk is ~90% water) but also is
essential for thermal homeostasis. In
contrast to common perception, heat-
stressed cows remain well hydrated (via
large increases in water consumption) and
actually may become hyperhydrated
(Schneider et al., 1988). This illustrates how
water availability and water/tank cleanliness
become important during the summer
months. Keeping water tanks clear of feed
debris and algae is a simple and cheap
strategy to help cows remain cool.
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Glucose

Based on some of our recent data,
maximizing the rumen production of
glucose precursors (i.e. propionate) would be
an effective strategy to maintain production.
However, due to the rumen health issue,
increasing grain allowance should be
conducted with care. A safe and effective
method of maximizing rumen propionate
production is with monensin (approved for
lactating dairy cattle in 2004). In addition,
monensin may assist in stabilizing rumen
pH during stress situations (Schelling,
1984). Proplyene glycol is typically fed in
early lactation but may also be an effective
method of increasing propionate production
during heat stress. lonophores are debated
comprehensively in Chapter 17, Section III,
this volume. Wheelock et al. (2010)
previously demonstrated that maximizing
rumen production of glucose precursors (i.e.
propionate) might be an effective strategy to
maintain production during heat stress.
With the increasing demand for biofuels and
the subsequent supply of glycerol, it will be
of interest to evaluate glycerol efficacy and
safety in ruminant diets during the summer
season.

Vitamins

Niacin (nicotinic acid) is a potentially useful
dietary supplement because it induces
vasodilation, therefore transferring body
heat to the periphery (Di Costanzo et al.,
1997). Transferring body heat to the surface
through peripheral or vasomotor function
can perhaps alleviate some of the decrease in
DMI, and thus maintain milk production.
Feeding of antioxidant vitamins and
minerals (vitamins A, C and E, selenium and
zinc) reduces heat stress and optimizes feed
intake (Pankaj et al., 2013).

Feeding schedule

Different feeding management strategies
have been proposed to alleviate the effects
of heat stress. Feeding during the cooler
hours of the day or at night (night-time
compensatory eating) is one technique that
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has been recommended by several
researchers and nutritionists. Evening-fed
animals are able to cool down more quickly
than morning-fed cows. However, time of
feeding does not have any effect on the
decline of milk production (Ominski et al.,
2002). Another relatively simple nutritional
management strategy could be to increase
the number of feedings per day (Beede and
Collier, 1986). Altering feeding time and/or
amount have been shown to be beneficial in
reducing heat stress (Brosh et al., 1998).
Feeding cattle later in the day prevents the
coincided occurrence of peak metabolic and
environmental heat load (Brosh et al., 1998).
Limiting energy intake can decrease basal
metabolic heat production effectively, and
therefore decrease the total metabolic
heat load of animals subjected to high
environmental temperatures. Furthermore,
energy restriction programmes have
resulted in the improved efficiency of cattle
maintained under a thermoneutral environ-
ment (Murphy and Loerch, 1994).

3.6.4 Management strategies

Heat stress in dairy cattle can be alleviated
by different management interventions. The
degree of improvement varies with the type
of system provided, the climate and the
production level of the cows.

Shading

In many moderate climates, shade is a cost-
effective solution for reducing the radiation
heatload of cows. It has been estimated that
the total heatload can be reduced from 30 to
50% with a well-designed shade, and shading
is one of the more easily implemented and
economical options to minimize heat from
solar radiation (Sejian et al., 2012; Sejian,
2013). Shade changes the radiation balance
of an animal but does not affect air
temperature or humidity (Buffington et al.,
1981; Esmay, 1982). Cows in a shaded versus
no shade environment had lower rectal
temperatures (38.9 versus 39.4°C) and
reduced respiratory rate (54 versus 82
breaths min™') and yielded 10% more milk
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(Roman-Ponce et al., 1977). The radiant
environment in shade has four constituent
parts: the cold ground in the shade; the hot
ground outside the shade; the lower (inner)
surface of the roof; and the sky. The radiant
temperature of the clear sky is, in general,
much lower than that of the air, and even in
a tropical location this difference may be of
25°C or even more. Thus, in areas with clear,
sunny afternoons, shades should be 3-4.5 m
high in order to permit maximum exposure
to the relatively cool sky, which acts as an
efficient radiation sink (Bond et al., 1961).
On the other hand, in areas with cloudy
afternoons, shades of 2-2.5 m in height are
better in order to limit the diffuse radiation
received from the clouds by the animals
beneath the shade (Hahn, 1981). In a
tropical region, solar irradiance is high even
during the winter, when its value is often
double (1000 W m2 or more) that observed
in a location at 40° latitude (500 W m™2 or
less).

As for the materials used, hay or straw
shades are the most effective and cheap
materials; solid shade provided by sheet
metal painted white on top is next in
effectiveness (Bond et al, 1961). But
aluminium sheets are better than a white
painted surface (Bond et al., 1969). Slats or
other shade materials with less than total
shading capabilities are considerably less
effective; for example, slatted snow fencing
with approximately 50% openings is only
59% as effective as new aluminium sheet
(Kelly and Bond, 1958). The most effective
shades are trees, as they provide protection
from sunlight combined with beneficial
cooling as moisture evaporates from the
leaves. However, there are differences among
species with respect to the protection given.
Waldige (1994) observed that among
Mangifera indica, Caesalpinia sp., Pinus sp.
and Casuarina sp. in Brazil, the mango tree
(M. indica) showed the best shading with the
least radiant heat load; the worst type was
the Pinus, which presented high heat loads.

Provision of cooling

Although shade reduces heat accumulation
from solar radiation, there is no effect on air
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temperature or relative humidity and
additional cooling is necessary for lactating
dairy cows in a hot, humid climate. A number
of cooling options exist for lactating dairy
cows, based on combinations of the principles
of convection, conduction, radiation and
evaporation. Air movement (fans), wetting
of the cow and evaporation for cooling the air
and shade to minimize the transfer of solar
radiation are used to enhance heat dis-
sipation. Fans and sprinklers offer a practical
method of alleviating heat stress during the
night by increasing heat loss at the animal
surface through evaporative and convective
means. Cooling with evaporative cooled air is
effective in areas of low humidity. In more
humid areas, this type of cooling is beneficial
only in the daytime, when the humidity is
low enough.

Correa-Calderon et al. (2004) investigated
the effect of shade (C), spray and fan cooling
(SF) and an evaporative cooling system
called ‘Korral Kool (KK) on physiological
responses during the summer on dairy cows
in Arizona, USA. Koral Kool is a system that
injects a fine mist generated at high water
pressure into a stream of air. Keister et al.
(2002) reported that the spray and fan
cooling system could lower THI by two
degrees compared to the outside environ-
ment. St-Pierre et al. (2003) proposed the
functions of temperature (°C) and relative
humidity (%) to quantify a decline in the
temperature humidity index (ATHI) due to
the use of different cooling systems:

Moderate heat abatement - system of
fans or forced ventilation: ATHI =

-11.06 + (0.257 x T) + (0.027 x RH) (3.1)

High heat abatement — combination of
fans and sprinklers: ATHI = -17.6 +

(0.367 x T) + (0.047 x RH) (3.2)

Intense heat abatement — high-pressure
evaporative cooling system: ATHI =

-11.7 + (0.16 T) + (0.187 x RH) (3.3)
where T = temperature and RH = relative
humidity. The implementation of heat-
abatement facilities can enhance both
pregnancy rates and milk production. Heat
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abatement is dependent on optimizing heat
exchange via convection, conduction,
radiation and evaporation. The system to be
used depends on the local environment (e.g.
arid to tropical) and includes the use of
shades (reduction in solar radiation);
sprinklers and fans under shade structures
(enhances evaporative cooling from the skin
surface); fans and sprinklers in the holding
areas and/or exit lanes from the milking
parlour; fans and sprinklers in free-stall
facilities (e.g. cooling cows along the feed
lines with sprinklers and fans); and
evaporative cooling systems (i.e. cool the air
that ultimately surrounds the cow).

A system of environmental management
comprised of intermittent cooling with
sprinkling and forced ventilation throughout
the heat stress period in Israel improved
conception rates (Berman and Wolfenson,
1992). Various cooling systems have been
evaluated, and air conditioning dairy cows
for 24 h day™! improved fat-corrected milk
(FCM) vyield by 9.6% in Florida, USA
(Thatcher, 1974). Work in Missouri showed
that air conditioning was not an economic
venture (Hahn and Osburn, 1969). Zone-
cooled cows (cooled air blown over the head
and neck) averaged 19% greater milk yield
than the control (Roussel and Beatty, 1970),
though other scientists concluded that a
well-designed shade structure provided
greater economic returns than the additional
benefits derived from zone cooling (Canton
et al., 1982). Large droplets from a low-
pressure sprinkler system that completely
wet the cow by soaking through the hair coat
to the skin were more effective than a
misting system (Armstrong, 1994). A
combination of misters and fans was as
effective as sprinklers and fans in work in
Alabama, where intake and milk yield were
similar for the misted cows (Lin et al., 1998).
The fan/sprinkler system used about tenfold
more water than the fan/mist system. Thus,
attention to the water delivery rate through
nozzle size or the use of fans and misters has
proven effective in cooling cows while using
substantially less water than systems
evaluated in earlier research.

Evaporative cooling systems use high
pressure, fine mist and large volumes of air
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to evaporate moisture and cool the air
surrounding the cow. Because of the
evaporation, there is little wastewater to
process in this type of cooling system, which
is beneficial when developing a water budget
for the dairy farm. Evaporative cooling
systems improve the environment for
lactating dairy cows in arid climates (Ryan et
al., 1992), and reduced air temperature
results from the removal of the heat energy
required to evaporate the water. Similarly,
cows that were cooled using sprinklers and
fans during the dry period maintained lower
body temperatures and delivered calves that
were 2.6 kg heavier, and cows averaged
3.5 kg more daily milk for the first 150 days
of lactation than the shade-only control
(Wolfenson et al., 1988). Heat stress alters
blood flow, potentially altering fetal
development. Heat-stressed ewes delivered
lambs that were 20% smaller than the
control, and heat stress reduced uterine
blood flow by 20-30%. The livers and brains
of fetuses from heat-stressed ewes were
substantially smaller than the control
(Dreiling et al., 1991).

Geothermal cooling

Recent interest in heat abatement has given
rise to conductive cooling of lactating dairy
cows. This novel approach was investigated
by Bastian et al. (2003) and utilized
waterbeds filled with chilled water as an
alternative method for cooling dairy cows.
However, the authors mnoted water
accumulation as condensation on the
surface of the beds, which could pose a
significant health risk due to increased
mastitis in lactating dairy cows. A novel
approach similar to the waterbeds is
currently being researched on geothermal
cooling beds as heat exchangers placed
10-12 inches below sand or manure bedding
in a free-stall dairy facility. The geothermal
cooling technology could utilize chilled
water or groundwater (depending on the
temperature of water pumped from the
ground) to pass through heat exchangers in
order to lower the temperature of the
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bedding on which the cows lie. This could
increase heat exchange from the cow to the
cooler surface overall, lowering core body
temperatures. This technology may be used
in conjunction with current cooling
technologies or to delay initiation of current
cooling technologies, which may represent a
significant reduction in energy costs and
water consumption. Further studies are
under way to examine the efficacy of
geothermal cooling under different field
conditions.

Provision of water

Water consumption is correlated positively
with DMI (Murphy et al., 1983), and thereby
increases in DMI should improve digestion
and hydration. Improving water content in
the rumen tends to accelerate ruminal
turnover (Silanikove, 1992), which could
benefit the cow during hot weather due to a
reduced digesta passage contributing to gut
fill. Consumed water may also have a direct
cooling effect via the reticulorumen (Beede
and Collier, 1986). The benefits of improved
water consumption are broad, with
improvements during heat stress on cow
comfort, DMI and milk yield being most
apparent. Milk is approximately 90% water,
and therefore water intake is vital for the
production of milk and to maintain thermal
homeostasis. There is a necessity for the
optimization of management systems for
different regions integrated with the
production potential of the area. For
example, in many tropical areas, the period
of stress most often lasts for an extended
period of the year and is coupled with
diseases, parasites and low nutritional
inputs. Obviously, a system under this
environment needs to incorporate a
management plan that not only protects
animals from periods of thermal stress but
also provides more stringent health care,
well-being and nutritional inputs to reach
the production potential of the animal in the
system. Such systems involve increased
investment of money to allow the maximal
performance of high-producing animals.
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3.7 Strategies to Improve Livestock
Reproduction

One of the most important determinants in
the energetic efficiency of livestock species
is reproductive function. While great
progress has been made in the development
of pharmacological tools to regulate oestrous
cyclicity in livestock, there are few tools at
present for manipulating the female to
increase  pregnancy success (Hansen,
2013b). Key to the development of such
tools is a more detailed understanding of the
processes controlling the establishment and
maintenance of pregnancy and of the errors
in the reproductive process that limit
fertility (Bisinotto and Santos, 2011).

3.7.1 Oestrus detection

One of the factors that increase the calving-
conception interval of dairy cows during the
hot season of the year is poor detection of
oestrus. The use of tail-head paint, the heat
watch system, radio-telemetric pressure
transducers and pedometers can improve
oestrus detection, and thus fertility.
However, there are no published studies
that have evaluated the effects of these aids
to oestrus detection on summer infertility.
Some dairy producers in Italy are turning to
the use of natural breeding during summer
in an attempt to overcome poor oestrus
detection and improve fertility. However,
the benefit of improved oestrus detection is
offset by the deterioration in bull fertility
caused by heat stress.

3.7.2 Timed artificial insemination

As the detection of oestrus becomes difficult
in heat and humidity stress, the best strategy
therefore would be to adopt oestrus
synchronization and timed artificial
insemination, which will improve pregnancy
rates. A more detailed understanding of the
processes controlling the establishment and
maintenance of pregnancy and of the errors
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in the reproductive process that limit
fertility will lead to modifications of timed
artificial insemination protocols to improve
the pregnancy rate (Bisinotto and Santos,
2011).

3.7.3 Hormonal treatment

The administration of either follicle-
stimulating hormone (FSH) or somatotropin
during one oestrous cycle in the autumn
improved oocyte quality in the subsequent
cycle (Roth et al,, 2002). Treatment with
FSH increased the number of 6-9 mm
follicles on the ovaries, while somatotropin
increased the number of 3-5 mm follicles. In
the subsequent cycle, FSH improved the
proportion of aspirated oocytes that were
classified as high-quality oocytes based on
morphology, and also increased the cleavage
rate following chemical activation. The effect
of climate change on male and female
reproduction is illustrated in detail in
Chapter 12, Section II, this volume.
Treatment with somatotropin improved
oocyte morphology, but not the cleavage
rate. Another study indicated that the
pregnancy rate could be improved in the
summer and autumn in primiparous cows
by the use of gonadotropin-releasing hor-
mone and prostaglandin F2a to generate
three consecutive 9-day follicular waves,
beginning at 50-60 days in milk (Friedman
et al., 2011). There was no benefit in
multiparous cows and optimization of such
treatments to improve pregnancy rates is
warranted.

3.7.4 Embryo transfer

Two potential strategies for reducing the
impact of heat stress on fertility have
emerged from understanding how heat
stress compromises oocyte function:
hormonal-induced turnover of follicles and
embryo transfer. The former has not yet
been reduced to practice but the latter has
been shown repeatedly to achieve pregnancy
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rates in the summer that are equivalent to
those seen with artificial insemination in
cool months (Hansen, 2013). Embryo
transfer is the only method presently
available to improve fertility during heat
stress (Hansen, 2013). When first formed,
the preimplantation embryo is very
susceptible to elevated temperature.
Developmental competence of the zygote
and two-cell embryo can be compromised by
exposure to elevated temperature in vitro
(Sakatani et al., 2004, 2012). Disruption of
developmental competence involves reduced
protein synthesis, swelling of mitochondria
and cytoskeletal changes characterized by
the movement of organelles towards the
centre of the blastomere (Riveraetal., 2003).
The generation of free radicals occurs in
response to culture at elevated temperature,
at least in embryos at day 0 and day 2 after
insemination (Sakatani et al., 2004), and
oxidative damage to macromolecules in the
embryo could compromise development.
Soon after the two-cell stage, the bovine
embryo becomes more resistant to elevated
temperature. Development of four- to eight-
cell embryos can be compromised by heat
shock, but to a lesser extent than for two-
cell embryos (Edwards and Hansen, 1997).
Embryo transfer improves fertility during
heat stress because it bypasses the loss of
pregnancies caused by damage to the oocyte
and preimplantation embryo (Hansen,
2013). Embryos are typically transferred
into recipient females when they have
reached the morula or blastocyst stages of
development, typically at day 7 after
ovulation. Embryos used for transfer have
escaped the harmful consequences of heat
stress on the oocyte and embryo, either
because they were collected in the cool
season, produced in vitro or represent the
fraction of oocytes and embryos capable of
continued development after heat shock.
Bypassing the effects of heat stress on the
oocyte and embryo, combined with the
placement of a thermoresistant embryo in
the uterus, means that pregnancy rates with
embryo transfer during heat stress can be
equivalent to those after artificial insemin-
ation during cool weather (Rodrigues et al.,

printed on 2/14/2023 5:19 AMvia .

2004). Embryo transfer can be expensive
and the cost-effectiveness of the procedure
depends on maintaining a high pregnancy
success using a low-cost embryo (De Vries et
al., 2011; Ribeiro et al., 2012).

One way to reduce the cost is to produce
embryos in vitro using abattoir-derived
oocytes. The promise represented by the use
of embryos produced in vitro has been
limited by problems with vitrification (Block
et al., 2010; Stewart et al., 2011) and the
reduced competence of embryos to establish
pregnancy as compared to embryos produced
in vivo (Numabe et al., 2000). Block and
Hansen (2007) found seasonal variation in
the pregnancy rate in Florida using embryos
produced in vitro. The pregnancy rate at day
45 of gestation was 28% in the cool season
and 18% in the warm season. The seasonal
effect could be abolished, however, if
embryos had been produced in culture in the
presence of insulin-like growth factor 1
(IGE-1). In that case, pregnancy rates were
23% in the cool season and 49% in the warm
season. Treatment with IGF-1 can make
embryos resistant to heat shock (Jousan and
Hansen, 2007).

3.7.5 Care during pregnancy

When dairy cattle are heat stressed during
the last 2-3 months of pregnancy, there are
clear reductions in placental function
(reduced concentrations of oestrone sulfate),
calf birth weight and subsequent milk
production during the ensuing lactation
(Collier et al., 1982; Moore et al., 1992).
Indeed, cooling of dry cows during the latter
stages of pregnancy is an efficient means to
improve animal productivity; this is a
physiologically sensitive period that often is
ignored by producers. It is possible that the
secretion of bovine placental lactogen has
been reduced due to reduced placental
function. Additional research is needed to
determine if the administration of re-
combinant bovine placental lactogen during
late pregnancy in heat-stressed cows would
enhance both fetal growth and mammary
development of the maternal unit. This
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would potentially compensate for a potential
deficiency in placental hormonal secretion
induced by heat stress.

3.8 Conclusion

It is quite evident from various studies that
abiotic stress factors are going to affect
economic losses in livestock industries
severely, and the severity is expected to be
on the far end of the scale due to global
warming and its ancillary effects. Livestock
production and the corresponding food
security can be sustained by using a broad
range of scientific management practices
that are region and situation specific. Right
from altering the microclimate, which gives
immediate effect to the genetic selection of
tolerant breeds, all management practices
should be executed carefully. The important
constraint in developing countries where
abiotic stress is going to have profound
impact for ameliorative measures is the
financial crunch. Maximizing the production
level and the efficiency of livestock enter-
prises is important; however, economic
considerations largely determine the level
of environmental manipulation selected
for livestock systems. Hence, economical
alternatives for existing ameliorative
measures are the need of the hour. Given the
high genetic variability between and within
breeds, it will be highly informative and
beneficial to select for tolerance to heat
stress. The major challenge, however, results
from the complex nature of abiotic stress-
tolerance traits and the difficulty in
dissecting them into manageable genetic
components feasible to modification by
molecular approaches.

3.9 Future Prospects

Under the climate change scenario, different
abiotic stresses will definitely impose stress
on all species of livestock and will affect
their production and reproduction adversely.
The immediate need for livestock researchers
aiming to counter abiotic stress impact on
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livestock production is to wunderstand
thoroughly the biology of stress response
components and the measurements of
animal well-being, giving researchers a basis
for predicting when an animal is under
stress or in distress and in need of attention.
Future research needs for ameliorating
abiotic stress in livestock are to identify
strategies for developing and monitoring
appropriate measures of heat stress; to
assess the genetic components, including
the genomics and proteomics, of heat stress
in livestock; and to develop alternative
management practices to reduce abiotic
stress and improve animal well-being and
performance. Substantial efforts are also
needed to identify the specific genes
associated with tolerance and sensitivity to
different abiotic stress. Continued research
evaluating  genomic and  proteomic
approaches to improve the reproductive
performance and nutritional status of
abiotic-stressed animals is also warranted.
Further research is also required to quantify
the genetic antagonism between adaptation
and production traits to evaluate the
potential selection response.
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Abstract

Animal production systems are among the
largest contributors of reactive nitrogen to
the environment. Nitrogen (N) is lost from
animal agriculture through volatilization to
the atmosphere (NH;, N,O, NO) and runoff
and leaching to water resources (NH,*,
NO,~, organic N). Most N losses from
agriculture are in a form (NH,*, NH;, NO,")
that does not directly affect climate change.
However, these compounds have serious
environmental consequences of their own,
including contributing to haze, acidity of
rain, eutrophication of surface water bodies
and damage to forests. In addition, a
significant amount of nitrous oxide (N,O)
emissions result from animal agriculture
because the ammonium and nitrates from
agriculture are converted to N,O during
manure storage and crop production. N,O is
a potent greenhouse gas. Although animals
emit very little nitrogen directly to the air,
animal excreta (urine and faeces) contains
environmentally reactive nitrogen, which
begins moving to the air and water from the
moment it leaves the animal, unless it is
incorporated into a crop or converted to
molecular nitrogen (N,). Nitrogen is lost
from the barn floor or pen, storage facility
and from cropland during manure
application and crop growth. Additional
nitrogen is lost to the environment when

* E-mail: rkohn@umd.edu

producing feeds for animals using nitrogen
fertilizer. Strategies to control or mitigate
nitrogen losses must simultaneously con-
sider multiple forms of losses (e.g. NH,*,
NH,, N,O and NO,) in various media (e.g.
air, water) for multiple processes (e.g. animal
feeding, crop production, manure storage).
Otherwise, management practices merely
shift the losses from one form or source to
another. Fortunately, process-based models
assist with estimating emissions and
optimizing management choices. Increased
nutrient utilization efficiency of animals
and crops has had the greatest impact on
decreasing reactive nitrogen losses to the
environment of all management strategies
employed to date. Nonetheless, increased
demand for animal products has continued
to present environmental challenges.

4.1 Introduction

About 14.5% of all anthropogenic carbon
dioxide (CO,)-equivalent greenhouse gas
(GHG) emissions are attributed to the
livestock production life cycle (Gerber et al.,
2013). Of this amount, about 44% of the
GHG emissions from livestock are attributed
to methane (CH,) production from digestion
by ruminants and anaerobic degradation of
manure. The remaining 66% are attributed
to the release of nitrous oxide (N,O) from

© CAB International 2015. Livestock Production and Climate Change 61
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degradation of reactive nitrogen in manure
and fertilizer used to grow crops for
livestock. A relatively small amount of N,O
is also attributed to fuel combustion to run
farm equipment and to transport and
process animal products. Considering the
relatively important impact of livestock
production on GHG emissions, the potential
to decrease GHG emissions from livestock
production cannot be ignored.

According to the most recent Food and
Agriculture Organization (FAO) report on
GHG emissions (Gerber et al., 2013), the
greatest potential for cuts in emissions is
in low productivity livestock systems,
especially in southern Asia, Latin America
and Africa. Wider adoption of existing best
management practices for feeding, health
and animal husbandry could help decrease
GHG emissions from livestock production
by as much as 30% per unit of animal
product. Better management of manure
could also decrease emissions to a lesser
extent. The principal strategy for decreasing
GHG emissions is to decrease total nitrogen
use in animal agriculture through improved
efficiencies. This improvement has been part
of an ongoing trend for the past several
decades. However, as the world population
grows and demands a higher-quality diet
with more meat and vegetables, it will be
increasingly important to improve agri-
cultural efficiencies even faster to meet
rising demands while decreasing environ-
mental impacts.

4.2 The Fate of Nitrogen in Animal
Agriculture

All living things contain nitrogen (N) in
their protein and DNA, and 80% of the
earth’s atmosphere is molecular nitrogen
gas (N,). The triple-bonded N, gas in air is
not chemically reactive or biologically
available to most organisms until it is fixed
in an energy-driven process to form reactive
nitrogen such as ammonia, amines or
nitrogen oxides. In nature, only a few species
of bacteria and algae can reduce the N, in air
chemically to form ammonia or amines. In
addition, oxidation of N, can form nitrogen
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oxides (NO,) at high temperatures, such as
occurs from lightning. For billions of years,
all life on earth depended on these natural
processes as the original source of nitrogen
in protein and DNA (Galloway and Cowling,
2002).

In 1913, two German scientists, Fritz
Haber and Carl Bosch, invented a process to
fix N chemically from the air. This process
unlocked the ability to fix seemingly limit-
less amounts of nitrogen for agriculture,
explosives and synthetic compounds. After
World War II, the availability of reactive
nitrogen ushered in the Green Revolution.
In addition, the burning of fossil fuel in
factories and automobiles accidentally
produced more reactive nitrogen. Today, so
much reactive nitrogen has leaked into the
environment that natural ecosystems have
changed substantially (Smil, 2001).

As chemically fixed N has become an
inexpensive input to agriculture, we have
come to consume greater quantities of
animal products, fruits and vegetables that
use a great deal of fertilizer per unit of N
in those products. The result has been
increased amounts of N going into air and
water, with animal production contributing
large amounts of N to air via animal manure.
Although fertilizer has enabled rapid
population growth and richer human diets,
other aspects of modernization of agri-
culture have decreased nitrogen losses to the
environment from what they would have
been. Over the past several decades, trends
in animal production have resulted in
reduced output of manure N per unit of
animal product. Nonetheless, increased use
of N fertilizer for greater output of animal
products and fruits and vegetables has
resulted in an increased loss of N to the
environment.

Animal agriculture is a major contributor
of nitrogen (N) to air and water resources,
particularly with respect to ammonia
(NH;), ammonium (NH,*), nitrate (NO;")
and, to a lesser extent, with respect to
nitrous oxide (N,O) and nitric oxide (NO).
Of these, only N,O is a major GHG;
however, the other forms of reactive
nitrogen can be converted to nitrous oxide
in land and water systems. Worldwide,
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more than half of the anthropogenic losses
of reactive nitrogen to the air and more
than 70% of the ammonia losses are
estimated to derive from agricultural
production (van Aardenne et al., 2001).
About 50% of the anthropogenic ammonia
losses to the environment derive directly
from animal feedlots, manure storage or
grazing systems, with additional losses
occurring indirectly from cropping systems
used to feed domestic animals as well as to
feed humans directly. In addition, animals
contribute 25% of the anthropogenic N,O
production, with an additional 25% coming
from cropping systems. An overview of the
flow of nitrogen in animal agriculture is
presented in Fig. 4.1.

The US Environmental Protection Agency
(2011) conducted an extensive life cycle
analysis of the sources and sinks of reactive
nitrogen into the environment for the USA.
The committee estimated that about 35 Tg N
year ! was created in the USA in 2002. Of this
amount, about half was used for agriculture,
including about 31% for nitrogen fixation for
fertilizer and 22% fixed by legume crops.
Combustion of fossil fuels in factories and
transportation amounted to about 16% of
the reactive N creation. About 6.4 Tg year™,
or 18% of the total, was produced from
natural causes such as biological fixation in
natural landscapes and lightning,.

The N in animal urine and faeces can
be converted to ammonium (NH,*) by

Humars

Emissions

v

By-products

Emissions
Crops -_ Animals /‘f
\
Fertilizer Emissions
Legumes
Soil D Manure /‘/
Emissions

Fig. 4.1. The flow of nitrogen in animal agriculture.
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hydrolysis of urea or deamination of amino
acids after hydrolysis of proteins. Micro-
organisms and enzymes present in animals’
faeces convert urea in urine to ammonium
within hours of urination (Oenema et al.,
2001). This ammonium equilibrates with
ammonia (NH,), especially at neutral pH,
and the ammonia can be readily lost to air in
a gaseous form from animal housing and
manure storage. Ammonia emissions can
occur immediately after excretion when
urine N is hydrolysed, or more slowly when
faecal N is decomposed and hydrolysed
during manure storage and field application.
Once emitted, the NH; can be converted
back to NH,* in the atmosphere, and this
NH," reacts with acids (e.g. nitric acid,
sulfuric acid) to form aerosols, particle
matter with a diameter of less than 2.5 pym
(PM 2.5). These small particles are con-
sidered a health concern for humans and a
contributor to smog formation. Removal of
ammonium by deposition contributes to soil
and water acidity and ecosystem over-
fertilization or eutrophication.

Once reactive N is applied to crops or is
deposited to land or water from the
atmosphere, it undergoes various fates. In
intensive cropping systems, almost half of
the applied N is taken up for crop growth.
Since manure N is not available to crops at
the ideal predictable times, manure N is not
used as efficiently as N from fertilizer and
more N is applied to meet crop needs.
Therefore, more N is also unaccounted for.
The N applied that does not end up in a crop
is lost to water in leachate or runoff of
ammonium or nitrate, volatilized to air as
NH, or N,O or is denitrified back to
molecular nitrogen (N,). The various types
of reactive nitrogen in soil and water are
interconverted. Ammonium is converted to
nitrate (NO,") by aerobic microorganisms in
soil in a process known as nitrification. The
nitrate (NO;") can be converted back to N,
in a process called denitrification. Nitrous
oxide (N,0O) is formed as a co-product of the
microbial processes of nitrification and
denitrification. Nitric oxide (NO) is released
during nitrification in aerobic soils when
manure or other fertilizer is applied.

printed on 2/14/2023 5:19 AMvia .

Nitrous oxide (N,O) is the primary
nitrogenous GHG emission. Sources of
nitrous oxide in the atmosphere include
combustion of fossil fuels and lightning.
Animals do not directly produce any
nitrogenous gases, but manure storage and
crop production convert ammonium and
nitrate to N,O, and reactive nitrogen that
flows to natural ecosystems (e.g. forests and
estuaries) can also be converted to N,O.
Therefore, animal agriculture ends up
contributing significantly to the production
of nitrogenous GHG.

The Intergovernmental Panel on Climate
Change (IPCC) assumed that 1% of applied
N fertilizer was lost from direct emissions of
N,O at the field level due to nitrification and
denitrification (IPCC, 2007). This same value
is applied to all forms of reactive N, including
chemical fertilizer, manure and other
organic forms. Studies confirm that N,O
losses from soils can exceed 1% of applied N
in intensive high-yield cropping systems
(Adviento-Borbe et al., 2006). Others have
estimated that as much as 3-5% of applied
nitrogen has been converted to atmospheric
N,O based on historical changes in the
atmosphere over the past 50 years (Crutzen
et al., 2008). This top-down estimate may be
more accurate for the world contribution
from agriculture than the IPCC approach
based on field-level studies. None the less,
although most N losses from animal
agriculture are in the form of NH;, NH," and
NO,", once these forms are applied to land
as atmospheric deposition or fertilizer, a
significant amount re-enters the atmosphere
as N,O.

Nitric oxide and N,O are interconverted
rapidly in the atmosphere and are referred
to jointly as NO,. Nitrous oxide diffuses
from the troposphere into the stratosphere,
where it can remain for hundreds of years,
contributing to global warming and
stratospheric ozone depletion. A molecule of
nitrous oxide has a global warming potential
that is 296 times that of a molecule of CO,
(IPCC, 2001). Nitric oxide (NO) is detri-
mental to ozone layer depletion.

A single molecule of ammonia or nitrous
oxide, once emitted to the environment, can
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alter a wide array of biogeochemical pro-
cesses as it is passed through various
environmental reservoirs in a process known
as nitrogen cascade (Galloway et al., 2003). A
single molecule of nitric oxide can continue
regenerating in the stratosphere while
sequentially destroying one ozone molecule
after another. Likewise, as reactive nitrogen
is passed through various environmental
reservoirs, a single atom can participate in a
number of destructive processes before
being converted back to N,. For example, a
single molecule of reactive nitrogen can
contribute sequentially to decrease atmos-
pheric visibility (increase smog), increase
global warming, decrease stratospheric
ozone, contribute to soil and water acidity
and increase hypoxia in fresh and sub-
sequently coastal waters.

The environmental problems caused by
reactive nitrogen release into the environ-
ment are profound and ever increasing, and
agriculture is the biggest source of reactive
nitrogen losses to air and water (van
Aardenne et al., 2001). Thus, it has become
necessary to develop control strategies to
reduce losses of reactive nitrogen to the
environment.

4.3 Global Versus Local Issues

Emissions of N compounds from agriculture
are important on a global scale but not on a
local scale (NRC, 2003). Nitrogen emissions
not only are important around the world but
also it is the aggregate of these emissions
throughout the world that matters more
than their distribution in any specific
locality. Thus, the aim should be to control
emissions per unit of production (kilogram
of food produced) rather than emissions per
farm. This specific recommendation may
directly contradict often recommended
control strategies aimed at decreasing the
intensity of agriculture rather than improv-
ing its efficiency. For example, governments
in the USA and Europe have enacted
legislation to curb livestock expansion or
limit manure application rates (Berentsen
and Tiessink, 2003; Sutton et al., 2010;
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Compton et al., 2011). It is important to
emphasize the need to use nitrogen more
efficiently for animal production rather than
simply to use less per farm or per unit area
of land. In other words, in terms of nitrogen
emissions, it is not that important whether
the emissions are attributed to millions of
cattle owned by small farmers spread around
the world or by a relatively small number of
‘factory’ farms in specific regions. In many
cases, the larger and more industrial farm
operations can afford management practices
that decrease losses of reactive nitrogen
from the farm, and modern practices utilize
nitrogen more efficiently as a nutrient for
plants and animals. On the other hand,
when the concentration of animals in certain
regions exceeds the true carrying capacity of
the air, water and land, regional issues like
eutrophication, haze or smog can become
issues for those regions. Additionally, as
farms become larger or more farms are
concentrated in certain regions, nitrogen
cannot be recycled from manure to crops as
efficiently because of the cost of manure
transportation to available land. Therefore,
the environmentally optimal concentration
of animals on a farm or in a region depends
on numerous factors.

4.4 Measurements and Estimates

The National Research Council (2002) was
charged with summarizing the best methods
to quantify various air emissions from
livestock operations. The academy found
that methods to measure routinely or
predict nitrogen emissions from agriculture
were unreliable, expensive and too difficult
to use regularly. Although predictions or
measurements of any individual species of
nitrogen emission (e.g. NHg, N,O or NO) or
runoff or leachate loss (e.g. NH,*, NO,) were
not available for routine use, it was feasible
and more accurate to estimate the sum of all
nitrogen losses from farms. This sum is best
estimated as the difference of all reactive
nitrogen inputs (e.g. feed, fertilizer, nitrogen
fixation by crops) and exports (animal
products, feeds, etc.). Some management
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practices increase volatilization of ammonia
to the air but decrease runoff in surface water
without affecting total reactive nitrogen loss.
These total reactive nitrogen losses are the
values of interest because, irrespective of
what form of reactive nitrogen is lost to the
environment, the various forms have
different detrimental effects on the environ-
ment, and they are interconverted within the
air, water and land system.

The US National Research Council (2002)
found that protocols for measuring air
concentrations, emission rates and fates of
nitrogen were not sufficient to use routinely.
These methods were found too expensive
and inconvenient to use on the number
and diversity of farms needed to provide
useful data. In particular, farms with dif-
ferent animal commodities, using different
management practices with different
climate, would all need to be measured over
different times of the year for each species of
emission (e.g. NH;, N,O, NO,). Since routine
measurement is out of the question, the
US Environmental Protection Agency and
many governmental agencies around the
world also considered estimating nitrogen
emissions routinely from farms using
mathematical models. The initial attempts
(USEPA, 2001) to form these estimates
resulted in developing emission factors for
different types of animal commodities.
Emission factors are coefficients that can be
multiplied by the number of animal units on
afarm or in aregion to estimate the nitrogen
emissions for that farm or region.

The NRC committee (2002) found the
approach of developing emission factors to
be completely inappropriate. Many different
factors affect the emissions from a farm,
including some that are difficult to control
(e.g. climate, weather, topography, etc.) and
some that are controllable (e.g. animal
productivity or management practices such
as tillage, manure storage, animal housing).
When emission factors are used to estimate
emissions, the various factors affecting
emissions are not considered. As a result,
the approach cannot be used to identify
farms that need improvement or to provide
incentives for best management practices.
The conclusion would be that farms with
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more animals appear to emit more NH,,
N,O or NO, to the environment, and
regulations would be directed unevenly
toward the ‘worst’ offenders, which are
simply the largest farms. We have already
pointed out that it is more important to
decrease emissions per unit of food produced
than emissions per farm. Larger farms are
not more likely to contribute to the regional
or global effects of emissions than smaller
farms.

The only viable approach to estimate
nitrogen emissions on livestock operations
is to use a process-based modelling approach
(NRC, 2003). This approach involves the
development and specification of mathe-
matical models that describe the movement
and conversion of various forms of nitrogen
throughout the processes of agricultural
enterprise. For example, urea and organic
nitrogen are excreted to the barn floor,
where some is converted to ammonia and is
volatilized and the rest is scraped to manure
storage. In storage, more urea and organic
nitrogen is converted to ammonium and
volatilized or converted to N,O, NO, or N,,.
The quantity of N forms in storage, which is
afunction of animalintake and management,
in turn affects the quantity and form of
nitrogen stored. The quantity of each form
stored and other factors like temperature
and air exposure affect the quantity
converted to other forms or volatilized. The
quantity remaining when applied to crops
affects the quantity of N used in crop
production. This quantity affects the need
for chemical fertilizer and crop growth, and
how much NH, is further volatilized or
denitrified or converted to N,O or NO,.
Thus, the process-based modelling approach
incorporates a vast amount of knowledge of
chemical conversions and transport under
different conditions of medium temperature
and movement, and the way farm manage-
ment affects conditions relevant to the
chemistry. This type of model can therefore
not only estimate emissions on an individual
farm but also elucidate management
practices to decrease the emissions. This
type of model can be helpful for developing
control strategies for individual farms or
regions/nations.
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4.5 Control Strategies

A systems approach is needed to manage N
emissions from farms. This approach must
integrate animal and crop production
systems both on and off the farm (imported
feeds and exported manure), the animal
feeding operation and consider N losses to
water as well as air. It is possible to reduce N
emissions to air by transferring them to
ground or surface water, but such solutions
are not acceptable. It is also possible to
decrease emissions from an animal feeding
operation by exporting manure or importing
crops, but the emissions will still occur,
albeit on a different farm. One of the greatest
opportunities to improve the efficiency of N
utilization for animal production is to select
crops that use N more efficiently, especially
by using whole-crop legumes to fix N near
crop roots rather than non-legumes that
require additional N fertilizers. Of course,
the selection of such crops would require the
aid of an animal nutritionist to consider
various options for diet formulation with
different types of feeds.

Reactive N losses to the environment
may occur as NH;, N,O or NO lost to air, as
soluble nitrogen running off into surface
water or asnitrateleachinginto groundwater.
Therefore, control strategies need to be
aimed at decreasing the emissions of total
reactive N from animal production systems.
These strategies can include either per-
formance standards based on process-based
model estimates of N losses or technology
standards to reward the use of technologies
that decrease total system emissions of
reactive N compounds by quantifiable
amounts.

Within the animal production system,
there are a number of ways to conserve
nitrogen rather than let it be released to the
environment in either air or water. Broad
categories of improvement might include
manure handling and management, crop
selection and management or improved
feeding and nutrition.

A mathematical model of nitrogen flows
on a dairy farm (Kohn et al., 1997) was used
to identify the critical control points for
conserving nitrogen on a dairy farm system;
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however, the results are applicable to any
animal production system. In this model,
the efficiencies of N utilization (i.e. units of
N wused constructively per unit of N
imported) were set to high and low extremes
for each of these major subsystems (manure,
crop, feed). For example, the efficiency of
feed N utilization was calculated as the g of
N in animal products (milk and meat in this
case) divided by the feed N consumed by the
herd, and this was allowed to vary from 16
to 24%. The gram of feed N produced per
gram of N available at the root zone of crops
ranged from 50 to 75%, or would be as high
as 95% for forage legumes. The amount of N
available to crops in soil is likely to be
25-50% of the manure N produced.

When all three efficiencies were set at
lower limits, 5 units of N would be lost from
the system for every 6 units of N fixed by
legume crops; and 10 units of N would be
lost for every 11 units applied as commercial
fertilizer. Only the remaining unit would be
converted to animal products. How much of
the loss goes into the air and in what forms
depends on the choices made regarding
various management options.

For example, incorporating manure or
fertilizer immediately after application may
decrease ammonia volatilization con-
siderably, but increase leaching. It is still a
recommended practice because it is a means
of conserving N. By improving the utilization
of N by the herd, through better feeding and
management programmes, these losses
should be decreased by 40%. Selecting more
legumes, selecting highly efficient crops and
managing crops better also reduced N losses
by similar levels. However, improving
manure management only decreased N
losses from the farm by 10-14%. Most
manure N is still lost to the environment
before being recycled back to the feed, even
under the best of conditions. Thus, it is best
not to produce it in the first place.

In the past several years, regulators and
other developers of pollution control
strategies have become interested in the
feeding and animal management option to
reduce N and phosphorus (P) losses to the
environment. Nonetheless, they have been
struggling with how to translate their
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interest into policies to improve nutrition or
feeding. Cropping systems are the other
vital half of the equation; but optimizing
cropping still has not received much
attention. Some crops can use N more
efficiently than others, but which crops are
best depends on both their agronomic
characteristics and how they are utilized by
the animal. Ultimately, diet formulation
may someday consider the environmental
impact of feed selection, as it is a means to
use crops that can be produced efficiently
and by-products that need to be used.

Calculation of N emissions using a process-
based model uses feed and production
information to calculate manure output, and
this estimate drives the subsequent
predictions of volatile losses. Furthermore,
improvements in animal nutrition that
decrease manure output would be reflected
immediately in the process-based model
estimates. Diet formulation can affect what
crops are used, and these decisions further
affect the total losses of nitrogen and the
forms of losses from the total animal
production system. In essence, the NRC calls
for an improvement in the efficiency of N
utilization for animal production; animal
nutrition is a key element in orchestrating
this improvement.

4.6 Providing Incentives to Animal
Agriculture

One of the greatest challenges for agri-
cultural and environmental policy makers
and educators s the difficulty with providing
incentives to farmers to reward them for
coming up with ways to reduce N losses to
the environment. If we could measure or
estimate these losses easily, and society
paid for reduced losses, farmers and the
allied industries would invent ways to profit
from improved environmental manage-
ment. Whole-farm N balances can be
calculated where the input N from feed and
fertilizer imports are balanced against N
exports in meat and milk. The difference is
N that is potentially lost to the environ-
ment (Berentsen and Tiessink, 2003). These
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balances are somewhat difficult to interpret,
because every farm imports a different mix
of feeds (e.g. legumes, forages, grains) and
fertilizers (e.g. manure or inorganic) and
exports a different mix of animal and crop
products (e.g. milk, meat, compost). Since
the farm has the purpose of both using
low-value co-products and producing
food, the environmental impact has to
consider the waste disposal and off-farm
production that contributes to the overall
efficiency of N use. A simple farm balance
potentially would show greater N lost from
the system when the farm produces its
own feeds because N lost from crop
production is internalized to the farm.
Likewise, lower efficiency of N utilization
would be predicted when the farm uses
organic fertilizers because the N is not
made available to crops as predictably in
the growing season as for inorganic N.
Nonethe'less, simply importing and
exporting nutrients does not make the
whole agricultural system more or less
efficient unless the farms specializing in
either the production or use of those
nutrients are more efficient themselves.
Thus, the whole-farm balance idea requires
some level of sophistication to work for
providing incentives.

An alternative to N balance is to reward
directly innovation to use less inorganic N as
fertilizer. Taxes are less popular but may be
more effective than incentive payments. If a
high tax were to be paid for inorganic N
fertilizer, the organic N would have greater
value and might be used more efficiently.
Legume crops might also be more cost-
effective in a cropping system. The problem
is that legumes are not used efficiently in
diets when they are oversupplied, and much
of the N in grain legumes is lost to the
environment when crop residues are
recycled. So even the N fertilizer tax may
provide an incentive to change the system in
ways that are not optimal, or again become
complex. A combination of the two
approaches is being used in the Netherlands
(Berentsen and Tiessink, 2003). A farm
balance is calculated and the predicted N
losses are taxed.
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4.7 Using Milk Urea Nitrogen

Because the efficiency of N utilization within
the animal is so important, it would be nice
to have a way to identify herds that are not
efficient at using N so as to be able to
troubleshoot and offer assistance. Further-
more, if N utilization efficiency could be
measured or predicted efficiently on farms,
one might be able to offer incentives to
farmers for using practices to improve the N
utilization efficiency. One technology would
be to measure milk urea nitrogen (MUN) for
bulk tank milk.

MUN has been shown to be an excellent
predictor of nitrogen excreted into dairy
cow manure (Jonker et al., 1998). It is high
when cows are overfed protein and low when
they are underfed protein. Therefore, MUN
can be used to identify herds with nutritional
problems, and routine analysis of MUN can
help farmers fine-tune protein feeding to
reduce ration cost and nitrogen excreted to
manure (Jonker et al., 2002a). Since a
portion of manure N is lost to air and water
resources, these reductions in manure N
translate to reductions in N lost to the
environment (Kohn et al., 1997). We have
used MUN effectively to identify herds being
overfed or underfed protein and have offered
assistance (Jonker et al., 2002a). Currently,
nearly all bulk tank milk shipped in the
north-eastern USA is analysed for MUN and
results are sent to the farm owners.

4.8 Typical Nitrogen Efficiencies
Today

Animal N utilization efficiency (N in milk
and meat per N in feed) is substantially
higher in industrial countries than in less
industrial countries. Powell et al. (2013)
estimated the animal N efficiency as 23.8%
in Europe, North America and Oceania, 14%
in Asia, 10.2% in Latin America and only
5.3% in Africa. The average efficiency (milk
N/feed N) was 28.4 g 100! g (Standard
Deviation (SD) = 3.9) for lactating cows on
450 commercial dairy farms in the north-
eastern USA (Jonker et al., 2002b). Similarly,
the average N utilization efficiency for
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lactating cows for commercial dairy farms in
Wisconsin, USA, was 25.4% (Powell et al.,

2006). Major factors contributing to
differences in N efficiency are genetics,
nutrition and infrastructure enabling

different levels of production per cow. Figure
4.2 (reprinted with permission from Powell
et al., 2013) shows that as milk production
per cow increases, there is a non-linear
increase in N utilization efficiency. The effect
results from the dilution of nutritional costs
to maintain an animal in the herd. When
each animal produces more milk, the number
of animals in the herd can be decreased.
Therefore, the nutritional cost of raising
replacement stock and keeping animals in
the herd decreases. Once animal productivity
increases enough that maintenance costs
are diluted to less than half the total
requirement, there is a diminishing return
for continuing to increase production per
animal. Therefore, less industrial countries
can contribute to decreasing GHG emissions
from animal agriculture by improving
animal productivity, while industrial coun-
tries may need to begin looking for ways to
improve the efficiency of N utilization by
balancing diets more accurately or improving
the efficiency of digestion and absorption.
In a study, Jonker et al. (2002b)
investigated the source of variation among
commercial dairy farms in the USA. The
rolling herd average was associated positively
with greater efficiency and explained 25% of
the variation among farms. The level of
protein feeding relative to requirements was
associated negatively with efficiency and
explained 71% of the variance. Interestingly,
management practices associated with
feeding closer to requirements, such as
grouping cows by requirements, more fre-
quent diet formulation and more frequent
feed analysis, did not decrease nitrogen
feeding levels. However, practices associated
with higher milk production, such as using
bovine somatotropin and photoperiod
manipulation, were associated with
improved efficiency of nitrogen utilization.
Over the past 50 years, there have been
two simultaneous trends in N use for animal
production. First, following World War 1I,
the development and use of chemically fixed
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Fig. 4.2. Relationship between milk production and N utilization efficiency (N in milk per N intake) across
global dairy production systems. (From Powell et al., 2013.)

nitrogen has increased tremendously. This
means that non-legume crops have replaced
the leguminous crops that were previously
the source of N input to agriculture. When
chemical fertilizer is applied to crops, only
25-50% of the N is taken up by the crop,
while the remainder is lost to air and water
and a small amount is returned to the
atmosphere as harmless N, gas. In contrast,
most N fixed by legumes ends up in
harvested grains or crop residues. Thus, the
increased use of N fertilizer generally
represents a trend that has put a great deal
more N into the environment.

The increased use of fertilizer and other
aspects of agricultural intensification have
made foods more available to humans
around the world. As a result, we have the
option to eat more meat, vegetable crops
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and fruits, all of which require greater N
inputs per unit of N output than traditional
diets of beans and rice. Today, many people
eat much more protein than they actually
need. In the USA, we appear to throw away
about half the food N we purchase at the
retail level (Smil, 2001). The human body
needs about 2 kg nitrogen per person per
year, but humans (collectively) create 20 kg
nitrogen per person per year during food
production processes. All of the reactive
nitrogen is distributed to the environment,
representing a biogeochemically active
element that in large excess has detrimental
consequences on environmental ecosystems
(Galloway et al., 2003).

We need to reduce our dependence on N
fixation if we are to reduce the losses of N
to the environment. It is unlikely that
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consumers will choose to eat less of the
foods they like and which are good for them
(e.g. animal products, vegetables and fruits).
But would it impact our standard of living to
decrease how much food we waste?
Otherwise, we need to produce food with
fewer N inputs. In this regard, there has
been a positive trend for the past 50 years
regarding animal production.

The availability of fertilizer N has
increased our use of N in agriculture and
enabled us to consume higher-quality diets.
In much of Asia and Africa, the use of
inorganic fertilizer has increased the loss of
N to the environment per unit of food
consumed. However, in the industrialized
countries, N losses per unit of food
consumed have remained stable since the
1970s, despite having increased the quality
of the diet (Bouwman et al., 2005). This
improvement is attributed to the increased
productivity of crops and animals.

An example is provided showing improve-
ments in dairy production efficiency over
the past 50 years (Table 4.1). Production
data were obtained from historical surveys
conducted by the US Department of
Agriculture (USDA, 2003a,b). The number of
milk cows in the USA and their productivity
were used in the calculations. The amount of
nitrogen consumed by the average cow in
1944 and in 2001 was determined by

balancing diets according to the prevailing
recommendations at each time (Morrison,
1950; NRC, 2001). Excreted N was calculated
(Jonker et al., 2002a) as the difference
between N intake and N in animal products
(milk and growth). The total US dairy herd
peaked in 1944 with 25 million cows,
although today the US produces 40% more
milk with only 9 million cows. Although N
excretion per cow per year has increased by
about 12%, the total N excreted by all dairy
cows in the USA has decreased by 60%.

4.9 Conclusion

Agricultural  production in industrial
countries has been decreasing GHG emis-
sions per unit of animal protein produced.
For example, nitrogen excretion by dairy
cattle has decreased substantially per unit of
milk protein produced. However, the trend
worldwide toward consuming greater
amounts of protein and more nutritious
diets increases the nitrogen emissions per
person (Alexandratos, 2011). As more and
more people worldwide consume higher
protein and more nutritious diets, the
efficiency of agricultural production will
need to improve even faster to overcome the
dietary choices of the people who can afford
them.

Table 4.1. Production and nitrogen excretion for the US dairy
herd in 1944 and 2001. (Calculated from agricultural statistics
and historic animal feeding recommendations: Morrison, 1950;

NRC, 2001; USDA, 2003b.)

1944 2001
Milk per cow (kg day™") 7.0 27
N intake per cow (g day~") 360 490
N excreted per cow (g day™") 326 364
N excreted (g) per g N in milk 10 3
N in milk (g) per g N intake 0.09 0.26
Number of cows (10°) 25 9
Milk per cow (kg year™) 2073 8152
Total milk (10° kg year™) 52 73
N excretion per cow (kg year™') 119 133
Total N excretion (10° kg year™) 3.0 1.2
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Nutritional Strategies for
Minimizing Phosphorus Pollution
from the Livestock Industry

P.P. Ray* and K.F. Knowlton
Virginia Tech, Blacksburg, USA

Abstract

Livestock manure traditionally has been
considered and used as a valuable resource
by farmers to improve crop production.
Livestock manure is rich in nutrients
(nitrogen (N) and phosphorus (P)) and thus
has been land applied to enrich soils. But
land application of manure nutrients in
excess of crop requirements can lead to
saturated soil and loss of nutrients to surface
water via runoff. Environmental concerns
with P from animal agriculture are significant
because livestock manure has always been
land applied to meet crops’ N requirement,
resulting in P application in excess of crops’
P requirement. The problem is aggravated
with the intensification of livestock pro-
duction, and now animal agriculture has
been identified as a primary source of water
quality impairment in many regions. But
intensification and continuous advancement
of livestock production is required to meet
the increasing demand of food supply to
feed a growing global population. Therefore,
management strategies are needed that
will improve livestock production while
supporting the environmental and social
pillars of sustainability. Nutritional strat-
egies are economically and environmentally
efficient tools to reduce P excretion by
livestock. This chapter discusses nutritional
strategies including precision feeding, phase
feeding and approaches to improve feed P
availability.

* E-mail: drray @ vt.edu

5.1 Introduction

Intensification of livestock production in
recent decades has resulted in challenges
with appropriate manure utilization/
disposal. Manure is rich in phosphorus (P)
because the P utilization efficiency of
livestock is less than 50%. Manure is usually
land applied as fertilizer at a rate to meet
crops’ nitrogen (N) requirement; this results
in soil P saturation. Accumulated P in soil
can reach water bodies via runoff and
cause eutrophication, impairing aquatic
ecosystems.

If intensification of livestock and
advancement of livestock production con-
tinues, perpetual impairment of water
quality is expected. But continuous
improvement in livestock production is
required to maintain the global economy
and to meet the increasing demand of food
supply. Global demand for animal protein is
increasing, and this trend is expected to
continue as the global population is
estimated to reach 9 billion by 2050.
Intensification of livestock production is
one of the options to maintain global food
security, but a sole focus on intensification
threatens the sustainability of the livestock
industry by widening the gap between
industry practices and societal perceptions
and expectations (von Keyserlingk et al.,
2013). Therefore, approaches are needed
that increase the efficiency of animal protein
production while supporting the environ-
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mental and social pillars of sustainability.
Nutritional strategies to reduce nutrient
excretion meet this criterion.

5.2 Livestock in P Pollution

Livestock production in the USA has evolved
into an intensive production system, with
the vast majority of animal products
originating from animal feeding operations
(AFOs, defined as farms that include
confinement for 45 days or more in a year).
In the span of 15 years from 1982 to 1997,
the number of AFOs increased by 10%
(USDA, 2001). A similar trend was observed
in manure production as AFO-generated
manure approximately quadrupled from
133 million tonnes (Mt) in 1997 to >500 Mt
in 2003 (USEPA, 1998, 2003). The largest
AFOs are defined as concentrated animal
feeding operations (CAFOs). CAFOs account
for a small portion of livestock farms but
accounted for half of manure P produced by
all livestock farms in 1997 (up from 27% in
1982; Kellogg et al., 2000).

Manure is a rich source of nutrients (N
and P) and is used as fertilizer to enhance
crop production. Spatial intensification of
livestock production creates problems, as
the amount of manure produced per year
overwhelms the assimilative capacity of
cropland. Manure has traditionally been
land applied to meet crops’ N requirements,
but because manure N and P are in imbalance
relative to crop needs, this practice leads to
accumulation of soil P. A summary of US soil
tests indicates that soil from areas of
intensive animal agriculture had excessive P.
In 1996, the majority of soil tested by several
soil-testing laboratories in the north-east
was categorized as high or very high in soil
test P (Sharpley, 1999).

Once soil is saturated with P, it can reach
surface water via runoff, increasing the risk
of eutrophication, especially in fresh water
(Sharpley and Tunney, 2000). A series of
whole-lake experiments confirmed that P
was the limiting nutrient for algal bloom in
fresh water (Schindler, 1977). In the USA, an
estimated 20% of agricultural impairment
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of water quality is from CAFOs, and more
than 50% of the agricultural impairment for
lakes and estuaries is by nutrients (USEPA,
1998). The source of nutrients contributing
to water pollution varies regionally, and
therefore a manure distribution problem
may be local, regional, national or inter-
national. The semi-arid climate in the central
and western regions of the USA, for instance,
makes manure disposal less problematic as
the risk of P runoff to surface water is less
due to limited rainfall and the distant
location of water bodies from farms (USEPA,
2012). The opposite scenario is observed in
the Chesapeake Bay Watershed area, with its
dense livestock population. In this region,
manure contributes 27% of annual P load to
Chesapeake Bay (Kleinman et al., 2012).

The P imbalance resulting from the land
application of manure in excess of crop P
needs is a global problem. In 62% of the
global cropland area with surplus P, manure
P application was in excess of crops’ P use
(MacDonald et al, 2011). The authors
estimated that global recoverable manure P
was 10 Mt in 2000. As is true regionally and
nationally, global P surpluses result from
dense livestock population in areas with
inadequate cropland to assimilate manure P
(Jongbloed and Lenis, 1998; Shigaki et al.,
2006; Pathak et al., 2010; Wang et al., 2011).
The association of P surpluses with
intensified livestock population is not
limited to one species; dairy, beef, swine and
poultry production have all been identified
as major contributors of P to eutrophic
water bodies (Gaskin et al., 2001; Pote et al.,
2003; Nelson and Mikkelsen, 2005; James et
al., 2007; Fisher et al., 2009; Chebud et al.,
2011).

At the county level, surplus manure P is
more common than surplus manure N. In
1997, 155 counties in the USA had surplus
manure N from CAFOs as compared to 337
counties with excess manure P (USDA,
2001). Therefore, limiting manure appli-
cation to the P needs of crops (P-based
nutrient management) is one way to reduce
soil P accumulation and P runoff to surface
water. Shifting manure application limits
from N to P means increased acreage
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required for manure spreading, greater cost
of manure application and an increase in the
number of farms that need alternative ways
to dispose of manure. All of these have
significant economic impacts on the
livestock sector.

5.3 Assessment of Requirement and
Overfeeding

Increased awareness of the problem of P
accumulation on livestock farms and the
impacts of P-based nutrient management
regulations led to an effort to develop and
implement nutritional strategies to
minimize P excretion without impairing
production (VandeHaar and St-Pierre,
2006). P is one of the macrominerals
required for almost all living organisms with
critical physiological functions including
bone accretion, energy metabolism, rumen
microbial growth (in ruminants), cell
membrane structure, transport of fatty
acids and nucleic acid structure. More than
80% of the total body P is in bone, and bone
plays a role in regulating blood P by
resorption (Ternouth, 1990). Therefore,
bone accretion or replenishment of P in
depleted bone is critical to maintain animal
performance and production. As P is not
synthesized in the body, P must be provided
via dietary sources, but supplementation of
P in excess of requirement and storage
capacity results in excretion of P via faeces
and urine or excreta (Knowlton et al., 2004).
Therefore, precise assessment of dietary P
requirement is critical from both nutritional
and environmental perspectives.

5.3.1 Dairy cattle

The assessment of the P requirement of
lactating cows has always been a matter of
confusion, with variation within a feeding
standard or between feeding standards used
in different countries (Tamminga, 1992).
The difficulty in assessing P requirements
precisely is because of variation in factors
that influence the P requirement, (e.g.
physiological stage of production, dietary
nutrient availability and the approach of
calculating the requirement). In the USA,
the National Research Council (NRC) uses
the data from relevant animal experiments
to calculate dietary P requirements. The
current NRC recommended dietary P supply
for lactating cows accounts for the
requirement of absorbed P for milk pro-
duction, maintenance, growth and repro-
duction (NRC, 2001). The resulting absorbed
P requirement is divided by the estimated
availability of feed P to calculate dietary P
supply required to maintain production and
performance. The requirement of total P as
grams of total absorbed P and as a per cent
of dietary dry matter (DM) is presented in
Table 5.1. It is important to note that even
though total absorbed P requirement (g day~
1) does not change for a particular stage of
production, dietary P requirement (% of
dietary DM) changes if DM intake (DMI) or
feed ingredient changes.

The dietary P requirement of lactating
cows for a specific age and stage of production
is lower in current NRC recommendations
(NRC, 2001) than it was in previous NRC
recommendations (NRC, 1989), and the
NRC recommended higher dietary P in 1989

Table 5.1. P requirement for Holstein lactating cows (600 kg body weight; milk
yield: 40 kg day~") at different dry matter intake (DMI).2

DMI Absorbed P requirement Dietary P requirement
(kg day™") (g day™) (per cent of dietary DM)

21.8 58 0.41

23.2 59 0.38

23.9 60 0.38

25.3 61 0.36

Note: 2NRC (2001) predicted P requirement adapted from Knowlton et al. (2004).
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than it did in 1978. This discrepancy was due
primarily to the change in assumed P
availability. Dietary P availability in
ruminants is variable and difficult to
measure, and thus contributes to imprecise
assessment of P requirement (Park et al.,
1999; Bravo et al., 2002, 2003; Kincaid et al.,
2005; Mjoun et al., 2008; Wang et al., 2008;
Martin-Tereso et al., 2009). This usually leads
to inclusion of safety margins, and
subsequently to excess dietary P.

In the 1978 and 1989 NRC recom-
mendations, a single value was used for P
availability (55 and 50%, respectively). In
current NRC recommendations (2001),
assumed P availability varies by type of feed
(64, 70 and >75% for forages, concentrates
and minerals, respectively). This attempt to
account for variability in the availability of P
from different sources has improved the
precision of dietary P requirement cal-
culation, but variation in P availability
within a type of feed (forage or concentrate)
still contributes to uncertainty.

The dietary P requirement for medium-
to high-producing cows is about 0.31-
0.35%; animals start showing deficiency
symptoms when dietary P concentration is
<0.30% of dietary DM (Valk and Sebek,
1999; Wu et al., 2000; NRC, 2001; Wu et al.,
2001). In 2001, a survey involving 98 dairy
farms in the Chesapeake Bay Watershed
indicated that 93% of the farms were
overfeeding P (Dou et al., 2003). The
situation has improved since then (Harrison
et al., 2012). In a nationwide 2010 survey,
just 8.5% of the respondents felt that the
current NRC (2001) recommendation of P
for dairy cows was too low, but 40% of the
respondents indicated P overfeeding, for
multiple reasons.

In addition to the uncertainty about
dietary P requirement, other factors con-
tributing to the overfeeding of P to dairy
cows are: the perception that high dietary P
will improve reproductive performance;
variation in feed P concentrations; and the
inclusion of high P and relatively inexpensive
by-product feed ingredients. The notion that
increasing dietary P will improve repro-
ductive performance probably originates
from the studies with range or beef cattle, as
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mentioned by Satter et al. (2002) and
Knowlton et al. (2004) in their review of
animal management strategies to reduce P
pollution. But in those studies, dietary P was
much lower than the current recom-
mendation (NRC, 2001).

Large variation in P concentration within
a feed ingredient also contributes to P
overfeeding in dairy cows. Satter et al.
(2002) calculated within-feed ingredient
variation in P concentration for the
feedstuffs listed by the NRC (2001) and
reported ~15% coefficient of variation.
Coefficient of variation for P concentration
ranged from 20-26% and 14-36%,
respectively, in hay and silage samples
analysed by the Northeast DHI Forage
Laboratory during one 12-month period
(Kertz, 1998). Coefficient of variation was
lower for concentrates than for forages (3
versus 11%) in 170 samples from nine
regions in the USA (Jarrett et al., 2011). The
degree of regional variation was higher than
variation by feed type (2-30% versus
3-11%). Another reason why dietary P in
dairy cattle diets often exceeds requirements
is the increasing popularity and inclusion of
nutrient-rich, high P by-products to the
dairy cattle diet. Most of these by-products
are good sources of protein, but also very
high in P content.

5.3.2 Beef

As in dairy, the P requirement for beef cattle
is calculated using a factorial method by
dividing the sum of P requirements (for
maintenance, growth, pregnancy and
lactation) by the absorption coefficient of P.
The current beef NRC (1996) recom-
mendation uses a fixed absorption co-
efficient of 0.68 to calculate dietary P
requirement. As per current NRC calcu-
lations (1996), the P requirement of feedlot
steers weighing between 200 and 450 kg is
approximately 15-26 g day™!, equivalent to
0.20-0.30% dietary P (of dietary DM) when
feed intake is 10-12 kg day ™! (Table 5.2).
There are several reports that the NRC
(1996) recommended dietary P supply for
feedlot cattle is higher than necessary. This
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Table 5.2. P requirement for growing and finishing Angus cattle at different body weight and average

daily gain. (From NRC, 1996.)

Body weight (kg)
Function 200 250 300 350 400 450
P requirement (g day™")

Maintenance 5 6 7 8 10 11
Growth (ADG? kg day~")

0.5 6 5 5 4 4 4
1 11 10 9 8 8 7
1.5 16 15 13 12 1 10
2 21 19 18 16 14 13
2.5 26 24 22 19 17 15

Note: 2ADG = average daily gain.

is likely because the P requirement for gain
and P availability in the 1996 NRC
recommendations were calculated from data
published 20-60 years ago (Ellenberger et
al., 1950; Tillman et al., 1959; Martz et al.,
1990). The P requirement of yearling steers
with an average daily gain (ADG) of 1.5 kg
day™! was evaluated by feeding a range of
dietary P from 0.14 to 0.34% of DM. These
grain-fed finishing steers required 0.14% or
less dietary P, about 70% of the current
(NRC, 1996) recommendation (Erickson et
al., 1999). In a similar experiment with
feedlot calves, 0.16% P was found to be
adequate (Erickson et al., 2002). Geisert et
al. (2010) confirmed the results of Erickson
et al. (1999) and concluded that the P
requirement of finishing feedlot cattle was
between 0.10 and 0.17% of dietary DM,
much lower than the NRC (1996) recom-
mendation. These results suggested that
NRC(1996) overestimated the Prequirement
of grain-fed feedlot cattle and sup-
plementation of P was not necessary.
Similarly, Brokman et al. (2008) reported
that P supplementation was not necessary
for Holstein steers raised on pasture, given
that high-quality grass was provided.

5.3.3 Swine

The assessment of P requirement for swine
was originally with an empirical approach
(NRC, 1979). Several studies were conducted
to estimate the P requirement of pigs at
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different physiological stages, and until the
late 1980s, the P requirement of swine was
reported as total P (NRC, 1979; Combs et al.,
1991). There has always been a discrepancy
in P requirements between individual
studies and NRC recommendations, largely
because of the variation in P availability in
different feed ingredients. The widespread
adoption of exogenous phytase in swine
diets has allowed reductions in dietary (and
hence manure) P (Selle and Ravindran,
2008), but also contributes to the variation
and uncertainty of feed P availability. The
impact of phytase feeding is discussed in
more detail later in this chapter. Thus,
estimates of P requirements for swine
continue to vary between studies or NRC
standards (NRC, 1998; Hastad et al., 2004).

A first step toward an improved assess-
ment system to estimate the P requirements
of swine was the expression of P requirement
as available or digestible P required in grams
per day or per cent of diet (NRC, 1988;
Ketaren et al.,, 1993; Hastad et al., 2004;
Ruan et al., 2007). The data set limitations
inherent to the empirical approach con-
tinued to constrain progress, because evolv-
ing production systems and changing
genetics and nutrition of pigs were not
accounted for. Only a limited number of
studies were available to estimate empirical
P requirement in growing-finishing pigs,
and 60% of the studies were conducted 20 or
more years ago.

For these reasons, direct assessment of P
requirement from empirical results was
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replaced by derivation of P requirements
using nutrient-based models in the current
NRC revision (NRC, 2012). In the current
NRC recommendations (NRC, 2012),
standardized total tract digestible (STTD) P
is estimated, by refining or adding several
model parameters such as whole-body P
retention, endogenous P loss, marginal
efficiency of using STTD-P intake and P
requirement for maximal growth as a pro-
portion of P required for maximum whole-
body P retention. With this refinement,
model-derived requirements of STTD-P for
all stages of pigs were lower than estimated
in the previous NRC recommendations
(NRC, 1998; Table 5.3).

In swine, as in other species, uncertainty
about P requirement and the difference in P
requirements between individual pig and a
group of pigs contributes to overfeeding of P.
Overfeeding of P to pigs at 110-150% of the
NRC (1998) recommendation for swine from
the 1980s to the mid-1990s was revealed in a
survey by Kornegay and Verstegen (2001).
Environmental loading of P via faeces
changes with production stage, as faecal P
excretion (as a per cent of P intake) varies
with age. The maximum contribution (up to
75% of total lifetime P excretion) is during
the growing stage (Poulsen et al., 1999).

5.3.4 Poultry

As with dairy, beef and swine, the NRC
publication is the centralized and recognized
reference for nutrient requirements in
poultry, but the most recent NRC
recommendation for poultry (NRC, 1994) is
almost 20 years old. Dietary requirements
are reported as a concentration of non-
phytate P (nPP). In the current NRC

recommendations (NRC, 1994), dietary P
recommendations for broilers, laying hens
and turkeys are based on empirical research
from 1952 to 1983, 1949 to 1987 and 1954
to 1986, respectively. Thus, recent studies
have shown that the dietary concentration
of nPP found to maintain the production
and performance of broilers and laying hens
is lower than that recommended by the NRC
(NRC, 1994; Fig. 5.1). In contrast, although
the published dietary P recommendation for
turkeys (Fig. 5.1) are based on similarly old
studies, they seem to match well reported
results for actual P requirement of turkeys
(Roberson, 2004).

In the early 1990s, there were few studies
evaluating the P requirement of broilers, but
most studies confirmed overestimation of P
requirement for broilers by the NRC (NRC,
1994). The nPP requirement for broiler
chicks (0-3 weeks of age) was 0.32 and
0.37-0.39% for optimum body weight (BW)
and tibia ash, respectively (Waldroup et al.,
2000). For the same response criteria, nPP
requirement for broilers of age 3-6 weeks
was 0.19 and 0.33%, respectively (Yan et al.,
2001).

To refine P feeding (and also reduce feed
costs), the broiler industry is shifting from a
three-phase feeding programme (as in most
studies and the current NRC recom-
mendations) to a four-phase feeding pro-
gramme. This contributes to imprecise
assessment of P requirement for broilers.
The fourth stage is referred to as the
withdrawal phase, and P requirements are
less in this stage than in the finisher stage.
Dhandu and Angel (2003) reported P
requirements of 0.20 and 0.16% for finisher
and withdrawal phases, respectively, as
compared to 0.30% for the finisher phase
recommended by NRC (1994).

Table 5.3. P requirement for growing-finishing pigs. (Adopted from NRC, 2012.)

Body weight (kg)
20-50 50-80 80-120
Year of NRC publication
1998 2012 1998 2012 1998 2012
STTD P2 per cent of diet 0.30 0.24 0.26 0.21 0.21 0.18

Note: 28STTD P = standardized total tract digestible P.
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Fig. 5.1. Non-phytate phosphorus (nPP) requirements of broilers, layers and turkeys (NRC, 1994).

As with broilers, the P requirement of
growing pullets is also overestimated by
NRC (1994), as reported by Keshavarz
(2000). Non-phytate P concentration
required for optimum performance of
pullets was 0.20, 0.15 and 0.10% at 0-6,
6-12 and 12-18 weeks of age, respectively,
as compared to 0.40, 0.35 and 0.30%
recommended by NRC (1994).

As in other species, variation in P
content and bioavailability of P in feed
partially explains overfeeding of P to
poultry (the inclusion of a margin of safety;
Huyghebaert et al., 1980; Waibel et al.,
1984). For instance, the use of animal
by-products as a protein source is common
in the poultry industry, and P concentration
varies not only between these ingredients
but also within feed ingredients (coefficient
of variation for P concentration in bone
and meat meal from different sources:
9-17%; Waldroup, 1999). Also, advances in
genetics result in continual gains in
nutrient utilization and growth efficiency
in all species of poultry (Havenstein et al.,
2003). These changes justify continuing
investment in vresearch on nutrient
requirements.
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5.4 Nutritional Strategies for
Minimizing Environmental Load of P

Nutritional strategies are more efficient
than most other best management practices
to reduce environmental loading of P
contributed by livestock as they improve the
economy of the livestock industry, reducing
feed cost and reducing manure disposal
costs, and thereby reducing the environ-
mental burden of the food animal industry.

5.4.1 Ruminants: dairy and beef cattle

Remove excess dietary P

In ruminants, faecal P excretion is correlated
positively with P intake (Knowlton and
Herbein, 2002; Geisert et al., 2010; Ray et
al., 2013). In the field, overfeeding of P to
dairy and beef cattle is very common
(Erickson et al., 1999; Dou et al., 2003;
Arriaga et al., 2009). The perception that
increasing dietary P will improve
reproductive performance in dairy cows has
persisted, but the literature data clearly
indicate the opposite. For instance, no
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difference in the occurrence of reproductive
problems was observed in Holstein cows fed
dietary P close to the NRC (2001)
recommendation and in excess of its
recommendation (0.37 versus 0.57% of
dietary DM) (Lopez et al., 2004). In another
experiment, decreasing dietary P from
0.49% to 0.40% or 0.31% of dietary DM did
not influence the reproductive performance
of lactating cows negatively during a 306-
day trial, and P excretion (g day ™) decreased
by 23% when dietary P decreased from 0.49
to 0.40% (Wu et al., 2000).

Similarly, dietary P does not affect milk
production, except in severe deficiency.
Reducing dietary P in early lactation
Holstein cows did not affect milk yield and
composition (Knowlton and Herbein, 2002),
and total P excretion decreased by 20 and
57% when dietary P was reduced from 0.67
to 0.51% and from 0.51 to 0.34% of dietary
DM, respectively. Similarly, Odongo et al.
(2007) did not observe any negative effect of
reducing dietary P from 0.42 to 0.35% (DM
basis) on the production of lactating
Holstein cows, but faecal P excretion
decreased. Milk production was not affected
in dairy cows fed 0.31% dietary P during the
first two-thirds of lactation, but in the last
one-third of lactation, cows fed these very
low P diets yielded less milk as compared to
those fed 0.40 or 0.49% dietary P (Wu et al.,
2000). This indicated the lowest threshold of
dietary P to maintain production in dairy
cows. In current feeding systems, dairy cows
are fed high-concentrate diets, often with
high-P feed ingredients, and thus it is nearly
impossible to formulate a dairy ration with
<0.33-0.35% P.

The impact of reducing overfeeding on P
loading from livestock farms is dramatic.
Kebreab et al. (2008) used a mechanistic
modelling approach to simulate faecal P
excretion by Ontario dairy cows. Reduction
in dietary P from 0.42% to 0.35% reduced
total P contribution from dairy farms by
1300 t year™t.

As in the dairy industry, excess P can be
removed from beef cattle diets without
impairing production and performance.
Reduction in dietary P did not affect daily
gain, feed efficiency, bone ash and rib bone
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breaking strength when steers were fed
0.14% dietary P (per cent of dietary DM) as
compared to higher dietary concentrations
(0.34, 0.29. 0.24 and 0.19% of dietary DM)
(Erickson et al, 1999). Similarly, the
combined results of two experiments with
finishing beef cattle suggested that dietary P
could be reduced to 0.17% of dietary DM
without affecting daily gain, feed efficiency,
carcass quality and phalanx ash (Geisert et
al., 2010). This will result in a greater than
40% reduction in faecal P excretion.

Improving P bioavailability

A second strategy to reduce P excretion by
all species of livestock is to improve the
bioavailability of feed P, allowing further
reductions in dietary P. Bioavailability of P
in feed ingredients depends primarily on the
form of P in feed and the animal’s capability
to degrade organic forms of P into absorbable
inorganic forms. Ruminants are blessed
with the presence of microbial phytase in
the rumen to degrade and utilize phytate P,
the major form of P in grains (Yanke et al.,
1998). Ruminal phytase activity can vary
with type of feed and dietary phytate P
concentration, and hence P bioavailability
can vary even in ruminants (Godoy and
Meschy, 2001). In addition, dietary phytate
P degradation or P digestion varies with type
of feed ingredient and feed processing (Park
etal., 2000; Kincaid et al., 2005; Mjoun et al.,
2008; Martin-Tereso et al., 2009). Therefore,
the selection of feed ingredient is an
important criterion in the effort to improve
dietary P availability.

Supplementation of exogenous phytase
has vyielded great improvements in P
availability in swine and poultry diets (see
below), but the practice has less benefit in
ruminant diets. Ruminal phytase activity
leaves less opportunity for supplemented
phytase to increase the release of inorganic
P from phytate molecules. There are mixed
reports about the advantage of sup-
plementing the ruminant diet with
exogenous phytase (Bravo et al., 2002;
Kincaid et al., 2005; Knowlton et al., 2007).
The results from these studies indicated that
the advantage of exogenous phytase in
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improving P availability might be achieved
only if ruminal phytate hydrolysis by
endogenous phytase was somehow limited
and dietary P was at or below the P
requirement of the animal (Jarrett et al.,
2014).

5.4.2 Non-ruminants — swine and poultry

Remove excess dietary P

As in all species, eliminating P overfeeding
to pigs will reduce P excretion. Thirty-six
finishing boars were fed 0.15, 0.20 and
0.30% dietary available P (Varley et al,
2010). Digestibility of DM, ash and fibre was
not influenced by dietary P, and faecal and
urinary P output decreased with decreasing
dietary P. Further, reductions in dietary P to
below 0.20% resulted in decreased ADG,
feed efficiency and bone ash. Therefore,
there is no need to feed pigs over the NRC
(1998) recommendation. Further research is
needed to evaluate the effect of feeding P
close to the current NRC (2012) recom-
mendation on the performance and nutrient
excretion by pigs.

As in cattle, faecal P excretion in poultry
increases gradually as dietary P increases
from deficient to the point that tibia ash
content reaches maximum, and excretion
increases sharply thereafter. Turkeys and
broilers excreted 19-33% and 10-17% less
total P when they were fed closer to their
genus-specific nPP requirement (Maguire et
al., 2004). Reducing dietary nPP con-
centration from 0.30 to 0.24 and to 0.15%
resulted in a 19 and 30% increase in P
retention by white leghorn laying hens
without compromising egg production and
egg quality (Panda et al., 2005). Therefore,
reduced overfeeding is a potential strategy
to reduce P excretion by poultry.

Multi-phase feeding

The concept of phase feeding is based on the
use of multiple diets to match the con-
tinuously changing nutrient requirements
of growing pigs (or other species) as closely
as possible, and phase feeding became
popular in the swine industry during the
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1990s to reduce nutrient excretion by pigs.
With age, the BW of growing pigs increases
and the STTD-P requirement (g day™?) also
increases. But the needed dietary STTD-P
concentration decreases due to increased
feed intake with age. For example, the
STTD-P requirement for pigs increases from
1.2 gday ' at 5-7 kg BW to 5.95 kg day ! at
100-135 kg BW, but the required dietary
STTD-P concentration decreases from 0.45
to 0.21% (NRC, 2012).

Data on the effect of phase feeding on P
excretion by pigs are scarce. When different
feeding regimens (one-, two-, three- and
four-phase feeding) were compared, the
performance of pigs was not influenced, but
N excretion reduced with multi-phase
feeding (Leeetal., 2000). In that experiment,
daily P excretion was numerically lower in
the multi-phase feeding programme than in
the one-phase feeding programme, but the
effect was not statistically significant, likely
due to the confounding effect of faecal DM
excretion. With assumptions about BW gain
and feed:gain ratio for different phases, the
effect of phase-feeding strategies can be
estimated (Knowlton et al., 2004). For
instance, when one-phase feeding with
constant dietary P (0.50% of diet) was
compared with three-phase feeding with
dietary P of 0.50, 0.45 and 0.40% of diet to
achieve feed:gain of 0.42, 0.34 and 0.27 for
pigs, of 20-50, 50-80 and 80-120 kg BW, P
intake and subsequent excretion might be
decreased by 12.5% (Knowlton et al., 2004).

Similar or even better improvements in
the precision of P feeding can be achieved
with poultry by using a four-phase feeding
system. Several trials have evaluated and
determined the nPP requirement of broilers
in a four-phase feeding system (Angel et al.,
2000; Ling et al., 2000). The replacement of
average commercial usage with a four-phase
feeding system can reduce dietary nPP by 5,
15 and 40% in grower, finisher and
withdrawal phases, respectively (Angel et al.,
2000).

Improving P bioavailability

The availability of P in feed is critical from a
nutritional and environmental aspect, as
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offering less available P than required will
impair animal production and health, and
available P in excess of requirement will
result in increased excretion of P in a form
that is most susceptible to runoff. In grains,
a significant proportion of total P is present
as phytate (Eeckhout and De Paepe, 1994;
Ravindran et al., 1994; Steiner et al., 2007).
Phytate P is not available to non-ruminants,
as they lack the enzyme phytase required to
degrade phytate to inorganic P. There has
been a plethora of studies demonstrating
the impact of improving P availability and
reducing phytate P in feed ingredients
commonly fed to non-ruminants.
Exogenous phytase has been used
extensively in swine diets to improve dietary
P bioavailability. In barrows, supplement-
ation of 2500 and 12,500 U of Escherichia
coli phytase kg™ to a diet deficient in
available P (0.15% below NRC, 1998,
recommendation) improved average daily
gain (ADG) and increased the breaking
strength and ash weight of the metacarpal
bone as compared to a no-phytase diet
estimated to be adequate in available P
(Veum et al., 2006). When compared with a
P-adequate diet, supplementation of 500,
2500 and 12,500 U of E. coli phytase kg™
diet increased P absorption and reduced P
excretion by 35, 42 and 61%. The effect of
phytase on production and P excretion has
been observed at all phases of swine growth.
The addition of phytase (500, 750 and 1000
Ukg ! diet) to adiet calculated to be deficient
in available P to nursery, growing and
finishing pigs had no effect on ADG, feed
efficiency and bone ash (Brana et al., 2006).
Rather, phytase supplementation improved
apparent P digestibility (by 22-44% of
P-adequate diet) and available P increased
by 0.06-0.17 g U™! phytase consumed.
There are similar studies that reported
a reduction in P excretion by pigs with
phytase supplementation to a low-P diet.
Supplementation of phytase at 166, 333 and
500 U kg™ of low-P diet reduced P excretion
by 4, 18 and 23% and 17, 19 and 22% in
grower and finisher phase, respectively, and
phytase supplementation at 500 U kg™* diet
was equivalent to 0.87-0.96 g inorganic P
from dicalcium phosphate (Harper et al.,
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1997). In a similar study, phytase sup-
plementation to a low-P diet resulted in
reduced P excretion as compared to pigs fed
a P-adequate diet, and phytase sup-
plementation at 450 U kg diet was
equivalent to 0.2 g inorganic P kg™ of
maize-soybean meal-based finisher diet
(Veum and Ellersieck, 2008).

As in pigs, the avian digestive tract lacks
the phytase enzyme, so supplementation of
poultry diets with exogenous phytase has
been widely adopted to improve P
availability. There are several reports of P
excretion being reduced by 15-61% in
broilers fed a diet supplemented with
phytase (Simons et al., 1990; Zyla et al.,
2001; Paik, 2003). Supplementation of a low
nPP diet with phytase resulted in a 17-24%
and 7-24% reduction in total P excretion by
broilers and turkeys, respectively, as
compared to P-adequate diets (Maguire et
al., 2004). Reduction of litter P to a similar
extent was reported by Leytem et al. (2008)
and McGrath et al. (2010) when broiler diets
were supplemented with phytase.

5.5 Novel Feed Ingredients

The development of genetically modified
low-phytate grains (maize, soybeans) is
another approach in improving P availability
in feed for non-ruminants. Feeding low-
phytate soybean increased apparent P
digestibility in pigs as compared to pigs fed
on regular soybeans (Powers et al., 2006).
Excretion of total and water-soluble P
decreased by 19 and 15% with low-phytate
soybean meal and decreased further (by 27
and 18%) with the addition of phytase to the
low-phytate soybean diet. Similarly low-
phytate barley also reduced P excretion by
pigs (Htoo et al., 2007).

The effects of phytase and low-phytate
grains appear to be additive. Faecal P
excretion decreased by 12 and 15% in pigs
fed diets with low-phytate maize and low-
phytate soybeans as compared to the pigs
fed diets with regular maize and soybeans
(Hill et al., 2009). In the same experiment,
faecal P excretion decreased further in pigs
fed a low-phytase diet supplemented with
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phytase as compared to pigs fed a diet with
regular feed and no phytase.

The low-phytate feed approach is
successful in the poultry industry as well. A
transgenic variety of maize developed by the
US Department of Agriculture (USDA) and
named ‘high available phosphate corn’
(HAPC) is similar to its wild variety in total
P concentration, but the P is six times more
available than in its wild counterpart.
Replacing normal yellow dent maize with
HAPC in the diet of male broilers resulted in
8-23%reductionsin P excretion, irrespective
of age and dietary nPP (Yan et al., 2000).
Likewise, P excretion was 33 and 43% less in
1- to 10-day-old chicks fed low-phytate
maize and barley-based diets as compared to
chicks fed a wild-type grain-based diet
without and with P supplementation,
respectively (Jang et al., 2003).

The advancement of recombinant DNA
technology has allowed researchers to pro-
duce transgenic plants capable of expressing
microbial phytase in the endosperm of
seeds, another means of providing microbial
phytase to non-ruminants. The efficacy of
a variety of maize expressing an E. coli-
derived phytase gene in maintaining
performance and P digestion has been
evaluated (Nyannor et al., 2007). Diets with
the maize expressing the microbial phytase
gene were equivalent to microbial phytase
(16,500 U kg‘1 diet) in maintaining animal
performance and in reducing faecal P
excretion.

Another innovative approach of reducing
P excretion in pigs is the development of
phytase transgenic pigs, but this approach is
expensive and controversial. Golovan et al.
(2001) developed transgenic pigs expressing
phytase and reported that true P digestibility
was higher in transgenic weanling and
growing-finishing pigs as compared to their
non-transgenic counterparts (48 versus
88% and 52 versus 99%, respectively). This
resulted in a 75 and 56% lower concentration
of P in faeces of weanling and growing-
finishing transgenic pigs than in non-
transgenic pigs. Due to controversy about
the possibility of meat from genetically
engineered pigs in the food system, support
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for this research programme was withdrawn
and the last ‘Enviropigs’ were slaughtered in
2012 (Schimdt, 2012).

5.6 Conclusion

Animal agriculture always has been and still
is considered one of the major contributors
to water quality impairment. The in-
tensification of livestock production has
yielded great benefits in terms of food
supply, but has aggravated the problem of P
imbalance by concentrating manure. While
several management strategies may be
adopted, nutritional management strategies
have been identified as the most powerful
and economically viable solution. Further
research is needed to refine the P
requirements of livestock species and to
improve dietary P availability. Continued
progress will improve the efficacy of
nutritional strategies, allowing continued
increases in animal protein with reduced
environmental loading of P.
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Abstract

The mechanisms involved in the digestive
process of the rumen are complex, and are
accomplished by a diverse and dynamic
group of microbes. Microbial diversity in the
rumen has been predicted to enhance the
resistance of the network of metabolic
pathways by increasing the number of genes
encoding the pathway, enabling the
ecosystem to stabilize more rapidly after
change to a new equilibrium. The more
resistant metabolic pathways, and the more
diverse source of novel pathways, will make
the microbial system more resilient. A
variety of molecular methods based on
direct isolation and analysis of nucleic acids,
proteins and lipids from environmental
samples have been discovered, and they
reveal structural and functional information
about microbial communities. Molecular
approaches such as genetic fingerprinting,
metagenomics, metaproteomics, meta-
transcriptomics and proteogenomics are
vital for discovering and characterizing the
vast diversity of microbes and understanding
their interactions with biotic and abiotic
environmental factors. In this chapter,
efforts are made to discover the possible
applications of metagenomic tools for
exploring the complex microbial diversity of
ruminal microbes.

* E-mail: thulasi.appoothy @ gmail.com

6.1 Introduction

Uncultured microorganisms encompass
the majority of earth’s biological diversity,
and about 99% of the microorganisms of
different environments cannot be cultured
by conventional culturing techniques.
The development of culture-independent
methods is a prerequisite, and is essential in
understanding the genetic diversity, popu-
lation structure and ecological roles of these
uncultured microbes in the environment,
including the rumen. Culture-independent
genomic analysis, so-called ‘metagenomics’,
of an assemblage of microorganisms has the
potential to answer fundamental questions
on microbial ecology. The sequencing of
bacterial and archaea genomes has
revolutionized the understanding of the
many roles played by microorganisms.
Nowadays, the complete genomes of many
bacterial species, including rumen bacteria
and archaea, are available in the public
domain, which provides generous infor-
mation on the gene(s) that possibly play an
important role in different metabolic path-
ways. However, the perspective provided by
the currently available genomes is narrow,
due to biased phylogenetic distribution. In
the current chapter, the different meta-
genomic approaches used for exploring gut
microbial diversity in general, and archaeal
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diversity in particular, the limitations of
metagenomic approaches and the bio-
informatics tools employed for discovering
microbial multiplicity are discussed.

6.1.1 Metagenomics — DNA-based
technology

New genome technologies have enabled
researchers to determine the DNA
sequences of organisms across environ-
ments (Venter et al., 2004; Qin et al., 2010).
Collective sequencing of the DNA of all
organisms without the culturing and
cloning of each organism is known as
‘metagenomics’. A metagenome sample
comprises several DNA sequences arising
from all the organisms in the environment
under examination. The application of
metagenomics enables the study of the
majority of microbes on earth to ascertain
conclusive information and to classify/
reclassify and to manipulate these microbes
in different environments as needed.
Metagenomics helps to conduct microbial
surveys in specific environments such as
water, soil, marshlands, the rumen and the
human body (Venter et al., 2004; Gill et al.,
2006; Poinar et al., 2006) by comprehensive
study of the nucleotide sequence, structure,
regulation and biological functions within
the community.

The estimation of genetic diversity has
become possible due to 16S rRNA gene
sequencing, which provides an insight into
complex microbial communities. The 16S
rRNA sequences are marker genes, which
exist in most microbial species but have
variable regions from V1 to V9 in their
sequences that allow separation into
different taxonomic groups (Chakravorty et
al., 2007). The sequencing of 16S rRNA
genes is the first step in estimating the
genetic diversity within a sample in many
metagenomic analyses. Many computational
methods have been developed for the rapid
analysis of the large sets of reads obtained
from targeted metagenome (16S marker
genes) or ‘whole’ metagenome studies
(Hugenholtz and Tyson, 2008). Clustering
methods have also been developed to

printed on 2/14/2023 5:19 AMvia .

compare metagenome samples by grouping
similar metagenome sequences into bins (Li
and Godzik, 2006; Edgar, 2010; Hao et al.,
2011). Other methods use classification
techniques to categorize metagenome
samples into different phylogenies (Huse et
al., 2008).

6.2 Gut Metagenomics

Microorganisms represent the largest
reservoir of genetic diversity on earth,
outnumbering all other organisms (NRCC,
2007). Bacteria are responsible for about
half of the photosynthesis on Earth, and in
spite of the crucial role played by prokaryotes,
familiarity with their diversity still suffers
from one of the greatest gaps in the biological
sciences. This remains largely unexplored
(Rodriguez-Valera, 2004). There is no
universally agreed estimate about their total
number or diversity, or what principles
govern their origin and changes. Some
researchers estimate the total number
of prokaryotic cells on earth as 5 x 10,
including 108-10% individual genomes
belonging to different species (Sleator et al.,
2008). The presence of 3000-11,000
microbial genomes g! of soil (Schmeisser
et al., 2007) makes it clear that current
technologies could not support the complete
sequencing of such highly diverse environ-
ments (Kowalchuk et al., 2007). Beyond the
interspecies diversity, thereis anintraspecies
diversity too, which has been overlooked but
which has important consequences. For
example, in an easy to cultivate species, such
as Escherichia coli, may lie a vast gene pool
that is not accessible by studying one single
strain. Indeed, the diversity of the genes
within a Dbacterial species is another
important facet of prokaryotic diversity
(Boucher et al., 2001).

The biosphere contains about 1030
microbial genomes; at least 2-3 times more
than the number of plant and animal cells
combined (Whitman et al., 1998). The gut of
livestock is home to thousands of species of
microbial symbionts that play critical roles
in the development and physiology of the
host animal. The digestive system of
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ruminants has evolved to support the
retention of foregut microbiota that aid in
the effective conversion of fibrous and other
plant biomass into nutrients for the host
animal. The fore stomach is an important
and crucial part of the gastrointestinal tract,
where most of the microbial degradation
takes place by the microbes residing in the
ruminants. However, the complete list of
microbes involved, their mechanism and
gene(s) accountable for the running of
different metabolic pathways are not fully
known, and our understanding of all these is
still rudimentary due to the dependence on
culture-based techniques to gather this
information. But recent developments in
the biological sciences make it possible to
collect substantial information about these
microbes without them having to be
cultured. In the subsequent section, the
application of metagenomic approaches for
exploring the diversity of ruminal microbes
in general, and archaea in particular, is

deliberated.

6.2.1 Rumen microbiota

The rumen is the first chamber of the
ruminant stomach, and it contains symbiotic
microorganisms that break down ingested
food. These microorganisms, which include
representatives from all three domains of
life — Eukarya, Bacteria and Archaea — provide
nutrients, such as volatile fatty acids and
bacterial protein, to the host animal.
Bacteria encompass the majority of the
microbial community in the rumen, and
their population is usually reported as being
in the range of 5.0 x 10% - 6.0 x 107 pl!
(Vinh et al., 2011; Pilajun and Wanapat,
2012).

Variation in the microbial communities
in the rumen is of great interest for
the possible links to economically or
environmentally important traits, such as
feed conversion efficiency or methane
emission levels. A key challenge here is the
identification of rumen microbial profiles
that are associated with, and potentially
predictive of, these traits. In order to meet
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this challenge, whatever the methods
employed for the profiling of the rumen
microbial population, they should meet the
following two criteria: (i) the cost of the
method should be relatively low, so that large
numbers of animals can be profiled for
testing the associations with the above traits;
and (ii) the method should be repeatable in
terms of generating the microbial profile on
the same dietary regimens.

Random community genomics or
metagenomics where DNA is sequenced
directly from environmental samples have
provided a snapshot into microbial com-
munities. Regardless of the sequencing
approach, the first step in the analysis of any
metagenome involves comparing the
sequences to known sequence databases.
Subsequent analysis includes phylogenetic
comparisons, functional annotations, bin-
ning of sequences, phylogenomic profiling
and metabolic reconstructions. DNA se-
quencingusinganext-generation sequencing
technique is robust, as it does not require
cloning of the amplicon.

Prevotella spp. has been observed as the
dominant bacteria in the rumen, suggesting
that this genus plays a crucial role in the
digestion and metabolism of feed nutrients
(Wood et al., 1998; Bekele et al., 2010).
Prevotella ruminicola and Prevotella bryantii
ferment sugar in the rumen and present in
the liquid fraction of rumen digesta. This
has been validated experimentally by
quantitative PCR and shotgun sequencing
based taxonomic analysis. P. bryantii is a
Gram-negative  bacterium capable of
utilizing soluble polysaccharides, namely
xylans, justifying its higher abundance in
the liquid fraction as compared to the solid
fractions of rumen samples. The existence of
most of the microbes in an interdependent
fashion in a complex environment led the
motivation for using metagenomic
approaches to profile the complex structure
of the microbial communities of the rumen.
However, one can isolate the DNA or RNA
from the community as a whole, and studies
of such communities may reveal a diversity
far beyond that found in conventional
culture-based techniques.
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6.2.2 Archaeal diversity

Bacteria and archaea are evolutionarily and
biochemically distinct domains found to-
gether in various environments, and
universal primer sets targeting the 16S
rRNA gene can also be used to study both
domains. The methyl coenzyme M gene is
specific to the study of archaea, and recently
universal thermosome primers have also
been used by Chaban and Hill (2012) to
explore the diversity of archaea. Methanogen
diversity in the rumen is usually explored
through the methyl coenzyme M reductase
A (mcrA) gene (Lwin et al., 2012). Among the
methanogens,  Methanobrevibacter ~ was
found as prominent archaea in buffalo (Lwin
et al., 2012); however, in cattle, a purely
unknown organism filled the major space.
Metagenomic studies in both cattle and
buffalo revealed the presence of many
unknown methanogen species that could be
explored by using the latest metagenomic
approaches to understand their possible role
in methanogenesis.

The diversity of methanogens in the
rumen of yak and cattle was investigated
through 16S rRNA gene sequences by Huang
et al. (2012), and it was found that 80.9 and
62.9% of the sequences from the respective
species belonged to Thermoplasmatales
affiliated lineage C (TALC). Sequence belong-
ing to the Methanobacteriales represented
the second largest clade in both libraries.
Libshuff analysis indicated that the
methanogen community structure of the
yak was significantly different from that of
cattle. A metagenomic study by Ozutsumi
et al. (2005) provided proof of the concept
of the interdependence of rumen archaea
on other microbes. They reported different
archaeal community composition in
faunated and defaunated Holstein cattle;
the high number of operational taxonomic
units in the defaunated cattle suggested
more diverse populations in these animals.

The archaeal community structure is also
affected by the composition of the diet, as a
high-roughage diet causes more methane
emissions, though the total methanogen
abundance may not be influenced by the
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proportion of roughage. Technologies to
reduce methane emissions are lacking, and
the development of inhibitors and vaccines
that mitigate rumen-derived methane by
targeting methanogens relies on the current
half-complete knowledge on methanogens.
Singh et al. (2014), in metagenomic analysis
of rumen samples from Surti buffalo,
reported Methanomicrobium spp. as the
major methanogenic archaea, followed by
Methanobrevibacter spp. and uncultured
archaea. The phylogenetic analysis indicated
that the methanogenic communities belong
mainly to the Methanomicrobiales and
Methanobacteriales orders, and the
population of Methanomicrobiales, Meth-
anobacteriales and Methanococcales was
1.94, 0.72 and 0.47% of the total archaea,
respectively (Singh et al., 2014).

6.3 Metagenomics Approaches

Estimation of species diversity in meta-
genome analysis is generally based on two
approaches. In the first approach, com-
parative or sequence similarity based
methods are adopted that rely on homology
to separate sequences into different taxo-
nomic levels and classes using an annotated
database (Wang et al., 2007; Liu et al., 2008).
In this method, reads or contigs are aligned
using global and local sequence alignment
algorithms (characters) to identify regions of
similarity between sequences (Huang, 1994).
In the second approach, unsupervised
clustering methods are used to identify
groups of similar sequences within meta-
genome samples. The grouping of similar
sequences is known as ‘binning’. Different
groups in a particular sample are referred to
as operational taxonomic units (OTUs), and
the number of OTUs gives an approximation
of species diversity in a sample (Schloss and
Handelsman, 2005; Schloss et al., 2009; Sun
et al., 2009). OTU-based approaches are not
constrained, due to the absence of a complete
coverage in taxonomic databases. Several
environmental samples contain microbes
that have never been laboratory cultured,
andas such donot existin genomic databases.
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The OTU assignment can be used to
estimate the diversity of several species, such
as the Chaol index (Chao, 1984); the
Shannon diversity index (Krebs et al., 1999);
and the abundance-based coverage estimator
(ACE) index (Chao and Lee, 1992). These
OTU assignments and diversity estimates
facilitate the process of comparative meta-
genomics, i.e. comparing the genomic content
of different community samples. Mothur,
DOTUR and ESPRIT are the most widely used
methods for OTU estimation (Hughes et al.,
2001; Schloss and Westcott, 2011). QIIME is
an open-source software package for OTU
estimation, taxonomic assignment, statistical
analysis and comparison of microbial
communities (Caporaso et al., 2010), and is
used primarily for analysing high-throughput
16S metagenomic data, generated on a
variety of platforms.

The chemistry of any new sequencing
technologies aims to produce longer reads,
with a potential to approximate the length
of the Sanger sequences. A common practice
with these new technology-generated data
has been to process unassembled reads, be
it amplified 16S rRNA gene fragments or
total metagenomic DNA. In the former
case, only very short, ‘hypervariable’
regions are considered for comparisons
involving millions of sequences (Gibbons et
al., 2013). These analyses could be done
with automation; the resolution of these
datais verylow, and information is provided
at the class level without a strong linkage to
the functional potential. For example,
representatives of the class Proteobacteria
are known for carrying out all types of
metabolism  (with the exception of
methanogenesis), and representatives of
this class dominate various ecosystems.
Thus, the slice of a pie (or other graphic
depiction) occupied by Proteobacteria
conveys no information on what and how
many metabolic functions they may be
carrying out in the specific niche being
addressed. This must also be true for other
phyla, including the ones less represented
by cultured species with known physiology.

Time-resolved metagenomics, using the
above approach, elucidate that communities
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change over time (Caporaso et al., 2010), as
explained by low-resolution methods such
as restriction fragment length poly-
morphism (RFLP) and denaturing gradient
gel electrophoresis (DGGE). However, these
methods do not explain the function of the
microbes. For example, it was concluded
from the analysis of data representing
various mammalian metagenomes that the
communities were functionally redundant
(Lozupone et al., 2012). The core functions
of the gut microbiota may include central
metabolic pathways involving carbohydrate
and amino acid metabolism. Parallel
sequencing provides functional insights into
community functions. However, it is
possible to predict this just by considering
what a living system needs to survive:
energy and carbon metabolism, essential to
DNA and protein building.

6.3.1 Quantitative genomics

Quantitative metagenomics is used to
quantify DNA molecules in a given sample
as opposed to functional metagenomics,
where the focus is on clone expression
(Lakhdari et al., 2010). The sequencing of
the 16S rRNA gene is frequently used in
quantitative metagenomics. Studies of the
bacterial evolution and phylogenetics pro-
vided the foundation for microbial
identification. The 16S rRNA genes consist
of a highly conserved region of variable
nucleotide sequence, used for taxonomic
classification. The 16S rRNA gene is a good
marker to explore the phylogenetic com-
position of a given sample, to identify new
species or even unknown phylogenetic
groups. In quantitative metagenomics,
variable regions of bacterial 16S rRNA genes
are usually amplified by PCR and then
subjected to library construction, followed
by sequencing using next-generation tech-
nologies. The sequenced reads are then
clustered, mapped on to a database of
previously characterized sequences and
used for further analyses in the studied
context. Microbial 16S rDNA sequencing
is considered the gold standard for
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characterizing microbial communities, but
this approach would fail to capture
information about what the functions of
different organisms are, knowing that
organisms with identical 16S sequencing
may perform different functions. A good
example is the difference between various
strains of Escherichia coli (enterohaemor-
rhagic - EHEC; enterotoxic - ETEC;
enteroaggregative — EAEC) and related
organisms such as Shigella sonnei, which
have different clinical manifestations and
different treatment modalities, yet are
undistinguishable by 16S rRNA sequences
(Harris and Hartley, 2003).

6.3.2 Whole-metagenome sequencing

To overcome the limitations of the 16S rRNA
profiling approach, the sequencing of entire
microbial genomes is now made possible by
next-generation sequencing technologies.
This constitutes a very attractive strategy
for comprehensive metagenomics studies.
The whole metagenome approach (WMS) is
increasingly used, and has produced many
interesting results. Sample collection from a
given environment is a crucial process, since
the microbial communities may be quite
different between two very close locations
(as in the case of rumen environments, for
example), and should be determined
according to research needs. DNA extraction
protocols are also deciding factors and
depend on the microbial composition of
the sample. For example, Gram-positive
bacteria, which are hard-to-lyse organisms,
might be under-represented or over-
represented in environmental DNA prepar-
ations, depending on the extraction
protocol. Sequencing followed by mapping a
selected reference gene, cataloguing and
bioinformatics pre-treatment would con-
stitute an important part of the pipeline
that will ensure the biological signal is
isolated, while reducing the noise caused by
technical variability throughout the study.
Finally, the use of the right statistical tools
and data sets will be crucial in hypothesis
generation and testing.
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6.3.3 WMS and gene expression studies

Another important and increasingly used
application of WMS is the study of gene
expression. The sequencing of cDNA, which
corresponds to the whole RNA in a given
sample, has brought many new application
possibilities. With ¢DNA microarrays (a
gene expression measuring technology), it is
possible to focus on those transcripts that
have a corresponding probe on the chip, and
which are usually linked to coding sequences.
RNA-Seq technology allows bypassing this
limitation and gives a true holistic view of
the transcriptome. The RNA-Seq approach
offers an unprecedented resolution with
respect to the activity of a given bacteria and
the functional dynamics of the genes.

However, the major disadvantage with
this is the analytical challenge that underlies
the complexity behind the large number of
variables in the data. Other ‘metaomics’
approaches, such as metaproteomics or
metabolomics, are still in their infancy,
but just as promising. The precise bio-
characterization of samples from different
environments of interest is increasingly
becoming routine with the help of meta-
genomics and other metaomics technologies,
and this new science is advancing very
quickly.

6.3.4 Tag-encoded FLX-amplicon
pyrosequencing (TEFAP)

A comprehensive evaluation of the microbial
diversity in any environment is possible. Tag-
encoded FLX-amplicon pyrosequencing
(TEFAP) has been utilized to evaluate
bacterial, archaeal, fungal and algal as well as
functional genes. Using this new bacterial
tag-encoded FLX amplicon pyrosequencing
(bTEFAP), it is possible to evaluate microbial
diversity using a cost-effective and repro-
ducible method that allows for sequencing
the ribosomal RNA genes of microorganisms
(without the need for inherent bias of
culture methods). This development has
ushered in a new age of microbial ecology
studies (Sun et al., 2011).
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6.4 Quantitative Metagenomics and
Its Challenges

For the development of any new field, many
tools and approaches need to be invented
from scratch or adapted in order to answer
questions on the gaps in the understanding
of a subject and to gain insight on the
studied topic. The field of metagenomics is
no exception. This area of research is
progressing very fast, and it is overwhelming
to see the pace at which the whole
experimental and analytical framework is
being built as a consequence of international
teamwork and various collaborations. The
field of metagenomics is encountering great
success, and is offering the possibility
to explore the diversity of the microbial
world at gene level. It also provides an
understanding of the functions and
dynamics of various habitats. Ultimately,
integrated analysis of metagenomes, meta-
transcriptomes, metaproteomes and meta-
bolomes will be needed to understand
microbial systems biology (Sleator et al.,
2008). Achieving such integration neces-
sitates interdisciplinary efforts and the
continuous development of appropriate bio-
informatics tools to decipher the biological
networks underlying molecular, functional
and community structure.

The in silico investigation of biological
networks could be effective in identifying
central connected components that could
bring more insight on their functionality
and dynamics within the system. Inter-
national projects such as metagenomics of
the human intestinal tract (MetaHIT) and
human microbiome project (HMP) have
released data on ecosystems, along with the
corresponding reference catalogues and
their available functional and phylogenetic
annotations. Improvement in human health
by applying metagenomics studies would
help in lessening the medical burdens on
society and preserving active individuals
who could contribute to the economy of the
nation.

Sequencing technologies do not provide
the whole genome of different coexisting
organisms, but produce short, contiguous
subsequences called sequence reads from
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random positions of the entire genome.
The reconstruction of different microbial
genomes from a mixture of sequence reads
is one of the greatest challenges in
metagenome study. This is referred to as the
metagenome assembly problem. With high
species complexity and the short length of
sequencing reads obtained from current
sequencing technologies, the genome
reconstruction goal becomes difficult.
Moreover, within a community, microbes
may vary in abundance, diversity, complexity
and genome length, and may have not been
individually sequenced before. Likewise, the
current sequencing technologies produce a
large volume of sequence reads and reads
that may have varying degrees of error
(Hugenholtz and Tyson, 2008). Therefore,
the metagenome assembly problem is
complex and challenging (Charuvaka and
Rangwala, 2011) and is often subject to
further analysis as a collection of short
reads.

Next-generation sequencing has changed
the understanding of microbial ecology
dramatically where large-scale and in-depth
diversity studies are widely accessible.
However, it has been found by Shakya et al.
(2013) that determination of the accuracy of
taxonomic and quantitative inferences and
comparing the results obtained with
different approaches is complicated. There
has been an incongruence of experimental
and computational data types. In addition,
there is also a lack of knowledge of true
ecological diversity.

6.5 Software Used for Analysing
Microbial Diversity

6.5.1 AXIOME (automation, extension and
integration of microbial ecology)

This is a highly flexible and extensible
management tool for microbial ecology
analysis. This software promotes repro-
ducibility and customization in microbial
research. Data analysis has become an
important bottleneck of microbial ecology
studies. Hence, it is imperative to develop
user-friendly computational tools. AXIOME
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represents an important step in this
direction by automating multi-step bio-
informatic analyses and customization of
procedures to suit the research needs of
microbial ecology. AXIOME helps to stream-
line and manage the analysis of small
subunit (SSU) rRNA marker data in QIIME
and Mothur. AXIOME also implements
features that include paired-end assembler
for IMlumina sequences (PANDAseq), non-
negative matrix factorization (NMF) and
multi-response permutation procedures
(MRPP). It is useful for exploring and
recovering phylogenetic novelty (ssunique)
and indicator species analysis. AXIOME has
a companion graphical user interface (GUI).
The software is designed to be extended
easily to facilitate customized research
workflows (Michael et al., 2013).

QIIME (pronounced ‘chime’) stands for
quantitative insights into microbial ecology.
QIIME is an open-source software package
for the comparison and analysis of microbial
communities. [tis based on high-throughput
amplicon sequencing data (such as SSU
rRNA) generated on a variety of platforms.
The software also supports the analysis of
other types of data (shotgun metagenomic
data). QIIME takes users from their raw
sequencing output through initial analyses
such as OTU picking, taxonomic assignment
and the construction of phylogenetic trees
from representative sequences of OTUs, and
through downstream statistical analysis,
visualization and production of publication-
quality graphics. QIIME has been applied to
the study of billions of sequences from
thousands of samples.

6.5.2 DOTUR

There is copious qualitative information
describing the members of the diverse
microbial communities on earth. However,
statistical approaches for quantifying and
comparing the numbers and compositions
of lineages in communities are lacking.
DOTUR assigns sequences to operational
taxonomic units by using either the furthest,
average or nearest neighbour algorithm for
each distance level. DOTUR wuses the
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frequency at which each OTU is observed to
construct rarefaction and collector’s curves
for various measures of richness and
diversity.

6.5.3 Greengenes

This is a 16S rRNA gene database (http://
greengenes.lbl.gov) addressing the limit-
ations of public repositories by providing
chimera screening, standard alignment
and taxonomic classification by using
multiple published taxonomies. It was found
that there was incongruent taxonomic
nomenclature among curators, even at the
phylum level. Putative chimeras were
identified in 3% of environmental sequences
and in 0.2% of records derived from isolates.
Environmental sequences were classified
into 100 phylum-level lineages with archaea
and bacteria.

6.5.4 MG-RAST

MG-RAST (the metagenomics RAST) server
is an automated analysis platform for
metagenomes. This software provides a
quantitative insight into microbial popu-
lations based on sequence data. The server
provides the following functions: sequence
data uploading, quality control, automated
annotation and analysis for prokaryotic
metagenomic shotgun samples. MG-RAST
was launched in 2007 and has over 12,000
registered users and 115,539 data sets. The
current server version is 3.3.8.

6.6 Conclusion

Metagenomics is currently in its pioneering
stages of development and is an emerging
field. Many tools and technologies that are
associated with the metagenomics of the
rumen and other microbes are undergoing
rapid evolution. The comprehensive evalu-
ation of microbial diversity in almost any
environment is being made possible using
bacterial tag-encoded FLX amplicon pyro-
sequencing (bTEFAP), which can perform
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diversity —analyses of gastrointestinal
microbes and can evaluate functional genes
as well. In addition to paradigmatic shifts
towards next-generation DNA sequencing
technology, the tools of bioinformatics are
also being redefined in different ways to
accommodate large data volumes.
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Abstract

The degradation of plant cell walls by
ruminants is of major economic importance
in the developed as well as the developing
world. Rumen fermentation and degradation
of cell wall relies on the cooperation between
the microorganisms that produce fibrolytic
enzymes and the host animal, which
provides an anaerobic fermentation cham-
ber. From the 19th century, the efficiency
with which the rumen microbiota degrades
fibre has been the subject of extensive
research. In this chapter, we will discuss
various proteomic approaches such as
protein fractionation (chromatography,
isoelectric focusing), protein separation
(two-dimensional gel electrophoresis, SDS
polyacrylamide gel electrophoresis), in-gel
digestion to peptides (matrix-assisted laser
desorption ionization, mass spectrometry
or electrospray mass spectrometry), peptide
separation (two-dimensional liquid chroma-
tography), complex protein solution di-
gestion to peptides (electrospray ionization
or MALDI-tandem MS) and proteomics of
fibrolytic bacteria, which can be used to
improve our knowledge of the functional
framework of plant cell wall degradation in
the rumen.

7.1 Introduction

Proteomics is the study of proteins,
particularly their structures and functions,
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which participate in major cell processes, and
their function, regulated by post-translational
modifications such as phosphorylation,
dephosphorylation, glycosylation, nitrosyl-
ation and acetylation. Proteomics involved in
the molecular degradation of plant structural
polysaccharides (fibre) should improve in a
cost-beneficial and most effective way in
order to produce biofuels and biofeeds. To
understand this, we need to learn about
the molecular events that control the
expression of fibre-digesting enzymes, the
assembly of effective degradative complexes
(cellulosomes) and the signalling events
required by ruminal bacteria for efficient fibre

degradation.
Various proteomic approaches, such as
protein fractionation (chromatography,

isoelectric focusing), protein separation
(two-dimensional  gel  electrophoresis,
sodium dodecyl sulfate (SDS) polyacrylamide
gel electrophoresis), in-gel digestion to
peptides (matrix-assisted laser desorption
ionization (MALDI)-mass spectrometry
(MS) or electrospray-mass spectrometry),
peptide separation (two-dimensional liquid
chromatography) and complex protein
solution digestion to peptides (electrospray
ionization or MALDI tandem MS), can be
used to obtain information on the structure
of various cellulosomal and non-cellulosomal
systems employed in fibre degradation. This
will tell us how fibre sources have an effect
on the expression of different enzymes and
the kinetics of fibre degradation. A flow
chart of the different proteomic approaches
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having possible application to the study of
the proteomics of fibre-degrading microbes
is outlined in Fig. 7.1.

7.2 Ildentification and Analysis of
Proteins

7.2.1 Protein preparation methods

The most crucial steps in proteomics are to
obtain and handle the protein sample. The
dynamic range of the abundance of proteins
in biological samples can be as high as 10°
and even the best two-dimensional gels can
routinely resolve no more than 1000
proteins. The ideal solution to reduce
complexity and differences in abundance is
to use affinity-based protein purification
strategies using whole-protein complement.
After obtaining the protein fraction, the
method of choice for proteomic studies is
one- or two-dimensional gel electrophoresis.
The advantages of one-dimensional electro-
phoresis as a preparation method are that
virtually all proteins are soluble in SDS, the
range of relative molecular mass from
10,000 to 300,000 is readily covered and

extremely acidic and basic proteins are easily
visualized.

7.2.2 Mass spectrometric identification of
proteins

MS technology has evolved as the dominant
method of protein identification within the
field of proteomics. MALDI (Karas and
Hillenkamp, 1988) and electrospray
ionization (ESI; Fenn et al., 1989) are the two
‘soft ionization’ methods used routinely to
introduce analytes into mass spectrometers.
MALDI relies on the co-crystallization of a
peptide sample with acidified matrix on a
sample plate. Sample preparation for MALDI-
based MS is straightforward, and sample
ionization is robust in the presence of
contaminating substances such as salts and
detergents. ESI requires the solubilized
sample to be maintained in the liquid phase
and is considerably more sensitive to con-
taminating substances. The major benefits of
ESI include the high ionization efficiency
relative to MALDI and the ability to interface
the ESI-MS to high-resolution liquid-
chromatographic separation apparatus.

Proteomics of fibre degradation

Identification and
analysis of proteins

Differential-display
proteomics

Protein—protein
interactions

Bacterial proteomics

Two-dimensional
electrophoresis

Protein preparation
methods

Proteomics of
fibrolytic bacteria

Purification of
protein complexes

Mass spectrometric

Protein chips
> identification of P

Yeast two-hybrid
system

> Rumen proteomics

proteins

Peptide mass

fingerprinting

Liquid chromatography-tandem
mass spectrometry

Post-translational
modifications

L_,| Phosphorylation and
signalling pathways

Phage display

Fig. 7.1. Proteomic approaches for fibre degrading microbes.
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Peptide mass fingerprinting

Peptide mass fingerprinting (PMF) is a
process that involves MALDI ionization
coupled to a time-of-flight (TOF) mass
analyser (MALDI-TOF) and is used to
measure peptide masses rapidly and identify
the parent protein. The underlying principle
of PMF is the comparison of experimentally
derived peptide masses with theoretically
calculated peptide masses generated through
the in silico digestion of translated genomic
sequences, using the expected cleavage
specificities of site-specific proteolytic
enzymes (Yamazaki and Tove, 1977; Yates et
al., 1993). PMF algorithms search protein
databases and return a list of search protein
matches ranked according to wvariables
including the number of matched peptide
masses, the size of the individually matched
peptides, the peptide mass error, the
database size and the number of non-
matched masses. A molecular weight search
(MOWSE; Pappin et al, 1993) is a
sophisticated scoring algorithm imple-
mented in the PMF search algorithms
Mascot (http://www.matrixscience.com; Per-
kins et al, 1999) and Protein Prospector
(http://prospector.ucsf.edu/prospector/
mshome.htm; Clauser et al, 1999).
ProFound is a commonly used PMF search
algorithm (http://prowl.rockefeller.edu;
Zhang and Chait, 2000), which uses the
Bayesian theory to rank search results
according to their probability of occurrence.
An evaluation of the commonly used PMF
algorithms concluded that Mascot and
ProFound were superior to Protein
Prospector (Chamrad et al., 2004).

There is always a risk of obtaining false
positive protein identification with the use
of PMF, as measured peptide masses can
randomly match to peptides from a sequence
database due to the necessity to set a
maximum allowable mass tolerance. The
probabilistic approach mentioned above
also necessitates the analysis of peptides
derived from single protein species wherever
possible, and that is why two-dimensional
electrophoresis (2-DE) is often coupled with
MALDI-TOFE. When several proteins are
identified as being present in a single gel
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plug, manual analysis of the individual
identifications is  necessary. MALDI
ionization is biased towards arginine
carboxy-terminating peptides and typically
results in only 30-45% coverage of the
complete protein sequence (Resing and Ahn,
2004). 2-DE is also biased against
hydrophobic proteins, basic proteins and
proteins below 15 kDa. The alternative
approach to the 2-DE MALDI-TOF is to
maintain protein or peptide mixtures in the
liquid phase, separate the components using
high-pressure  liquid  chromatography
(HPLC) and analyse the elute using tandem
mass spectrometry (MS/MS).

Liquid chromatography-tandem mass
spectrometry

Liquid  chromatography-tandem  mass
spectrometry (LC-MS/MS) is used to obtain
peptide sequence data that are difficult and
sometimes impossible to generate by
MALDI-TOF. The comparison of tandem
mass spectrometry (MS/MS) spectral data
with predicted peptide sequences by peptide
fragmentation fingerprinting (PFF) can be
used to identify proteins with high con-
fidence, sometimes when as few as two
peptides are matched to the parent protein.
The hydrophobic (Wolff et al., 2008), basic
and low molecular weight proteins (Kuntu-
malla et al., 2009), which are difficult to
detect using a 2-DE MALDI-TOF approach,
can be identified easily by LC-MS/MS.
LC-MS/MS-based quantitative proteomic
analyses typically use either isotopic protein
labelling prior to chromatographic separ-
ation, such as isobaric tagging for relative
and absolute quantitation (iTRAQ; Ross et
al., 2004) and stable isotope labelling with
amino acids in cell culture (SILAC; Onget al.,
2002), or a label-free approach that uses
data acquired during separation and analysis
to derive an estimation of relative protein
abundances (Old et al., 2005). A benefit of
the latter approach is the elimination of
potential bias induced by variable protein
labelling or detection of labelled sample.
Label-free quantitation utilizes measure-
ment of variables such as mass spectral peak
intensities (Chelius and Bondarenko, 2002)
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and spectral counting (Zhang et al., 2006).
The peak intensities of peptide ions correlate
with protein abundances, while the spectral
counting methods measure protein
abundance by comparing the number of MS/
MS spectra assigned to each protein, based
on the assumption that the number of
observed peptides correlates with protein
abundance (Rappsilber et al., 2002). LC-MS/
MS can be used to identify a protein species
within complex mixtures without prior
subcellular fractionation (Wang et al., 2004;
Francis et al., 2005).

7.2.3 Post-translational modifications

Proteomics studies provide a unique ability
to analyse the post-translational modifi-
cations of proteins. Phosphorylation,
glycosylation, acetylation and sulfation, as
well as many other modifications, are
extremely important for protein function,
as they can determine turnover, localization,
activity and stability. Mass spectrometry is
the proteomic method of choice to determine
protein modifications, and it is more difficult
than the meagre determination of protein
identity. Furthermore, these modifications
are not generally apparent from genomic
sequence or mRNA expression data. Progress
is being made in this field, especially in the
case of phosphorylation. Phosphorylation
events can be studied by generic strategies,
because phosphopeptides are 80 Da heavier
than their unmodified counterparts, give
rise to a specific fragment (PO, mass 79)
and bind to metal resins. This is recognized
by specific antibodies, and the phosphate
groups can be removed by phosphatases
(Nuwaysir and Stults, 1993; Betts et al,
1997; Zhang et al., 1998; Cortez et al., 1999;
Neubauer and Mann, 1999).

7.2.4 Phosphorylation and signalling
pathways

The receptor-mediated signalling pathways
result in serine/threonine or tyrosine
phosphorylation of a large set of substrates.
To identify these substrates, the lysates
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from non-stimulated and stimulated cells
can be prepared and resolved by two-
dimensional gels. The proteins of interest
can be detected by 32P labelling or by western
blotting with antibodies that recognize only
the activated state of molecules (such as
phosphotyrosine- or phosphoserine-specific
antibodies). These spots can then be
identified by MS, as demonstrated recently
(Soskic et al., 1999). A better alternative,
however, is first to enrich the substrates by
using anti-phosphotyrosine antibodies in an
immunopreciptation step, followed by mass
spectrometric identification. Several known
and new components were recently reported
in one such study on the epidermal growth
factor (EGF)-receptor pathway (Pandey et
al., 2000).

7.3 Differential-Display
Proteomics

7.3.1 Two-dimensional
electrophoresis

Two-dimensional electrophoresis (2-DE) is
used to separate complex protein mixtures
into single protein species using each
protein’s unrelated properties of isoelectric
point (pI) and molecular weight (MW). 2-DE
can resolve hundreds to thousands of
proteins on a single polyacrylamide gel, and
can rapidly expose differences in protein
abundance, identify protein isoforms and
elucidate the presence of post-translational
modifications (PTMs) such as phosphoryl-
ation and glycosylation. The development of
immobilized pH gradient (IPG) strips has
had a major impact on the utility of the 2-DE
technique (Bjellgvist et al., 1982). Wide- and
medium-range IPG strips such as IPGs 3-10,
4-9 or 4-7 are excellent for the analysis of
simple proteomes or when an overview of
more complex proteomes is required, while
narrow-range, overlapping IPG strips
enhance the resolving power of the first
dimension focusing. Using this approach,
Cho et al. (2003) resolved 1237 individual
protein species between pI 3.5 and 5.5
when analysing a cytosolic protein sample
of the halophilic bacterium, Halobacterium

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

104

N.K. Singh

salinarum. When total protein extract of
Saccharomyces cerevisiae was analysed using
a series of IPG strips covering as little as one
pH unit per IPG strip, 2286 individual
protein spots were visualized, compared
with 755 when using a standard single pH
3-10 gradient IPG strip (Wildgruber et al.,
2000).

7.3.2 Protein chips

Nowadays, the protein chip approach is used
widely, in which a variety of ‘bait’ proteins
such as antibodies can be immobilized in an
array format on to specially treated surfaces.
The surface is then probed with the sample
of interest and only the proteins that bind to
the relevant antibodies remain bound to the
chip (Lueking et al., 1999). Protein chip can
also be probed with fluorescently labelled
proteins from two different cell states. Cell
lysates are labelled by different fluorophores
and mixed such that the colour acts as a
readout of the change in abundance of the
protein bound to the antibody. This version
depends on reasonably specific and well-
characterized antibodies and a number of
technical problems would still need to be
overcome. In some other modifications,
peptides—protein fragments or proteins may
also be immobilized on to chips and samples
applied on to the chip followed by detection
of binding,.

7.3.3 Protein—protein interactions

Protein-protein interaction plays a major
role in biological functions and can
potentially be exploited for therapeutic
purposes. The creation of a protein—protein
interaction map of the cell would be of
immense value to understand the biology of

the cell.

Purification of protein complexes

Protein-protein interaction can be studied
easily with the help of proteomics (Lamond
and Mann, 1997; Neubaer et al., 1997,
Blackstock and Weir, 1999; Link et al., 1999).
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To study protein—protein interactions, it is
better to purify the entire multi-protein
complex by affinity-based methods. This can
be achieved in a variety of ways, such as by
using glutathione S-transferase (GST) fusion
proteins, antibodies, peptides, DNA, RNA or
a small molecule binding specifically to a
cellular target. One of the generic ways of
identifying the interaction partners of a new
protein is to tag it with an epitope. This
protein can then be overexpressed in cells
and together with its interaction partners,
immunoprecipitated by an antibody against
the epitope. This requires only the full-
length complementary DNA clone of the
gene, and no time is spent in generating a
precipitating antibody against the gene of
interest. Because full-length ¢cDNAs may
soon be available for most human genes
(Strausberg et al., 1999), large-scale inter-
action studies will become possible. Making
fusion proteins such as GST fusions is
another generic way to obtain interaction
partners. The multi-protein complex
associates with the ‘bait’, which is
immobilized on a solid support. After
washing away the proteins that interact
non-specifically, the protein complex is
eluted, separated by gel electrophoresis and
analysed by mass spectrometry. Thus, in a
single experiment, the components of an
entire multi-protein complex can be
identified. Its protein components were
then displayed by two-dimensional gel
electrophoresis. Nineteen new factors were
obtained from a single, two-dimensional gel
(mostly in expressed sequence tag (EST)
databases), and several of them were cloned
and analysed further. Co-localization using
immunofluorescence of the new protein
with other members of the complex served
to establish that they were bona fide
members of the complex. Several of the new
factors identified from this study were
cloned and GST fusion proteins generated.
Using this strategy, one of the proteins,
designated S14, precipitated a subset of the
spliceosome proteins, which indicated a
function of this protein. Many protein
complexes have now been characterized
using the strategy outlined above. Some of
these complexes include the yeast Arp2/3
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complex (Winter et al, 1997), proteins
found in the yeast nuclear-pore complex
(Rout et al., 2000) and proteins bound to the
chaperonin, GroEL (Houry et al., 1999).

Once members of a multi-protein
complex have been identified by mass
spectrometry, their function is studied by
pertinent assays. At this stage, proteomics
can be used in an iterative fashion to define
either direct interaction partners of a new
protein in the complex and/or to connect to
other complexes in the cell (Shevchenko and
Mann, 1999).

Yeast two-hybrid system

The yeast two-hybrid system has emerged as
a powerful tool to study protein-protein
interactions (Fields and Song, 1989). Itis a
genetic method based on the modular
structure of transcription factors wherein
close proximity of the DNA-binding domain
to the activation domain induces increased
transcription of a set of genes. The yeast
hybrid system uses open reading frames
(ORFs) fused to the DNA binding or
activation domain of GAL4, such that
increased transcription of a reporter gene
results when the proteins encoded by two
ORFs interact in the nucleus of the yeast
cell. One of the main consequences of this is
OREF identification based on the detection of
positive interaction. For these reasons, itis a
simple and generic method, amenable to
high-throughput screening of protein—
protein interactions.

On a large scale, this strategy has been
used in two formats. In the array method,
yeast clones containing ORFs as fusions to
DNA or activation domains are arrayed on to
a grid and the ORFs are tested (as reciprocal
fusions) and screened against the entire grid
to identify interacting clones. In the library
screening method, one set of ORFs are first
pooled to generate a library and then the
reciprocal ORF fusions are mated with the
library one by one or several at a time.

A recently described modification of the
yeast two-hybrid method, termed ‘reverse’
two hybrid, can be used to identify the
compounds and peptides that disrupt
protein—protein interactions (Vidal and
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Endoh, 1999). This can lead to the
development of drugs that have activities in
vivo as opposed to drug screens that are
conventionally done in vitro.

Phage display

Phage display is a method where bac-
teriophage particles are made to express
either a peptide or protein of interest fused
to a capsid or coat protein. It can be used to
screen for peptide epitopes, peptide ligands,
enzyme substrates or single-chain antibody
fragments. Although combinatorial peptide
libraries are generally used in most phage
display-based studies, more large-scale
protein interaction studies can now be
performed if the products of cDNA libraries
are displayed on phage particles. Any target
protein can then be immobilized to capture
phage particles displaying interacting
proteins. This method is similar to the yeast
two-hybrid system and can be performed
simply with high throughput. Depending on
the particular class of proteins being studied
(such as cytoplasmic versus cell surface
proteins), this method might be superior or
inferior to the two-hybrid system, because
of the interactions that take place in solution
rather than in the nucleus of the yeast cell.
Furthermore, this method is applicable in
principle to transcription factors, which are
not amenable to the yeast two-hybrid
system. Methods have recently been
optimized to display ¢DNA libraries on
phages to isolate signalling molecules in the
EGF-receptor signalling pathway, as well as
to identify antigens that react with certain
antibodies (Hufton et al., 1999; Zozulya et
al., 1999).

7.4 Bacterial Proteomics

Proteomic technologies have been used to
examine the proteomes of many industrially
and medically important bacteria, cultured
under a variety of defined conditions. The
model Gram-negative and Gram-positive
organisms, Escherichia coli and Bacillus
subtilis, have naturally been the focus of
extensive proteomic examination, with
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other important Bacillus species such as
Bacillus anthracis and Bacillus licheniformis
(Ohlmeier et al., 2000; Deutscher and Saier,
2005; Tam et al., 2006; Voigt et al., 2006;
Gilois et al., 2007; Hecker et al., 2008;
Chitlaru and Shafferman, 2009). Several
groups have demonstrated the utility of a
combined gel-based and gel-free proteomic
approach in achieving improved proteome
coverage of Bacillus species and other Gram-
positive bacteria (Schmidt et al., 2004; Wolff
et al., 2006; Hahne et al., 2008; Jungblut et
al., 2010). Proteomic technologies have been
utilized in the analysis of several important
human gastrointestinal bacteria, including
Fusobacterium varium and Lactobacillus
plantarum, as well as the polysaccharilytic
Bifidobacterium longum (Cohen et al., 2006;
Yuan et al., 2006; Potrykus et al., 2008). In
particular, analyses of the cytosolic,
exported and cell envelope proteins of B.
longum and the adaptation of cells to low pH
environments has revealed important
insights into the glycosyl hydrolases
produced by this bacterium (Yuan et al.,
2006; Sanchez et al., 2007, 2008; Ruiz et al.,
2009). An LC-MS/MS label-free quantitative
proteomics approach was used recently to
examine the cytosolic proteomes of B.
longum strains differing in their heat shock
resistance (Guillaume et al., 2009).

7.4.1 Proteomics of fibrolytic
bacteria

Proteomics approaches have been used with
success to investigate the fibrolytic enzyme
systems of a number of polysaccharide-
degrading  bacteria. Murashima and
co-workers identified several cellulosomal
enzymes expressed by the cellulolytic soil
bacterium, Clostridium cellulosolvens
(Murashima et al., 2002), and subsequently
demonstrated through 2-DE/MALDI-TOF
that the cellulosome composition and
relative enzyme abundance were both
regulated by the growth substrate (Han et
al., 2004, 2005). Similarly, the cellulosome
composition of Clostridium cellulolyticum
and the effect of polymeric substrates on the
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organization of extracellular multi-enzyme
complexes in Paenibacillus curdlanolyticus
have recently been determined (Blouzard et
al., 2007; Waeonukul et al., 2008). The effect
of growth substrates on the relative
abundance of fibrolytic enzymes has also
been examined for a diverse range of 38
bacteria, including Bacillus sp. K1,
Cellulomonas flavigena and the marine
bacterium, Saccharophagus degradans (Chu et
al., 2000; Sanchez-Herrera et al., 2007; Sato
etal., 2007).

7.4.2 Rumen proteomics

In spite of the variety of gut bacteria having
been the subject of intensive proteomic
efforts, and the importance of the rumen
microflora, the application of proteomic
technologies for studying the rumen
fibrolytic bacteria has been very limited so
far. Devillard et al. (2004) used 2-DE and
MALDI-TOF MS to investigate the
mechanisms underlying the attachment of
Ruminococcus albus 8 to cellulosic substrates.
Later, the group used a similar approach to
demonstrate the increased abundance of the
molecular chaperone, GroEL, within the cell
membrane-associated proteome when cells
were exposed to linoleic and conjugated
linoleic acids (Devillard et al, 2006).
Following the publication of the completed
genome sequence of the Gram-negative,
non-fibrolytic, succinic  acid-producing
rumen bacterium, Mannheimia succinici-
producens (Hong et al., 2004), the proteome
of this bacterium has been the subject of
recent attention. 2-DE reference maps of the
whole cellular, membrane and secreted
proteins allowed the identification of more
than 200 proteins and revealed important
insights into growth phase-dependent
physiological alterations (Lee et al., 2006).
This information was subsequently used to
engineer a mutant strain that improved
succinic acid-producing capability (Lee and
Lee, 2010). There are currently no reports
of proteomics being applied to the analysis
of the polysaccharide-degrading enzyme
systems of fibrolytic rumen bacteria.

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Proteomics in Studying the Molecular Mechanism of Fibre Degradation

107

7.5 Conclusion

The study of gene function on a large scale
can be executed directly at the protein level
with the help of proteomics. The mass
spectrometric study of proteins separated
by 2-D gel electrophoresis is leading to a
resurgence in biochemical approaches to
protein function. Protein characterization
will continue to improve in throughput,
sensitivity and completeness, and will help
in understanding the physiology of proteins.
Post-translational modifications cannot
currently be studied at high throughput, but
certain categories such as acetylation,
methylation and phosphorylation are begin-
ning to be amenable to generic approaches.
Mass spectrometry-based methods that use
affinity purification followed by only one-
dimensional electrophoresis will continue to
gain in importance. In future, proteomics
will provide a wealth of protein-protein
interaction data, which will probably be its
most important and immediate impact on
biological science. Because proteins are one
step closer to function than are genes, these
studies frequently lead directly to biological
discoveries or hypotheses. The ready
availability of many human genes as full-
length clones is itself an extremely
important extension of the genome projects
that will make several proteomic strategies
possible. Assays to determine protein
function using purified proteins will be
automated and performed in miniaturized
grid formats in parallel for thousands of
proteins. Advances in genomics will directly
fuel large-scale protein assays that use
genetics as a readout, such as the two-hybrid
screen. The resulting proteomic study of the
rumen microflora will be instrumental in
developing new approaches to improving
feed digestibility, reducing animal waste and
presenting a positive image of animal
agriculture.

References
Betts, J.C., Blackstock, W.P, Ward, M.A. and

Anderton, B.H. (1997) Identification of
phosphorylation sites on neurofilament proteins

printed on 2/14/2023 5:19 AMvia .

by nanoelectrospray mass spectrometry. Journal
of Biological Chemistry 272, 12922—12927.

Bjellqvist, B., Ek, K., Righetti, P.G., Gianazza, E.,
Gorg, A., et al. (1982) Isoelectric focusing in
immobilized pH gradients — principle, method-
ology and some applications. Journal of
Biochemical and Biophysical Methods 6, 317—
339.

Blackstock, W.P. and Weir, M.P. (1999) Proteomics:
quantitative and physical mapping of cellular
proteins. Trends in Biotechnology 17, 121-127.

Blouzard, J.C., Bourgeois, C., de Philip, P., Valette,
0., Belaich, A., et al. (2007) Enzyme diversity of
the cellulolytic system produced by Clostridium
cellulolyticum explored by two-dimensional
analysis: identification of seven genes encoding
new dockerin-containing proteins. Journal of
Bacteriology 189, 2300-2309.

Chamrad, D.C., Korting, G., Stuhler, K., Meyer,
H.E., Klose, J., et al. (2004) Evaluation of
algorithms for protein identification from
sequence databases using mass spectrometry
data. Proteomics 4, 619-628.

Chelius, D. and Bondarenko, PV. (2002)
Quantitative profiling of proteins in complex
mixtures using liquid chromatography and mass
spectrometry. Journal of Proteome Research 1,
317-323.

Chitlaru, T. and Shafferman, A. (2009) Proteomic
studies of Bacillus anthracis. Future Micro-
biology 4, 983-998.

Cho, C.W,, Lee, S.H., Choi, J., Park, S.J., Ha, D.J.,
et al. (2003) Improvement of the two-
dimensional gel electrophoresis analysis for the
proteome study of Halobacterium salinarum.
Proteomics 3, 2325-2329.

Chu, PW.,, Yap, M.N., Wu, C.Y., Huang, C.M., Pan,
F.M., et al. (2000) A proteomic analysis of
secreted proteins from xylan-induced Bacillus
sp. strain K-1. Electrophoresis 21, 1740-1745.

Clauser, K.R., Baker, P. and Burlingame, A.L.
(1999) Role of accurate mass measurement
(+/— 10 ppm) in protein identification strategies
employing MS or MS/MS and database
searching. Analytical Chemistry 71, 2871-2882.

Cohen, D.PA., Renes, J.,, Bouwman, FG,,
Zoetendal, E.G., Mariman, E., et al. (2006)
Proteomic analysis of log to stationary growth
phase Lactobacillus plantarum cells and a 2-DE
database. Proteomics 6, 6485-6493.

Cortez, D., Wang, Y., Qin, J. and Elledge, S.J.
(1999) Requirement of ATM-dependent
phosphorylation of brcal in the DNA damage
response to double-strand breaks. Science 286,
1162—-1166.

Deutscher, J. and Saier, M.H. (2005) Ser/Thr/Tyr
protein phosphorylation in bacteria — for long

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

108

N.K. Singh

time neglected, now well established. Journal of
Molecular Microbiology and Biotechnology 9,
125-131.

Devillard, E., Goodheart, D.B., Karnati, S.K.R.,
Bayer, E.A., Lamed, R., et al (2004)
Ruminococcus albus 8 mutants defective in
cellulose degradation are deficient in two pro-
cessive endocellulases, Cel48A and Cel9B, both
of which possess a novel modular architecture.
Journal of Bacteriology 186, 136—145.

Devillard, E., Andant, N. and Wallace, R.J. (2006)
Increased expression of a molecular chaperone
GroEL in response to unsaturated fatty acids by
the biohydrogenating ruminal  bacterium,
Butyrivibrio  fibrisolvens. FEMS Microbiology
Letters 262, 244—248.

Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F. and
Whitehouse, C.M. (1989) Electrospray ionization
for mass-spectrometry of large biomolecules.
Science 246, 64—71.

Fields, S. and Song, O.K. (1989) A novel genetic
system to detect protein—protein interactions.
Nature 340, 245-246.

Francis, A.W., Ruggiero, C.E., Koppisch, A.T., Dong,
J.G., Song, J., et al. (2005) Proteomic analysis of
Bacillus  anthracis Sterne vegetative cells.
Biochimica et Biophysica Acta — Proteins and
Proteomics 1748, 191-200.

Gilois, N., Ramarao, N., Bouillaut, L., Perchat, S.,
Aymerich, S., et al. (2007) Growth-related
variations in the Bacillus cereus secretome.
Proteomics 7, 1719-1728.

Guillaume, E., Berger, B., Affolter, M. and Kussmann,
M. (2009) Label-free quantitative proteomics of
two Bifidobacterium longum strains. Journal of
Proteomics 72, 771-784.

Hahne, H., Wolff, S., Hecker, M. and Becher, D.
(2008) From complementarity to compre-
hensiveness —targeting the membrane proteome
of growing Bacillus subtilis by divergent
approaches. Proteomics 8, 4123—4136.

Han, S.0., Cho, H.Y., Yukawa, H., Inui, M. and Doi,
R.H. (2004) Regulation of expression of
cellulosomes and noncellulosomal  (hemi)
cellulolytic enzymes in Clostridium cellulovorans
during growth on different carbon sources.
Journal of Bacteriology 186, 4218—-4227.

Han, S.O., Yukawa, H., Inui, M. and Doi, R.H. (2005)
Effect of carbon source on the cellulosomal
subpopulations of Clostridium cellulovorans.
Microbiology 151, 1491-1497.

Hecker, M., Antelmann, H., Buettner, K. and
Bernhardt, J. (2008) Gel-based proteomics of
Gram-positive bacteria: a powerful tool to
address physiological questions. Proteomics 8,
4958-4975.

printed on 2/14/2023 5:19 AMvia .

Hong, S.H., Kim, J.S., Lee, S.Y,, In, Y.H., Choi, S.S.,
et al. (2004) The genome sequence of the
capnophilic rumen bacterium Mannheimia
succiniciproducens. Nature Biotechnology 22,
1275-1281.

Houry, W.A., Frishman, D., Eckerskorn, C.,
Lottspeich, F. and Hartl, U. (1999) Identification
of in vivo substrates of the chaperonin GroEL.
Nature 402, 147-154.

Hufton, S.E., Moerkerk, P.T., Meulemans, E.V., de
Bruine, A., Arends, J.W., et al. (1999) Phage
display of cDNA repertoires: the pVI display
system and its applications for the selection of
immunogenic ligands. Journal of Immunological
Methods 231, 39-51.

Jungblut, PR., Schiele, F., Zimny-Arndt, U,
Ackermann, R., Schmid, M., et al (2010)
Helicobacter pylori proteomics by 2-DE/MS,

1-DE-LC/MS and functional data mining.
Proteomics 10, 182—193.
Karas, M. and Hilenkamp, F. (1988) Laser

desorption ionization of proteins with molecular
masses exceeding 10,000 daltons. Analytical
Chemistry 60, 2299-2301.

Kuntumalla, S., Braisted, J.C., Huang, S.T., Parmar,
P.P, Clark, D.J., et al. (2009) Comparison of two
label-free global quantitation methods, APEX
and 2D gel electrophoresis, applied to the
Shigella  dysenteriae proteome. Proteome
Science 7, doi:10.1186/1477-5956-7-22
(accessed 11 September 2014).

Lamond, A.l. and Mann, M. (1997) Cell biology and
the genome projects — a concerted strategy for
characterizing multi-protein  complexes using
mass spectrometry. Trends in Cell Biology 7,
139-142.

Lee, JW. and Lee, S.Y. (2010) Proteome-based
physiological analysis of the metabolically
engineered succinic acid producer Mannheimia
succiniciproducens LPK7. Bioprocess and
Biosystems Engineering 33, 97—-107.

Lee, JW,, Lee, S.Y., Song, H. and Yoo, J.S. (2006)
The proteome of Mannheimia succinici-
producens, a capnophilic rumen bacterium.
Proteomics 6, 3550-3566.

Link, AJ., Eng, J., Schieltz, D.M., Carmack, E.,
Mize, G.Z., et al. (1999) Direct analysis of protein
complexes using mass spectrometry. Nature
Biotechnology 17, 676— 682.

Lueking, A., Horn, M., Eickhoff, H., Lehrach, H. and
Walter, G. (1999) Protein microarrays for gene
expression and antibody screening. Analytical
Biochemistry 270, 103-111.

Murashima, K., Kosugi, A. and Doi, R.H. (2002)
Synergistic effects on crystalline cellulose
degradation between cellulosomal cellulases

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Proteomics in Studying the Molecular Mechanism of Fibre Degradation

109

from Clostridium cellulovorans. Journal of
Bacteriology 184, 5088-5095.

Neubauer, G. and Mann, M. (1999) Mapping of
phosphorylation sites of gel-isolated proteins by
nanoelectrospray tandem mass spectrometry:
potentials and limitations. Analytical Chemistry
71, 235-242.

Neubauer, G., Gottschalk, A., Fabrizio, P., Séraphin,
B., Luhrmann, R., et al. (1997) Identification of
the proteins of the yeast U1 small nuclear
ribonucleoprotein complex by mass
spectrometry. Proceedings of the National
Academy of Sciences 94(2), 385-390.

Nuwaysir, L. and Stults, J.T. (1993) ESI mass
spectrometry of phosphopeptides isolated by
on-line immobilized metal affinity
chromatography. Journal of the American
Society for Mass Spectrometry 4, 662—669.

Ohlmeier, S., Scharf, C. and Hecker M. (2000)
Alkaline proteins of Bacillus subtilis: first steps
towards a two-dimensional alkaline master gel.
Electrophoresis 21, 3701-3709.

Old, W.M., Meyer-Arendt, K., Aveline-Wolf, L.D.,
Pierce, K.G., Mendoza, A.M., et al. (2005)
Comparison of label-free methods for quantifying
human proteins by shotgun proteomics.
Molecular and Cellular Proteomics 4, 1487-
1502.

Ong, S.E., Blagoeyv, B., Kratchmarova, |., Kristensen,
D.B., Steen, H., et al. (2002) Stable isotope
labeling by amino acids in cell culture, SILAC, as
a simple and accurate approach to expression
proteomics. Molecular and Cellular Proteomics
1, 376-386.

Pandey, A., Podtelejnikov, A.V., Blagoey, B., Bustelo,
X.R., Mann, M., et al. (2000) Analysis of receptor
signaling pathways by mass spectrometry:
identification of Vav-2 as a substrate of the
epidermal and platelet-derived growth factor
receptors. Proceedings of the National Academy
of Sciences 97, 179-184.

Pappin, D.J., Hojrup, P. and Bleasby, A.J. (1993)
Rapid identification of proteins by peptide-mass
fingerprinting. Current Biology 3, 327-332.

Perkins, D.N., Pappin, D.J.C., Creasy, D.M. and
Cottrell, J.S. (1999) Probability-based protein
identification by searching sequence databases
using mass spectrometry data. Electrophoresis
20, 3551-3567.

Potrykus, J., White, R.L. and Bearne, S.L. (2008)
Proteomic investigation of amino acid catabolism
in the indigenous gut anaerobe Fusobacterium
varium. Proteomics 8, 2691-2703.

Rappsilber, J., Ryder, U., Lamond, A.l. and Mann,
M. (2002) Large-scale proteomic analysis of the
human splicesome. Genome Research 12,
1231-1245.

printed on 2/14/2023 5:19 AMvia .

Resing, K.A. and Ahn, N.G. (2004) Protein
identification by in-gel digestion and mass
spectrometry. In: Speicher, D.W. (ed.) Proteome
Analysis: Interpreting the Genome. Elsevier BV,
Amesterdam, pp. 163—182.

Ross, PL., Huang, Y.L.N., Marchese, J.N.,
Williamson, B., Parker, K., et al. (2004)
Multiplexed protein  quantitation in  Sac-

charomyces cerevisiae using amine-reactive
isobaric tagging reagents. Molecular and
Cellular Proteomics 3, 1154-1169.

Rout, M.P,, John, A., Adisetyantari, S., Kelly, H.,
Yingming, Z., et al. (2000) The yeast nuclear
pore complex: composition, architecture, and
transport mechanism. Journal of Cell Biology
148, 635-651.

Ruiz, L., Coute, Y., Sanchez, B., de los Reyes-
Gavilan, C.G., Sanchez, J.C., et al. (2009) The
cell-envelope proteome of Bifidobacterium
longum in an in vitro bile environment.
Microbiology 155, 957-967.

Sanchez, B., Champomier-Verges, M.C., Collado,
M.D., Anglade, P., Baraige, F., et al. (2007)
Low-pH adaptation and the acid tolerance
response of Bifidobacterium longum biotype
longum. Applied and Environmental Micro-
biology 73, 6450-6459.

Sanchez, B., Champomier-Verges, M.C., Anglade,
P., Baraige, F., de los Reyes-Gavilan, C.G., et
al. (2008) A preliminary analysis of
Bifidobacterium longum exported proteins by
two-dimensional electrophoresis. Journal of
Molecular Microbiology and Biotechnology 14,
74-79.

Sanchez-Herrera, L.M., Ramos-Valdivia, A.C., de
la Torre, M., Salgado, L.M. and Ponce-Noyola, T.
(2007) Differential expression of cellulases and
xylanases by Cellulomonas flavigena grown on
different carbon sources. Applied Microbiology
and Biotechnology 77, 589-595.

Sato, S., Liu, F, Koc, H. and Tien, M. (2007)
Expression analysis of extracellular proteins
from Phanerochaete chrysosporium grown on
different liquid and solid substrates. Microbiology
153, 3023-3033.

Schmidt, F., Donahoe, S., Hagens, K., Mattow, J.,
Schaible, U.E., et al. (2004) Complementary
analysis of the Mpycobacterium tuberculosis
proteome by two-dimensional electrophoresis
and isotope-coded affinity tag technology.
Molecular and Cellular Proteomics 3, 24—42.

Shevchenko, A. and Mann, M. (1999) Deciphering
functionally important multiprotein complexes
by mass spectrometry. In: Burlingame, A., Carr,
C.A.and Baldwin, M.A. (eds) Mass Spectrometry
in Biology and Medicine. Humana Press,
Totowa, New Jersey, pp. 237-269.

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

110 N.K. Singh

Soskic, V., Strausberg, R.L., Feingold, E.A. motility and integrity of yeast actin patches.
Klausner, R.D. and Collins, FS. (1999) Current Biology 7, 519-529.
Functional proteomics analysis of signal Wolff, S., Otto, A., Albrecht, D., Zeng, J.S., Buttner,

transduction pathways of the platelet-derived
growth factor beta receptor. Biochemistry 38,
1757-1764.

Strausberg, R.L., Feingold, E.A., Klausner, R.D.
and Collins, F.S. (1999) The mammalian gene
collection. Science 286, 455-457.

Tam, L.T., Antelmann, H., Eymann, C., Albrecht, D.,
Bernhardt, J., et al. (2006) Proteome signatures
for stress and starvation in Bacillus subtilis as
revealed by a 2-D gel image colour coding
approach. Proteomics 6, 4565—-4585.

Vidal, M. and Endoh, H. (1999) Prospects for drug
screening using the reverse two-hybrid system.
Trends in Biotechnology 17, 374-381.

Voigt, B., Schweder, T., Sibbald, M., Albrecht, D.,
Ehrenreich, A., et al. (2006) The extracellular
proteome of Bacillus licheniformis grown in
different media and under different nutrient
starvation conditions. Proteomics 6, 268-281.

Waeonukul, R., Kyu, K.L. Sakka, K. and
Ratanakhanokchai, K. (2008) Effect of carbon
sources on the induction of xylanolytic-
cellulolytic multi-enzyme complexes in Paeni-
bacillus curdlanolyticus strain B-6. Bioscience,
Biotechnology and Biochemistry 72, 321-328.

Wang, J.Q., Xue, Y.F, Feng, X.L., Li, X.L., Wang,
H., et al. (2004) An analysis of the proteomic
profile for Thermoanaerobacter tengcongensis
under optimal culture conditions. Proteomics 4,
136-150.

Wildgruber, R., Harder, A., Obermaier, C., Boguth,
G., Weiss, W., et al. (2000) Towards higher
resolution: two-dimensional electrophoresis of
Saccharomyces cerevisiae proteins using
overlapping narrow immobilized pH gradients.
Electrophoresis 21, 2610-2616.

Winter, D., Podtelejnikiov, A.V., Mann, M. and Li, R.
(1997) The complex containing actin-related
proteins Arp2 and Arp3 is required for the

printed on 2/14/2023 5:19 AMvia .

K., et al. (2006) Gel-free and gel-based
proteomics in Bacillus subtilis — a comparative
study. Molecular and Cellular Proteomics 5,
1183-1192.

Wolff, S., Hahne, H., Hecker, M. and Becher, D.
(2008) Complementary analysis of the
vegetative membrane proteome of the human
pathogen Staphylococcus aureus. Molecular
and Cellular Proteomics 7, 1460—1468.

Yamazaki, S. and Tove, S.B. (1977) Purification and
properties of an oxygen consuming substance
from Butyrivibrio fibrisolvens. Federation Pro-
ceedings 36, 789.

Yates, J.R., Speicher, S., Griffin, PR. and
Hunkapiller, T. (1993) Peptide mass maps — a
highly informative approach to protein identifi-
cation. Analytical Biochemistry 214, 397—-408.

Yuan, J., Zhu, L., Liu, X.K., Zhang, Y., Ying, T.Y., et
al. (2006) A proteome reference map and
proteomic analysis of Bifidobacterium longum
NCC2705. Molecular and Cellular Proteomics
5,1105-1118.

Zhang, B., VerBerkmoes, N.C., Langston, M.A.,
Uberbacher, E., Hettich, R.L., et al. (2006)
Detecting differential and correlated protein
expression in label-free shotgun proteomics.
Journal of Proteome Research 5, 2909-2918.

Zhang, W.Z. and Chait, B.T. (2000) Profound: an
expert system for protein identification using
mass spectrometric peptide mapping infor-
mation. Analytical Chemistry 72, 2482-2489.

Zhang, X., Herring, C.J., Romano, PR,
Szczepanowska, J., Brzeska, H., et al. (1998)
Identification of phosphorylation sites in proteins
separated by polyacrylamide gel electro-
phoresis. Analytical Chemistry 70, 2050-2059.

Zozulya, S., Lioubin, M., Hill, R.J., Abram, C. and
Gishizky, M.L. (1999) Mapping signal
transduction pathways by phage display. Nature
Biotechnology 17, 1193-1198.

Al use subject to https://ww.ebsco.coniterns-of-use



Perspective on Livestock-
Generated GHGs and Climate

J. Takahashi*

Obihiro University of Agriculture and Veterinary Medicine, Obihiro,

Japan

Abstract

The greenhouse gases (GHGs) attributed to
agriculture and animal agriculture are
methane (CH,) and nitrous oxide (N,O). The
relative absorptivity of the infrared radiation
of carbon dioxide (CO,) is about 21-fold and
310-fold higher than for each molecule of
CH, or N, O, respectively. As the absorptivity
in both gases is not saturated like CO,, the
contribution of CH, and N,O to the
greenhouse effect have therefore been
prospectively increasing linearly, because
atmospheric increases in the concentration
of both gases correlate closely with human
activities, and the world population is
currently expanding to more than 7 billion.
Rumen CH, production emitted to the
atmosphere can be accounted as the biggest
anthropogenic source. The abatement
mechanism of rumen CH, emission may be
divided into direct and indirect suppression
of methanogens in the rumen. The most
significant strategy to mitigate rumen CH,
emission in an indirect manner is to promote
alternative metabolic pathways to dispose of
the reducing power, competing with
methanogenesis for H, uptake. In an attempt
to identify natural manipulators with the
efficacy to mitigate rumen CH, emission,
efficient prebiotics and probiotics have been
developed in various institutions instead of
ionophores in respect to food safety. The
relatively lower molecular weight compounds
produced by Lactobacillus plantarum have

rumen methanogenesis. Some tropical and
subtropical legume trees fed to cattle and
buffalo as a protein source, due to their high
protein content, are rich in secondary
metabolites such as saponin and tannin,
which is a type of polyphenol, etc. Some of
them have been reported to abate rumen
CH, production remarkably well in vitro or in
vivo. In some cases, however, experimental
results are in agreement but may not match.
Meta-analysis might be useful to integrate
statistically the experimental results from
independent studies for comprehensive
understanding in the next stage of research.

Although the inventory assessment of
N,O is still ongoing, animal manures,
including those from monogastrics, have
been listed as a significant contributor. The
incomprehensible fates of organic and
inorganic nitrogen compounds contained in
the aerobic composting of animal manures
may confuse an accurate evaluation of the
actual emission of N,O from animal
manures. Of late, there has been an urgent
need for renewable energy production using
anaerobic digesters to capture biogas (CH,)
from animal effluent. Most manure nitrogen
during fermentation has been converted to
an inorganic form in the digested slurry.

8.1 Introduction

Mitigation of the six anthropogenic GHGs,
such as CO,, CH,, N,O and Fluorinated

recently revealed the ability to suppress gases, ie. sulfur hexafluoride (SFy),
* E-mail: junichi @ obihiro.ac.jp
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hydrofluorocarbons (HFCs) and per-
fluorocarbons (PECs), has been established
as a legally binding commitment of the
Kyoto Protocol (IPCC, 1996). Figure 8.1
shows the emission rate of CO,-equivalent
(eq) GHGs in the highest-ranking countries
(WRI, 2011). The emission rate of GHGs
closely correlates with economic develop-
ment, exemplified by GDP.

The important GHGs attributed to animal
agriculture are CH, and N,O. The rumen
fermentation of ruminants and the anaerobic
fermentation of agricultural organic wastes
including animal manures are major
contributors of CH, emission as anthropo-
genic sources (Moss, 1993). To abate GHGs,
the development of methods to mitigate
enteric CH, is the most significant issue in
world ruminant livestock production (Van
Nevel and Demeyer, 1996). The most sig-
nificant indirect strategy to mitigate rumen
CH, emission is to promote alternative
metabolic pathways to dispose of the re-
ducing power, competing with methano-
genesis for H, uptake. In an attempt to
identify natural manipulators with the
efficacy to mitigate rumen CH, emission,

Others
30.51%

49 Gigatonnes
CO, equivalent

Canada 1.85%

Japan 3.15%

India 4.25% —’

Russian Federation 4.65%

_

efficient prebiotics and probiotics have been
developed in various institutions instead of
ionophores in respect to food safety. Some
tropical and subtropical legume trees fed to
cattle and buffalo as a protein source, due to
their high protein content, are rich in
secondary metabolites such as saponin and
tannin, which is a type of polyphenol, etc.
Some of them have been reported to abate
remarkably rumen CH, production in vitro or
in vivo. In some cases, however, the experi-
mental results are in agreement and may not
match. Meta-analysis might be useful to
integrate statistically the experimental
results from independent studies for com-
prehensive understanding in the next stage
of research (Jayanegara et al., 2012, 2013).
The gradual increase of atmospheric N,O
since the 19th century is related closely to
the sudden expansion of the human and
animal population following the innovation
of the Haber-Bosch process. Severe
environmental pollution was caused at the
same time, although the reactive nitrogen
withdrawn from the atmosphere as stable
paired nitrogen brought about prosperous
food production. Although the inventory

China
16.38%

USA
15.72%

2005

EU-27
12.09%

Brazil 6.47%

Indonesia 4.62%

Fig. 8.1. Nation wise greenhouse gas emissions (WRI, 2011).
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assessment of N,O is still ongoing, animal
manures including those from monogastrics
have been listed as significant contributors.
The incomprehensible fates of organic and
inorganic nitrogen compounds contained in
the aerobic composting of animal manures
may confuse accurate evaluation of the
actual emission of N,O from animal
manures. There has been an urgent need for
renewable  energy production using
anaerobic digesters to capture biogas (CH,)
from animal effluent. Most manure nitrogen
during fermentation has been converted to
inorganic form in the digested slurry. This
chapter proposes the use of an advanced
biogas plant equipped with an ammonia
stripping system, or the enzymatic reduction
of ammonia to paired nitrogen from animal
wastes, in order to mitigate N,O emission
from animal manure, as it is the second
highest agricultural GHG that contributes to
climate change.

To secure food production preventing
environmental catalysis by global warming,
the sustainable development of animal agri-
culture should be sought as an alternative
strategy, not only in industrialized but also
in developing countries.

CO,

(deforestation
biomass decay, etc.)
1%

CO, (other)
3%

8.2 Global GHGs Emission Trends

Figure 8.2 shows the global trends in GHG
emissions during 1970-2004 and their
contribution to global warming. These GHGs
account for about 97% of the direct climate
forcing by the increase in long-lived GHGs
since 1750. The increase in CO, originates
largely from the combustion of fossil fuel
due to the development of the ore industry
in advanced nations after the industrial
revolution. The CH, and N,O attributed to
animal agriculture still continue to increase.
CO, contributes more than half of the
greenhouse effect of global warming, and
CH, is the next largest GHG to CO,. The
concentration of atmospheric CH, is only 2
ppmv or less, far less than the 396.81 ppmv
of carbon dioxide (Mauna Loa Observatory:
NOAA-ESRL in December 2013). However,
the greenhouse effect of CH, and N,O is 21
times and 310 times, respectively, more
than that of carbon dioxide for each
molecule. The total CO,-eq concentration of
all long-lived GHGs is currently estimated to
be about 455 ppmv CO,-eq (IPCC, 2007). As
CH, is removed after reacting with radical
OH of the troposphere, its longevity (12-17

F gases
(HFCs, PFCs, SF)
1%

CO, (fossil fuel)
57%

Fig. 8.2. The contribution of greenhouse gases to global warming. (From IPCC, 2007.)
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years) in the atmosphere is less than 50-200
years, compared to CO,. The concentration
of atmospheric CH, at present is twice its
value before the Industrial Revolution.

The annual rise in the concentration of
CH, has shown a rapid increase of 1.0-1.3%
in the past decade compared with the 0.5%
increase of CO,. Although atmospheric CO,
has a large absorption region at around 16
pum wavelength in solar radiation, infrared
absorptivity is already presumed to be
almost saturated by water vapour, of which
the wavelength region for far-infrared
absorption is overlapped by CO,. For CH,
and N, O, however, the relative absorptivity
of far-infrared radiation is large, and their
absorptivity is assumed not to be saturated
like that of CO,, because their absorption
wavelengths of far-infrared are shorter than
those of CO,. The absorptivity of far-
infrared radiation is assumed to rise
proportionally with the rise in temperature.
Therefore, even a small increase in CH, and
NO, concentration in the atmosphere will
exert an extreme and strong effect on global
warming.

It is possible to divide the sources of CH,
roughly into natural and anthropogenic
sources. The annual emission of CH, in the
atmosphere amounts to 535 Tg (Tg = million
metric tonnes (Mt); IPCC, 1995), of which
85 Tg derives from the rumen fermentation
of ruminant animals and 25 Tg derives from
animal wastes, and thus ruminants
contribute 20% of the total CH, emissions.
This source of CH, emission is as large as the
marsh (wetland) contribution of ~115 Tg.
Sixty per cent or more of CH, production
comes directly from human-related
activities. The expansion of rice paddy (60
Tg) and livestock is almost proportional to
the expansion of the human population.
This may be the main cause of the increase in
CH, in the atmosphere. CH, produced in
rumen fermentation is emitted into the
atmosphere by the eructation process of
animals. The ruminant species is a large
group that contains the Bos subfamily,
classified into five genera and 14 species,
wild kinds of giraffe, deer families, etc.
However, the target for controlling CH,
emissions from ruminants includes
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domesticated milking and beef cattle. The
amount of CH, emitted by eructation from a
lactating cow is presumed to be more than
200-400 1 day™?, and around 1.49 billion
domestic cattle are being raised on earth as
per the latest FAO estimate (http://faostat.
fao.org/). So, almost two drums of pure CH,
are being emitted into the atmosphere by
one milking cow in a day.

To abate GHGs, the development of
mitigation strategies for enteric CH, is the
most significantissuein livestock production
(Van Nevel and Demeyer, 1996). Currently,
artificial nitrogen fixation accounts for 1.6 x
108 t, whereas natural nitrogen fixation by
nitrogenase contributes 1.8 x 108 t. Severe
environmental pollution was caused at the
same time, although the reactive nitrogen
withdrawn from the atmosphere as stable
paired nitrogen brought about prosperous
food production. The flow of nitrogen in
animal agriculture, measurement estimates
and strategies to protect the environment,
etc., are debated at length in Chapter 4,
Section I, this volume. To secure food
production and prevent environmental
catastrophe by global warming, the sustain-
able development of animal agriculture
should be sought as an alternative, not only
in industrialized but also in developing
countries. Inventories of emitters and their
abatements should be assessed accurately in
both GHGs. The key element of this recycling
must be low input for sustainable animal
agriculture in developing countries. Carbon
and nitrogen recycling of agricultural
biomass as a renewable energy and nitrogen
resource may contribute to mitigate CH,
and N,O emission (Takahashi et al., 2003,
2004; Takahashi, 2007; Takahashi and
Uemura, 2009).

8.3 Mitigation of Enteric CH,
Emission

In the rumen, metabolic H, is produced
during the anaerobic fermentation of
carbohydrates. This H, can be used during
the synthesis of volatile fatty acids, and
excess H, from nicotinamide adenine
dinucleotide (NADH) is eliminated primarily
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through methanogenesis, a process executed
by methanogenic archaea, which are natural
occupants of the rumen ecosystem (Baker,
1999). The stoichiometric balance of volatile
fatty acid (VFA), CO, and CH, indicates that
acetate and butyrate promotes CH,
production, whereas propionate formation
consumes H,, and thereby reduces CH,
production (Wolin and Miller, 1988).
Therefore, a strategy for the mitigation of
ruminal CH, emission requires that
alternative metabolic pathways compete
with methanogenesis for H, wuptake,
ensuring the disposal of reducing power
from the rumen. One of the alternative ways
for safe H, disposal from the rumen is
reductive acetogenesis, which not only
ensures the safe deployment of H, from the
rumen but also leads to an energetic gain to
the host animal. The potential of reductive
acetogenesis as an alternate mechanism for
methanogenesis and the competitiveness of
rumen acetogens are discussed elsewhere in
this volume (Chapter 19, Section III, this
volume). Nitrate reduction in the rumen is
another passage for removing H, from the
methanogens, due to relatively higher
affinity than methanogen hydrogenotrophs.

remarkably suppressed ruminal methano-
genesis in the studies conducted by
Takahashi and Young (1991, 1992).

Figure 8.3 shows that the formation of
toxic nitrite, a reduced metabolite of nitrate
reduction, is successfully prevented by
L-cysteine (Takahashi et al., 1989, 1998,
2000, 2002; Takahashi and Young, 1991,
1992). In these studies, the researchers
mitigated ruminal CH, emission effectively
with simultaneous administration of nitrate
and L-cysteine without nitrate intoxication
(Takahashi, 2001). Furthermore, genetically
modified Escherichia coli was developed in an
attempt to promote the nitrite reduction
abating ruminal methanogenesis (Sar et al.,
2004a, 2005a,b,c; Fig. 8.4). The mitigating
effects of two kinds of E. coli strain, wild-
type E. coli W3110 and E. coli nir-Ptac, which
has enhanced nitrite (NO,”) reduction
activity, on CH, emission and NO, toxicity
has been confirmed in in vitro and in vivo
trials. Wild-type E. coli W3110 is known to
have a certain NO,™ reductase activity, in
which NO,~ reductase, consisting of two
kinds of subunits encoded by nirBD operon,
is usually involved in NO,~ respiration and is
induced under oxygen-limited conditions

The administration of nitrate (NO;7) (Gennisand Stewart, 1996). The E. coli strain
Hi/THb(%)
asr 4 250
20 r 4 2.00
15 I 4 1.50
10 f 4 1.00
5 F <4 0.50
0 ;4 .0.00
Control Oy NO;™ + cysteine Cysteine

Fig. 8.3. The suppressing effect of nitrate (1.3 f NaNO, kg~" W°7%) on CH, emission and the prophylactic
effect of L-cysteine (0.21 g S kg~' WO75) on nitrate induced methaemoglobinaemia in sheep.
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1. Wild-type E. coliW3110

Nitrate reductase (NRA)
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Nitrite reductase (Nir) Cytoplasm
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3NADH ~
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SNAD— \. +2H,0

2. Construction of E. coli nir-Ptac by replacement of self-promoter (nir) in
E. coliW3110 by tac promoter (Ptac) (Ajinomoto Co Inc, Kawasaki, Japan)

E. coliW3110
(Self-promoter: Nir)

. Ptac nirB

nirD nirC cysG

E. coli nir-Ptac

Fig. 8.4. Wild-type Escherichia coliW3110 and the construction of E. coli nir-Ptac.

nir-Ptac with higher NO,~ reductase activity,
in which the nirBD in E. coli W3110 is
expressed constitutively by replacing its
promoter with a tac promoter, has been
constructed (Ajinomoto Co Inc, Tokyo,
Japan). The NO,™ reductase activity of the E.
coli strain nir-Ptac was found to be
approximately two times higher than its
wild counterpart, E. coli W3110. E. coli nir-
Ptac inhibited in vitro rumen NO,”
accumulation and CH, production more than
wild-type E. coli W3110 in NO, -containing
cultures, and feeding of anaerobic cultures
(Sar et al., 2005¢). Rumen methanogenesis
was reduced by the inoculation of E. coli nir-
Ptac or E. coli W3110 (Sar et al., 2005a).
However, rumen and plasma NO,”
accumulation and erythrocyte methaemo-
globin production in sheep were not affected
by the inoculation of E. coli nir-Ptac.

Rumen manipulation with ionophores
such as monensin has been reported to
abate rumen methanogenesis (Mwenya et
al., 2005). Ionophores in respect of CH,
abatement are debated comprehensively in
Chapter 17, Section III, this volume. There is
anincreasing interestin exploiting prebiotics
and probiotics as natural feed additives and
alternatives to antibiotics, due to mounting

printed on 2/14/2023 5:19 AMvia .

concerns about the incidences of bacterial
resistance and environmental pollution
(Mwenya et al., 2006). Nisin and extract of
Yucca schidigera and Quillaja saponaria
comprising saponin have been categorized
as ‘generally recognized as safe’ (GRAS) for
human consumption by the US Food and
Drug Administration. Nisin produced by
Lactococcus lactis subsp. lactis showed a
mitigating effect on ruminal CH, emission
(Mwenya et al., 2004a; Santoso et al., 2004b;
Sar et al., 2006). Saponins are the natural
detergents found in a variety of plants.
Yucca saponins have a steroidal nucleus,
whereas quillaja saponins are triterpenoid in
structure (Fig. 8.5). Supplementation of
commercial-grade saponin, saponin-rich
plants or extracts decreased ruminal
protozoa and methanogenesis accompanied
by narrowing ruminal acetate/propionate
(A/P) ratio in vitro and in vivo (Wallace et al.,
1994; Takahashi et al., 2000; Wang et al.,
2000; Mwenya et al., 2004a; Santoso et al.,
2004a; Pen et al., 2006; Malik and Singhal,
2008; Malik et al., 2010). However, the
studies of Pen et al. (2007, 2008) showed no
effect of Q. saponaria on ruminal methano-
genesis and A/P ratio, although it suppressed
protozoal numbers.
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Fig. 8.5. Chemical structure of Yucca schidigera and Quillaja saponaria.

Galacto-oligosaccharides (GOS) are non-
digestible carbohydrates in non-ruminants
and have a long history of research as a
prebiotics food ingredient (Fig. 8.6). GOS
are resistant to gastrointestinal enzymes,
but are utilized selectively by Bifidobacteria
(Sako et al., 1999). In the rumen, Bifido-
bacteria and Lactobacillus species utilize
fructose, galactose, glucose and starch as
substrates to produce lactate and acetate.
Lactate is an intermediate compound of the
acrylate pathway during propionate pro-
duction in the rumen. The intensity of
propionate production competes indirectly
with rumen methanogens for the available
hydrogen. As Bifidobacteria and Lactobacillus
species in the rumen can utilize GOS and

CH,OH CH,OH

HO 0

OH OH

produce more lactate, ruminal methano-
genesis is suppressed by P1-4 galacto-
oligosaccharides with or without direct-fed
microbe yeasts and lactic acid bacteria
(Gamo et al., 2001; Sar et al., 2002, 2004b,c;
Takahashi et al., 2002, 2003; Mwenya et al.,
2004b,c,d, 2005; Santoso, 2004a). However,
the efficacy of B1-4 galacto-oligosaccharides
with probiotics on different diets and animal
species remains to be elucidated.

There has been a growing interest in
utilizing antimicrobial substances for
selectively targeting rumen methanogens to
reduce CH, emissions (Nollet et al., 1998;
Less et al., 2002; Asa et al., 2010). Figure 8.7
shows the effect of protease-resistant
antimicrobial substances (PRA) produced by

CH,OH

OH

Fig. 8.6. Chemical structure of $1-4 galacto-oligosaccharides.
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Fig. 8.7. Effect of PRA on potential CH, production. Vertical bars represent standard deviation (n = 4).
Means with different letters differ significantly (p <0.01).

Lactobacillus  plantarum and Leuconostoc
citreum on rumen methanogenesis in in vitro
continuous CH, quantification systems (Asa
et al., 2010). Four different strains of lactic
acid bacteria, Control: Lactococcus lactis
ATCC19435 (non-antibacterial substances),
Nisin-Z: L. lactis NCIMB702054, PRA-1: L.
plantarum TUA1490L and PRA-2: L. citreum
JCM9698, were cultured individually in
GYEKP  medium. PRA-1 remarkably
decreased cumulative CH, production. For
PRA-2, there was no effect on CH, and CO,
production and fermentation characteristics
in mixed rumen cultures. The results
suggested that PRA-1 reduced the number
of methanogens or inhibited utilization of
hydrogen in rumen fermentation.

The supernatant of L. plantarum
TUA1490L (LP) reduced in vitro CH,
production, but the non-proteinaceous
antimicrobial substance (PRA-1) was not
identified, which subsequently has been
shown as hydrogen peroxide (Takahashi,
personal communication). The antimicrobial
effect of H,O, has been attributed to its
strong oxidizing effect on bacterial cells and
to the destruction of the molecular structure
of cell proteins (Ito et al., 2003; Zalan et al.,
2005). However, there is no information
available on the effect of H,O, on rumen
fermentation. Thus, it was necessary to
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assess if methanogenesis was more sensitive
to H,0, in the LP supernatant than primary
and secondary rumen fermentation pro-
cesses that produce volatile fatty acids
(VFA). The effect of the supernatant of L.
plantarum TUA1490L on in vitro rumen CH,
output was investigated minutely with in
vitro gas quantification system (Takahashi
and Kawabe, 2011) installed auto infrared
CH, and CO, analysers (O’'Brien et al., 2013).
In consequence, H,O, was detected in the
supernatant and CH, output was reduced by
72%. However, the supernatant had an
adverse effect on total VFA concentration.

8.4 Innovative Reuse of the Digested
Slurry to Mitigate N,O

The increased emissions of CH, and N,O
from decomposing unmanaged and bio-
based industrial wastes along with the
expansion of human activities contribute to
climate change. The biogas plant produces
biogas including combustible CH, as a
renewable energy using unused resources
like animal manures, and can provide fuel,
heat and electricity (Takahashi et al., 2004;
Umetsu et al., 2005, 2006; Komiyama et al.,
2006) and minimize the impact on the
environment by reducing the amount of
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pollutants discharged. The biogas system
and its application have been expanded in
APEC (Asia-Pacific Economic Cooperation)
as a mitigation strategy with an economic
incentive (Takahashi, 2009).

The conventional biogas system based on
the anaerobic fermentation of organic
wastes, however, is not specifically for
nitrogen recycling but rather is more
specifically for carbon recycling. Therefore,
isometric fertilization of the digested slurry
after anaerobic fermentation may not be the
solution to the current issue of the
abatement of excess nitrogen, although N,O
is almost completely suppressed during
anaerobic fermentation (Takahashi, un-
published results). It causes not only CH,
emission, but also nitrate leaching and N,O
emission from soil (Takahashi, 2006). The
introduction of ammonia stripping from the
digested slurry of a thermophilic biogas
plant might be a solution to reduce the total
nitrogen content of the slurry as a liquid

Iron oxide H,S
removal tower

Fresh manure
Manure  330.0 t day™
Water 120.0 t day™’
Total 450.0 t day’
Biological H,S
removal tower
Fresh manure .
Reception
tank

Heat
exchanger

Pump

Pretreatment tank .
pit

1500 m?

Cellulose

biomass Ammonia stripping

fertilizer containing suitable nitrogen, and
eventually could contribute to the mitigation
of N,O emission as a new concept of the
biogas system (Fig. 8.8). Furthermore, the
stripped ammonia can be put to practical
use as a low-input and renewable nitrogen
resource without energy supply from
outside, because an abundant amount of
organic wastes exists in developing countries
and the energy required for ammonia
stripping can be supplied from a biogas
plant attached to the ammonia-stripping
apparatus. The following three options have
been examined for future nitrogen recycling:

1. Production of high-quality feed from
cellulose biomass in agricultural waste with
ammonia-stripping process from digested
slurry of biogas plant (Takahashi, 2007).

2. Saccharification of soft cellulose biomass
to create bioethanol and hydrogen using
ammonolysis by stripped ammonia from
effluent and hydrolysis of rumen bacteria.

Gas flare
stack Generators for
Gas holder co-generation

400 kW x 2

1600 m®
h

Electric power
hot water

Digested

manure
390 day-' ~ Fermentor ¥ Hot water storage
2250 m?® x 3 for plant heating

30 m?®

tower

Slurry tank
5000 m® x 6

Fig. 8.8. New advanced biogas system.
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3. Ammonia fuel cell with ammonia
stripping from digested slurry (Takahashi
and Uemura, 2009).

8.5 Ammonia Removal with
Heterotrophic Nitrification

Improper management of livestock
wastewater will cause eutrophication in the
hydrosphere due to nitrate and N,O
emission in the atmosphere attributed to an
excess amount of ammonia nitrogen (also
see Chapter 4, Section [, this volume). [t is a
common issue in Asian developing countries
where a gradual increase in population and
urbanization has been progressing along
with economic development. So far, most
biotechnological approaches to ammonia
removal from livestock wastewater have
been implemented by aerobic nitrification
and anaerobic denitrification using auto-
trophs. However, the autotrophic bacteria
are presumably unsuitable for livestock
wastewater treatment because of the high
strength of the ammonium and organic
matters. Furthermore, the long retention
for autotrophic nitrification has been
designated due to the slow proliferation rate
of the bacteria. In an attempt to seek the
ability of heterotrophic bacteria to remove

Denitrification (-O,)

ammonia, Alcaligenes faecalis strain No 4 was
isolated from the sewage sludge (Joo et al.,
2006). As an alternative for mitigating N,O
and nitrate emission derived from animal
agriculture (Fig. 8.9), heterotrophic nitrifi-
cation and the aerobically denitrifying effect
of A. faecalis strain No 4 on an excess amount
of ammonia nitrogen was evaluated in
wastewater collected from a piggery in a
suburb of Shanghai, China, according to the
procedure reported by Joo et al. (2006).
Possible removal of ammonia from piggery
wastewater using A. faecalis strain No 4 was
confirmed with proper controlling of the
C/N ratio and pH.

8.6 Conclusion

The major GHGs attributed to animal
agriculture are CH, and N,O. Approximately
18-20% of atmospheric CH, is derived from
enteric fermentation, and organic effluent
comes from the animal agriculture sector.
Methanogen archaea in the rumen reduce
CO, into CH, using metabolic H,. Some
prophylactics such as probiotics, prebiotics
and natural compounds including nitrate
areused as alternatives to replace ionophores
for rumen CH, mitigation. These pro-
phylactics manipulate rumen microbial

NO3'7—> NO,- 7—> NOH 7—> NO,OH 7—>NH3
H H H H

2 2

2

___________ ? Nitrification (+0,?)

Fig. 8.9. Ammonia removal with heterotrophic nitrification and aerobic denitrification abilities of

Alcaligenes faecalis.
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fermentation by enhancing propionate
production via the acrylate pathway.
Ammonia derived from animal manures and
chemical fertilizers also contribute to nitrate
pollution in the hydrosphere and N,O pol-
lution in the atmosphere. Nitrogen pollution
might be mitigated by recycling using
ammonia-stripping technology combined
with thermophilic anaerobic fermentation.
Biotechnological approaches using highly
exploited profitable organisms for co-
existence and co-prosperity in sustainable
animal agriculture may be an alternative
way for developed and developing countries.
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Abstract

Animal production contributes substantially
to global greenhouse gas emissions (about
14.5%). So-called carbon footprints (CFs)
consider the greenhouse gas potential of
climate-relevant gases (e.g. CO, x 1; CH, x
23; N,O x 296), which is given in carbon
dioxide (CO,)-equivalent gl or kgt of
product or unit of edible protein. CFs may
help to assess the greenhouse gas emissions
associated with the production of food of
animal origin such as milk, meat, eggs or
fish, and they may contribute to sensitizing
producers and consumers to a more
resource-efficient and environmentally
friendly production and consumption of
food of animal origin and to avoiding food
wastage. The highest CFs per unit edible
protein are calculated for products of
growing ruminants (beef and lamb),
followed by milk, pork, eggs and poultry
meat, with the lowest values. Discrepancies
in the results of various studies are explained
mainly by different system boundaries,
allocation methods and computation of
emissions, especially with regard to land-use
changes, enteric methane (CH,) and nitrous
oxide (N,O) emissions. A more standardized
approach for CF calculations would be a very
useful tool to compare CFs between
production systems, regions and countries,
and as an indicator for food labelling. The
production of food of animal origin is a very
complex process, and a selective con-
sideration, i.e. focusing on single factors,
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does not provide an assessment that reflects
the complexity of the subject.

9.1 Introduction

A growing population and higher need for
feed and food are associated with a growing
demand for limited natural resources, and
elevated emissions with greenhouse gas
(GHG) potential, such as carbon dioxide
(CO,), methane (CH,), nitrous oxide (N,O)
and other substances (e.g. nitrogen (N),
phosphorus (P), trace elements, etc.),
characterize the situation all over the world
(IPCC, 2006; Steinfeld et al., 2006; FAO,
2009, 2010; Godfray et al., 2010). The shift
from plant-based diets to more animal
products (Delgado, 2003; Tilman et al.,
2011; Kastner et al., 2012), based on higher
income (Keyzer et al., 2005), requires higher
yield or more land for providing adequate
feed to livestock (Gerbens-Leenes and
Nonhebel, 2002; Naylor et al., 2005;
Wirsenius et al., 2010). Therefore, some
experts propose a redefinition of agricultural
yield and agriculture in general, from tonnes
to people nourished per hectare (Kastner et
al., 2012; Cassidy et al., 2013), and ask more
and more for sustainable animal agriculture
(Kebreab, 2013).

The balance between planet (global
resources and emissions), people (population
all over the world) and profit (money
making), in the so-called 3P concept (Boonen
etal.,2012), is an important prerequisite for
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sustainable life and development on earth.
Profit should not be the single objective of
production. We need to find a balance
between a careful and sustainable use of
limited resources such as arable land, water,
fuel and some minerals on the one hand
(Fedoroff et al., 2010; Giovannucci et al.,
2012) and low emissions with local and
global consequences for later generations
(Foley et al., 2011) on the other hand.

Attention has been paid to so-called
carbon footprints (CFs), but these have also
been modified or called ecological footprints
(EFs), eco-balances (EBs), life cycle assess-
ments (LCAs) or life cycle impact assess-
ments (LCIAs). In all cases, the term means
a summarized parameter for all gaseous
emissions with GHG potential to sensitize
producers and consumers (Upham et al.,
2010; Young et al., 2010), for an efficient use
of fossil carbon sources and to reduce GHG
emissions per product (de Alvarenga et al.,
2012). CFs or LCAs are used as a tool for
estimating the environmental effects caused
by products or processes. Furthermore, CFs
may also contribute to assessing the resource
and feed efficiency between various regions
and production systems. Recently, some
experts have written about problems with
LCAs (Ciroth et al., 2004; Reap et al., 2008;
Morais and Delurue-Matos, 2010; Caffrey
and Veal, 2013), and new developments
such as more comprehensive life cycle
sustainability analysis (LCSA; Guinee et al.,
2011), but a unified solution to the subject is
still lacking. Therefore, CFEs are calculated
and interpreted in this chapter in the
common way.

Agriculture, and especially animal
husbandry, are considered as important
GHG sources because of the high GHG
potential of some emissions associated with
animal production (e.g. CH, and N,O),
which are estimated at 7.1 Gt CO,-equivalent
(eq) per annum, representing 14.5% of
human-induced GHGs (see Gerber et al.,
2013). Table 9.1 summarizes the present
production of food of animal origin,
expected growing rates and emissions for
animal groups. Globally, ruminant supply
chains are estimated to emit 5.7 Gt CO,-eq
year!, of which 81%, 11% and 8% are
associated with cattle, buffalo and small
ruminant production, respectively (Opio et
al., 2013).

Based on these, the objective of the
present contribution is to analyse the
sources and amounts of gases associated
with the production of food of animal origin
and to deduce parameters (so-called carbon
footprints) to assess the level of emissions
from animal production.

9.2 Fundamentals to Calculate
Carbon Footprints

Carbon footprints are defined as the total
amount of GHG emissions (under con-
sideration of their GHG potential) associated
with a product along its supply chain (see
Fig. 9.1).

CFs sometimes include emissions from
consumption, end-of-life recovery and
disposal. Usually, CFs are expressed in
kilograms or tonnes of carbon dioxide

Table 9.1. Present production, growing rates and emissions for some groups of food of

animal origin.

Animal groups Ruminants Pigs Poultry
Production Milk: 864 Cw:2110 Eggs: 58
(million tonnes) Meat: 81 CW: 72
Growth rate Milk: 1.1 1.3 Eggs: 1.6
(% year™1; until 2030/50) Meat: 1.3 Meat: 2.4
Emissions Milk: 2.0 0.7 Eggs: 0.2
(Gt;> CO,-eq year™) Meat: 3.7 Meat: 0.4

Notes: 2Carcass weight; °gigatonnes calculated from the data of Gerber et al. (2013), MacLeod et al.

(2013) and Opio et al. (2013).
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2 CO, will be fixed by photosynthesis and produced by animal metabolism, therefore

it is considered as emissions neutral.

Fig. 9.1. Substantial elements of the food/supply chain to produce food of animal origin as well as
selected inputs of resources and outputs of greenhouse gases (base for system boundaries).

equivalents (CO,-eq) per unit of product
(Opio et al., 2013). Studies and publications
on CFs have increased dramatically during
the past few years, demonstrating that the
interest for more resource-efficient and
cleaner production is enhanced. Agriculture,
and especially animal husbandry, is
considered as an important GHG source
because of the high greenhouse potential of
the emissions (e.g. CO, x 1; CH, x 23 and
N,O x 296; IPCC, 2006). CFs consider the
GHG potential of climate-relevant gases and
are given in CO,eq gt or kg! product.
Various authors have calculated such CFs for
agriculture in general, but also for separate
segments.

The public interest in CFs is discussed in
the context of global warming and possible
climate changes (IPCC, 2006). The chapter
presents the most important factors in
agricultural primary production along the
whole food chain, i.e. soil, plant production
(harvesting, conservation), industrial feed
production, livestock keeping (including
excrement management) and possible other
influencing factors such as feed and food
processing, transport and trade (Fig. 9.1)
resulting in climate-related emissions. The
consequences of land-use change (LUC, i.e.
change of forest into cropland or pasture)
for CF calculations should also be considered,
but in some cases the values are not known
or not considered in calculations (e.g. import
of feeds).
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A number of factors (e.g. plant yield,
animal species and performances, type of
production) cannot be ignored when taking
into account the GHG potential of the
various gases (see above) to derive CFs and
for the comparison of values along the food
chain (see Fig. 9.1).

9.2.1 Carbon dioxide (CO,)

The direct CO, emission from animals can be
considered as emission neutral. The CO,, will
be fixed by the photosynthesis of plants and
excreted by the animals as a result of animal
metabolism (see Fig. 9.1). But nevertheless,
the CO, emission must be viewed along the
whole food chain and include burning of
fossil carbon during feed production (Fig.
9.1) and land-use changes. In general, non-
carbon dioxide GHGs such as CH, and N,O
come directly from animals or from animal
manure practices.

9.2.2 Methane (CH,)

CH, is emitted from the enteric fermentation
in the digestive tract of animals, mainly in
the rumen, but also during manure
management (see Fig. 9.1). Details of enteric
CH, emission are described in many papers
and prediction equations are given
(Flachowsky et al., 2011; Hristov et al.,

Al use subject to https://ww.ebsco.coniterns-of-use



128

G. Flachowsky

2013a,b; also see Section III, this volume).
The CH, emissions from manure manage-
ment are generally not directly associated
with animals, but the losses can be
substantially high (Hristov et al., 2013a,c;
Montes et al., 2013), especially if the excreta
are stored under anaerobic conditions.

9.2.3 Nitrous oxide (N,O)

Animals do not excrete N,O directly, but it
can be formed in manure depending on the
storage conditions and the following land
application (Flachowsky and Lebzien, 2007;
Hristov et al., 2013a,c; Montes et al., 2013).
These microbial processes depend on the
temperature, moisture content and
oxidation status of the environment.
Further details are described in Chapter 4,
Section I, this volume.

9.3 Calculation of CFs of Food of
Animal Origin

Over the past 15 years, beginning with one
or two studies being published per year from
1998 to 2000, the number of studies
published has increased, with about 20
studies being published in 2011 (Avadi and
Fréon, 2013). The studies dealt with
calculations of the CFs of nearly all types of
food of animal origin (see summaries by
Williams et al., 2006; Leip et al., 2010;

Gruenberg et al., 2010; Flachowsky, 2011;
Flachowsky et al., 2011; Lesschen et al,
2011; Gerber et al., 2013; MacLeod et al.,
2013; Opio et al., 2013).

The results of CF calculations for foods of
animal origin depend on many influencing
factors, such as the end points of animal
production. The advantages and weaknesses
of end points (outputs) of various forms
of animal production are summarized in
Table 9.2. All end points are characterized by
some advantages and disadvantages. From
nutritional and scientific points of view,
edible protein seems to be the most
favourable measurement, but in the case of
meat production, its measurement is not
easy and requires some analytical work.

For practical reasons, carcass weight or
weight gain (warm or cold) would be the
most important end point to measure the
yield of slaughtered animals, because this
weight is measurable in the slaughter house
(Peters et al., 2010) and can be used for
further calculations. Ways to calculate CFs
and examples for various foods of animal
origin are shown and discussed in the
following sections.

9.3.1 Milk

Table 9.3 demonstrates some important
emission sources and steps to calculate
emissions per cow per year and per kilogram
of milk. The values per cow or per kilogram

Table 9.2. Advantages and disadvantages of various outputs/end points of animal yields.

Animal yields Advantages

Disadvantages

Milk, eggs Easily measurable, almost completely
edible
Body weight gain Easily measurable

Carcass weight Easily measurable

Meat, edible fraction ~Completely edible

Edible protein

of animal origin

Most important objective of animal
production; comparison of various
ways and sources to produce protein

Variation in protein, fat and energy
yield, analysis may be useful

High portion of non-edible fractions in
the gains

Still contains fractions that are not
edible (e.g. bones)

Categorization and separation not
easy

Categorization of various fractions as
edible and difficulties in measuring;
additional analytical work; variation
in N-protein content
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Table 9.3. Calculation of emissions per cow per year (body weight: 650 kg; milk yield: 8000 kg and

1 calf year™).

Emissions (kg cow™' year™')

Sources of emission

Fertilizer

Feed

Transport, treatment

Rumen fermentation

Fermentation of excrement management
Emissions from soil?

Total

CO,-equivalents of emission (kg cow™")
CO,-equivalents (kg cow ' year™)
CO,-equivalents (g kg™ milk)®

(Per cent of total emissions)

Cco, CH, N,O
210 55 1.1
83 - 1.2
43 -
119
19 0.9
-1 1.8
336 143 5
336 3290 1500
5200
650
6 65 29

Notes: @No land-use change; Pwithout calf and heifer. (Daemmgen and Haenel, 2008.)

of milk depend on the levels of emissions
and on the milk yield. The calculation shows
that in this case about two-thirds of
emissions come from CH,,.

Table 9.4 shows the exemplary CF for
milk, taking various boundaries into con-
sideration. A clear definition and under-
standing of these system boundaries are
important prerequisites for comprehending
the calculations and making the results
easily comparable (Casey and Holden,
2006a,b; Matthews et al., 2008). Further-
more, a clear definition of milk (e.g. energy,
protein or fat-corrected milk; see Table 9.4)
is also necessary to compare the calculations
of various authors. Scientists working in
this field should agree on the system
boundaries and the GHG factors of the
climate-relevant gases.

The large range in the CFs of milk in
comparing the results of various authors
and depending on the many influencing
factors is shown in Tables 9.5 and 9.6. The
CF for milk calculated by various authors
ranges between 0.4 and 1.5 kg CO,-eq kg™
in Europe, North America and Oceania, and
taking into consideration the different world
regions, between 1.3 (Europe and North
America) and >10 kg CO,-eq kg™ in sub-
Saharan Africa or the highlands of Peru
(FAOQ, 2010; Bartl et al., 2011; see Tables 9.5
and 9.6). Most authors considered only the
emissions during production, but sometimes
LUC as well as processing, transport and
trade were also included in the calculations.
In their recent publication, Opio et al. (2013)
mentioned ranges from 1.6 to 9.0 kg CO,-eq
kg! fat- and protein-corrected milk (FPCM)

Table 9.4. Model calculation to demonstrate the effects of various system boundaries of CFs of milk (g
CO,-eq kg™ of milk; 30 kg milk cow~" day~"; diet on DM-base: 60% roughage, 40% concentrate; 4% milk
fat, 3.4% protein; 305-day lactation; 60-day dry period, 3-year lactation; 30 months calf and heifer period).

System  System boundaries

CF (g CO,-eq kg™' milk)

2 + Dry period of cows

3 + Heifer period

4 + Animal housing and milking
5 + Excrement management

NOoO o WM =

Animal-caused emissions (including CH, during lactation period)
1+ Emissions of feed production (without LUC)

6 + Processing, transportation and trade of milk

280
430
500
730
760
820
1100

(Flachowsky et al., 2011.)
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Table 9.5. Examples of CFs (kg CO,-eq kg~ milk) depending on the type of production.

Type of production/farming

Country Conventional Organic Reference

0.83 0.84 Woitowicz (2007)

0.85 0.78 Hirschfeld et al. (2008)
Germany 0.94 0.88 Fritsche and Eberle (2007)

0.98 0.92 GEMIS (2009)

1.30 1.30 Haas et al. (2001)

0.90 0.94 Cederberg and Flysj6 (2004)
Sweden 0.99 0.94 Cederberg and Mattsson (2000)

0.97 1.13 Van der Zijpp (2001)
The Netherlands 1.40 1.50 Thomassen et al. (2007)

1.06 1.23 Williams et al. (2006)
UK 1.20 1.30 PAS (2011)

1.6 (1.0-3.2) 1.3 (0.9-2.4) Plassmann and Edwards-Jones (2009)

Austria 1.20 1.00 Lindenthal et al. (2010)

Table 9.6. CFs (kg CO,-eq kg~' milk) in different countries without considering production type.

Country CF kg CO,-eq kg™ milk Reference

0.40 (40 kg milk) Flachowsky (2008)

0.65 Daemmgen and Haenel (2008)
Germany

Model calculation

New Zealand

USA

Sweden
Canada
UK

EU
Ireland

Norway

Peru; Coast
Highlands

Global
Literature review

Global — cow

Global — buffalo

Global — small
ruminants

0.98 (10,000 kg milk year™)
1.35 (6000 kg milk year~')

0.55 (20 kg milk day™")
1.00 (10 kg milk day~")
0.65-0.75

0.86

1.09

1.35

1.00

1.00

1.06

1.3 (1.0-2.3; EU-27)
1.3-15

15-16

(combined milk/meat; expanded boundaries)
3.2

13.8

2.4 (1.3-7.5; global)

0.8—1.4 (on farm)

0.9-1.8 (on-farm + post-farm emissions)

2.8

3.4
6.5

Zehetmeier et al. (2011)

Flachowsky (2008)

Basset-Mens et al. (2009)

Ledgard et al. (2004)
Phetteplace et al. (2001)
Peters et al. (2010)

Cederberg et al. (2009)
Verge et al. (2007)
Williams et al. (2006)
Lesschen et al. (2011)
Casey and Holden (2005)
Roer et al. (2013)

Bartl et al. (2011)
FAO (2010)

Sevenster and de Jong (2008)

Opio et al. (2013)
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for regional emission intensity. Generally,
milk production in low productive systems
has higher emissions per kilogram FPCM
than in high production systems (Gerber et
al., 2011). CH, and N,O emissions per cow
increase, but they decrease per kilogram of
milk with increasing productivity, while CO,
increases because of a higher feeding of
concentrates, but on a much lower scale.

9.3.2 Slaughtered animals

It is much more difficult to measure the yield
from the animal body after the slaughtering
and processing of the animal (see Table 9.2).
Calculation of CFs may be based on various
outputs. For practical reasons, carcass
weight or weight gain (warm or cold) would
be the most important end point to measure
the yield of slaughtered animals. Based on
the values derived from Table 9.7, the CFs

are calculated for the various end points
taking into consideration the differences in
feeding and GHG emissions, and are shown
in Table 9.8.

The co-products of feed and the food
industry (Makkar, 2012) can reduce the CF
of food of animal origin (Elferink et al.,
2008), because of their lower environmental
costs (Bockisch et al.,, 2000). Under farm
conditions, only the GHG balance per
kilogram of body weight gain can be
calculated. Normally, the GHG emissions for
the whole beef system include also the
emissions of the cows, calves and heifers
needed to produce beef. They are much
higher than in the dairy cow-growing/
fattening bulls for beef system. The GHG
emissions to produce pork and poultry meat
should also include the emissions of parents
(sows and laying animals).

The term ‘meat’ is generally used, but
what is actually meant by the term is not

Table 9.7. Model calculations of CFs for beef (150-550 kg body weight)2 depending on feeding®®, weight

gain, CH, and N emissions.

Carbon footprints (kg CO,-eq kg™)

Empty
carcass Edible
Feed CH, N,O Weight  weight fraction Edible
Gaind intake® Concentrate! emissiond N excretion" synthesis'  gain gain gain  protein
500
(pasture) 6.5 0 26 110 2 115 23.0 28.0 110
1000
(indoor, grass
silage) 7.0 15 24 130 1 5.5 11.0 13.8 55
1500
(indoor, maize 7.5 30 22 150 0.5 3.5 7.0 9.0 35
silage)

Notes: a3Production of calf up to 150 kg BW is not considered; "CO, output: 120 g kg~' roughage DM; 220 g kg™’
concentrate DM; feed sources may have a strong influence on CFs. Units for ¢ & f 9. " and ' are measured in g day™'; kg
DM animal~' day~'; per cent of DMI; g kg~ DM; g day~'; and per cent of N excretion, respectively. (Flachowsky, 2008.)

Table 9.8. Model calculation to show various end points for growing/fattening bulls (150-550 kg body

weight).
Carcass Edible Edible protein
Weight ~ Weight gain without Carcass weight weight gain  Meat gain Meat fraction (g day~'; 19%
gain content of intestinal  (warm; per cent (warm; (per cent of gain gain? protein in
(g day™) tract (g day~") of weight gain) gday')  weightgain) (gday') (gday') edible fraction)
500 438 50 250 40 200 250 48
1000 900 53 530 44 440 490 93
1500 1385 56 840 48 720 770 146

Note: @Meat plus other edible tissues; calculation based on data by Flachowsky (2002).
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clearly described: real meat or meat plus
bones? Peters et al. (2010) introduced the
term ‘hot standard carcass weight’ (HSCW)
as the weight at the exit gate of the meat
processing plant. It varies between 50 and
62% of the live weight of slaughtered cattle,
but it may vary between 50% in the case of
sheep and up to 80% for fattening turkeys
(Flachowsky, 2002; Williams et al., 2006;
Peters et al., 2010; Table 9.8).

Therefore, it is really difficult to find an
adequate CF for the meat or edible products
from slaughtered animals. Various authors
used different bases to calculate the CF
of products from slaughtered animals.

Williams et al. (2006) estimated the killing
out percentages for beef and poultry as 55
and 70%, respectively, and 72, 75 and 77%
for pigs with body weights of 76, 87 and
109 kg, respectively. Lesschen et al. (2011)
used fixed values to calculate the carcass
fraction from the final body weight of
animals (e.g. 58% for beef, 75% for pork
and 71% for poultry). Most authors used a
fixed fraction of 0.9 for all animal species
for converting carcass weight to edible
meat. One reason for the high range of CFs
for food from slaughtered animals is
understandable, as shown for beef in Table
9.9.

Table 9.9. Examples by various authors of CFs (kg CO,-eq kg~' carcass weight gain) of beef cattle
depending on type of production.

Type of production/farming

Country Conventional Organic Reference

8.5 29.0 (beef cow) Reitmeyr (1995)
Germany 8.7/10.1 10.2 Woitowicz (2007)

13.3 11.4 Fritsche and Eberle (2007)

15.2 17.5 Schlich and Fleissner, 2005
Australia 9.9 12.0 Peters et al. (2010)

(grain finished) (grass finished)
UK 15.8 18.2 Williams et al. (2006)
Ireland 23.6 20.2 Casey and Holden (2006)
Global 10 32-40 PAS (2011)

(intensive — dairy beef) (suckler beef)

24.5 20.9 Subak (1999)

Without differentiation between conventional and organic

Germany 5.6 (6000 kg milk year-')—14.6 (10,000 kg milk
year™', see Table 9.6)
7.0-23.0
8.4 (fattening from dairy cows)
16.8 (fattening from beef cows)
Canada 5.9-10.4
Sweden 10.1
Ireland 13.0 (11.3-15.6)
EU 16.0-19.9; 27.3 (suckler herd)
Norway 17.7—-18.4 combined milk/meat; expanded
boundaries
Japan 19.6
36.4
(beef cows — fattening bulls; 40% meat yield)
Gilobal 15.6 (fattening from dairy cows)
20.2 (fattening from beef cows)
Beef 46.2
Buffalo 53.4
Small ruminants 23.8
Literature review; 32

five studies

Zehetmeier et al. (2011)

Flachowsky (2008)
Hirschfeld et al. (2008)

Verge et al. (2007)
Cederberg and Stadig (2003)

Casey and Holden (2006a,b)
Nguyen et al. (2010)
Roer et al. (2013)

Ogino et al. (2004)
QOgino et al. (2007)

FAO (2010)

Opio et al. (2013)
Opio et al. (2013)
Opio et al. (2013)
Tan et al. (2014)
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9.3.3 Beef

The ruminant sector contributes to about
29% of the global meat production, but 5.7
Gt CO,-eq, representing about 80% of the
global livestock emissions per year, should
come from all ruminants (see Table 9.1;
Opio et al., 2013). The large range in CFs,
comparing the results of various authors
and depending on the many influencing
factors, is shown for beef in Table 9.9. The
values are much higher than those for milk
(compare Tables 9.5 and 9.6 with 9.9), and
are influenced by body weight gain, feed
production with or without LUC and the
feeding and keeping of the animals, as well
as the system boundaries. The calculation
base for the output of growing animals is
more difficult (see Tables 9.7 and 9.8) to
calculate than that for milk or eggs (see
Table 9.2). Depending on the calculation
base, the authors found a high variation in
the CFs of beef. The highest values are given
for beef cows (Table 9.9). In general, all the
results indicate (Peters et al., 2010;
Flachowsky et al., 2011, O’Mara, 2011; Opio
et al., 2013) that policies which are targeted
at improvements in productivity and
efficiency of resource use will result in a
lower GHG emission or lower CFs per unit of
product. In the case of beef production,
about 15% of total emissions are associated
with the expansion of grassland into forest
(Opio et al., 2013).

9.3.4 Pork

The pig sector contributes 37% to global
meat production; it will grow by 32% from
2005 to 2030 (MacLeod et al., 2013). Only
0.7 Gt CO,-eq per annum, representing
about 10% of the livestock sector’s
emissions, comes from pigs (see Table 9.1;
MacLeod et al., 2013).

The main emission sources from global
pig supply chains are feed production (60%)
and excrement management (27%). The
remaining 13% arises from post-farm
processing, transport, enteric fermentation
and indirect energy use in pig production
(MacLeod et al., 2013). Thirteen per cent of
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the total emissions arise from LUC driven by
the increasing demand for feed crops (e.g.
forest into soybean area).

MacLeod et al. (2013) compared the
results of 14 studies with pigs from Europe,
North America and Australia and found a
range in emissions between 2.01 and 6.36 kg
CO,-eq kg! carcass weight. Later, the same
authors adjusted all studies to the same
scope according to FAO rules and calculated
values between 3.34 and 6.37 without LUC
and values between 4.71 and 9.85 kg CO,-eq
kg carcass weight with LUC. Tan et al.
(2014) analysed three case studies from
Australia and Canada and found similar
results (4.5 kg CO,-eq kg™! pork).

All the values mentioned above are much
lower than the data from beef (Table 9.9).
The main reasons for this are the enteric
CH, production in ruminants and the low
growth intensity of beef cattle (mostly
<0.5% weight gain day! of body weight)
compared with pigs (mostly >1% weight
gain day! of body weight; see also Table
9.11).

9.3.5 Poultry

Chicken meat accounts for about 24% of
global meat production. The global demand
for chicken meat and chicken eggs is
forecasted to grow by 61 and 39%,
respectively, during the period 2005-2030.
Chickens are estimated to emit 0.6 Gt
CO,-eq year™, representing about 8% of the
livestock sector’s emissions (also see Table
9.1; MacLeod et al., 2013).

In the case of chicken meat on the global
scale, 78% of emissions come from feed
production and only small amounts directly
from farm energy use (8%), processing and
transport of meat (7%) and excrement
management (6%; MacLeod et al., 2013). In
the case of eggs, feed production contributes
to 69% of emissions, direct on-farm energy
uses 4% and post-farm processing and
transport 6%; the rest (20%) is manure
storage and processing,.

Some authors did not consider emissions
from LUC, where it occurred. In such cases,
about 21% of poultry meat emissions and
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13% of egg emissions came from LUC (from
forest into soybean; MacLeod et al., 2013).
These authors compared the emissions of 18
studies with broilers from Europe, North
America, Brazil and Australia and found a
range between 1.30 and 5.53 kg CO,-eq kg™
carcass weight. Later, the same authors
adjusted all studies to the same scope
according to FAO rules and calculated values
between 1.89 and 5.00 without LUC and
values between 1.93 and 7.71 kg CO,-eq kg*
carcass weight with LUC. Tan et al. (2014)
calculated 2.9 kg CO,-eq kg™ meat in three
case studies on chicken from Brazil and
Finland. The most important influencing
factors of the CFs of broilers are the feed
amounts needed per weight gain (feed
conversion rate) and feed transport
(Thevenot et al., 2013). LUC should not be
neglected.

In the case of eggs, feed production con-
tributes to 69% and excrement management
to about 20% of the emissions (Table 9.1;
MacLeod et al., 2013). Pelletier et al. (2013)
came to a similar assessment after analysis
of egg production in the Midwestern USA.
The composition of eggs is well defined, but
may differ between various sources and
depend on the animal breed, feeding of
animals and other influencing factors (Table
9.10). The yield can be measured as weight
(kilogram, etc.) or on the basis of
standardized products (e.g. standardized
protein, fat, dry matter or energy). Therefore,
analysis of egg composition (protein, fat)
may contribute to a more specific measuring
of animal yield including energy yield. Eggs
may be used entirely as food (except for
small amounts of eggshells; see Table 9.11).

In conclusion, growing intensity, laying
performance, feed conversion rate (FCR),
healthy animals and low animal losses are
the key determinants of the emission
intensity per kilogram of food of animal
origin from non-ruminants (pork, broiler
meat and eggs).

9.3.6 Aquaculture

Aquaculture is a strong, upcoming way to
produce food protein of animal origin.
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Recently, some authors have tried to
determine the CF of various forms of
aquaculture. Mungkung et al. (2013) carried
out a case study of combined aquaculture
systems for carp and tilapia. The studied
system included fingerling production in
hatcheries, fish rearing in cages and
transport of feed, as well as that of harvested
fish to markets.

Avadi and Fréon (2013) reviewed 16 LCA
studies applied to fisheries and considered
in the comparison the following aspects:
scope and system boundaries; functional
unit allocation strategies for co-products;
conventional and fishery-specific impact
categories; fuel use; impact assessment
methods; level of detail of inventories;
normalization of results and sensitivity
analysis. Fishery-specific impact categories
and fuel use in fishing operations were
identified as the main contributors to
environmental impact. Nijdam et al. (2012)
analysed 18 and 11 studies for seafood from
fisheries and agriculture, respectively. The
authors summarized the CF as being
between 1-86 kg CO,-eq for seafood
from fisheries and 3-15 kg CO,-eq for
seafood from aquaculture, respectively.
These authors, as well as Avadi and Fréon
(2013), defined the need for standardization
of fisheries LCA research for further studies
on the sustainability of seafood and
fisheries-based agrifood.

9.3.7 Edible protein

The production of protein of animal origin is
one of the most important goals of animal
husbandry (De Vries and de Boer, 2010;
Lesschen et al, 2011; Flachowsky and
Kamphues, 2012; Nijdam et al., 2012). On
the other hand, the efficiency and the
emissions of food of animal origin can also
be compared on the basis of edible protein.
The N or protein (N x 6.25) content of
various foods of animal origin may vary
from the values used for the calculations in
Table 9.11. These data agree with the values
used by Lesschen et al. (2011) and they do
not disagree substantially with the values
from human food tables (Table 9.10).
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Table 9.10. Protein content of some edible animal products, by various authors (g kg~' edible product).

References
GfE
Flachowsky (1995;1999; Souci etal. Andersen Lesschen et Nijdam et al.
Product (2002) 2001;2006) (2008) (2011) al. (2011)2 (2012)
Cow milk 34 34 33.3 34 34.4 35
(30.8-37.0)
Beef 190 170-200 220 206-212 206 200
(206-227)
Pork 150 157 220 183-216 156 200
(129-178)  (195-240)
Poultry 200 n.d. 199 182-242 206 200
Eggs 120 121 125 125 119 130
(110-124)

Notes: aN content x 6.25; Pmuscles only; n.d. = no data.

Nijdam et al. (2012) used, to calculate CFs
for seafood from fisheries, 160-200 g and,
for seafood from agriculture, 170-200 g
protein kg™! food.

Taking into consideration various
influencing factors such as animal yields,
feeding, edible fractions and protein content
in the edible fractions, the yield of edible
protein per day and per kilogram of body

weight of animals is given in Table 9.11.
Feeding may influence the CFs of food of
animal origin. In the case of ruminants,
higher amounts of concentrate are required
with higher animal yields. The proportion of
co-products used in animal nutrition has
not only nutritional implications (Makkar,
2012) but also affects the results of
calculations on land use (Vandehaar, 1998).

Table 9.11. Influence of animal species, categories and performances on yield of edible protein.

R:C ratio Edible Proteinin  Edible Edible
Performance DMI (percent fraction®  edible protein®  protein®
Protein source? (day™) (kg day~") DM basis) fraction®
Dairy cow (650 10 kg milk 12 90/10 323 0.5
kg) 20 kg milk 16 75/25 95 34 646 1.0
40 kg milk 25 50/50 1292 2.0
Dairy goat (60 kg) 2 kg milk 2 80/20 95 36 68 1.1
5 kg milk 25 50/50 170 2.8
Beef cattle (350 500 ¢f 6.5 95/5 48 0.14
kg) 1000 of 7.0 85/15 50 190 95 0.27
1500 ¢f 7.5 70/30 143 0.41
Growing/fattening 500 gf 1.8 20/80 45 0.56
pig (80 kg) 700 ¢ 2 10/90 60 150 63 0.8
1000 ¢ 2.2 0/100 81 1.0
Broiler 40g 0.07 10/90 60 200 4.8 3.2
(1.5kg) 60gf 0.08 0/100 7.2 4.8
Laying hen 50%! 0.10 20/80 34 1.9
(1.8kg) 70%9 0.11 10/90 95 120 4.8 2.7
90%?9 0.12 0/100 6.2 3.4

Notes: 2 Body weight is given in brackets; Prepresents the fraction in per cent of product or body mass; crepresents the
edible fraction in g kg™' fresh matter; dedible protein in g day~'; and represents the edible protein in g kg~'; 'daily weight

gain; %laying performance BW. (Flachowsky, 2002.)
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There are large differences in animal protein
yield per animal per day or per kilogram of
body weight and day depending on animal
species and categories, as well as their
performances and the fractions considered
as edible (see Table 9.11).

Table 9.11 shows the highest protein
yields per kilogram of body weight for
growing broilers as well as for laying and
lactating animals and the lowest values for
growing/fattening ruminants. Based on
those values, emissions per kilogram of
edible protein are given in Table 9.12. Higher
portions of edible fractions or higher protein
content as shown in Tables 9.8 and 9.12 may
increase protein yield and reduce the CF per
product. At high levels of performance,
there are remarkable differences in CO,
emissions due to human consumption of 1 g
of protein from food of animal origin (eggs
and meat from poultry < pork < milk < beef;
see Table 9.12).

Nijdam et al. (2012) analysed 52 LCA
studies (Table 9.13) and summarized the CF
per kilogram of product and per kilogram of
edible protein of animal origin. The results
indicate that large differences exist between

the studies and the products. The outcomes
for milk, pork, poultry meat and eggs show
much more homogeneity than those for
beef, mutton, lamb and seafood. This is
largely because of the very wide variety in
production systems of the last food groups.
Meat from non-ruminants has a lower CF
than that from ruminants, because CH, is
the main contributor to the CF of ruminants.
Because of too low values for feed production
and processing (see Tables 9.3 and 9.4),
most values shown in Table 9.12 are
considerably lower than the data given in
Table 9.13.

Apart from protein, food of animal origin
also contains other main nutrients (fat and
lactose in the case of milk; fat in the case of
meat and eggs), which contribute to human
nutrition and may replace energy of plant
origin in human food. But, at this point, it
has to be emphasized that this protein intake
is accompanied, willingly or not, by an energy
intake from the protein itself. Therefore,
exclusive attribution of the CO, burden to
the protein fraction (‘edible protein’) should
be avoided. There are different alternatives to
prevent this fact from being neglected. In a

Table 9.12. Influence of animal species, categories and performances on emissions (per kilogram of
edible protein; calculations based on the data from Tables 9.10 and 9.11).

Emissions in kg kg™ protein

Protein source Performance N excretion (per CH, emission

(BW) (day™) cent of intake) (g day™")° P N CH,® CO,-eq
Dairy cow 10 kg milk 75 310 0.10 0.65 1.0 30
(650 kg) 20 kg milk 70 380 0.06 0.44 0.6 16
40 kg milk 65 520 0.04 0.24 0.4 12
Dairy goat 2 kg milk 75 50 0.08 0.5 0.8 20
(60 kg) 5 kg milk 65 60 0.04 0.2 0.4 10
Beef cattle 500 g? 90 170 0.30 2.3 35 110
(350 kg) 1000 g2 84 175 0.18 1.3 1.7 55
1500 g2 80 180 0.14 1.0 1.2 35
Growing/ 500 g@ 85 5 0.20 1.0 0.12 16
fattening pig 700 g2 80 5 0.12 0.7 0.08 12
(80 kg) 900 g? 75 5 0.09 0.55 0.05 10
Broilers 40 g8 70 Traces 0.04 0.35 0.01 4
(1.5 kg) 60 g2 60 0.03 0.25 0.01 3
Laying hen 50%® 80 Traces 0.12 0.6 0.03 7
(1.8 kg) 70%>° 65 0.07 0.4 0.02 5
90%° 55 0.05 0.3 0.02 3

Notes: 2Daily weight gain; Playing performance; °CH, emission depending on composition of diet.
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Table 9.13. Carbon footprints of protein of food of animal origin (Nijdam et al., 2012).

kg CO,-eq kg~! kg CO,-eq kg™'
Protein source (studies) product protein
Cow milk (n=14) 1-2 28-43
Beef, intensive system (n=11) 9-42 45-210
Meadow, suckler herds (n=8) 23-52 114-250
Extensive pastoral systems (n = 4) 12-129 58-643
Mutton and lamb (n = 5) 10-150 51-750
Pork (n=11) 4-11 20-55
Poultry meat (n = 5) 2-6 10-30
Eggs (n=5) 2-6 15-42
Seafood from fisheries (n = 18) 1-86 4-540
Seafood from aquaculture (n=11) 3-15 4-75

first simple method, the CO, emissions due
to 1 kg of edible protein could be used as the
CO, burden of consumed energy (for
example: 1 kg of the edible protein of eggs
corresponds to about 8 kg of eggs and
corresponds to 51.6 MJ energy; this
combined intake is related to a certain
amount of CO,-eq). ‘Nutritional allocation’,
described below, may distribute CO,
emissions to different functions of the food.

9.4 Allocation as Influencing Factor
on CFs

The results of LCAs may be substantially
influenced by system boundaries (see Table
9.4). Apart from the factors mentioned
above, the allocation of animal products (e.g.
Cederberg and Stadig, 2003; Thomassen et
al., 2007; Gruenberg et al., 2010; Zehetmeier
et al., 2011; Avadi and Fréon, 2013; Roer et
al., 2013) may be used whenever the systems
under study generate more than one saleable
output (e.g. milk and meat). Such studies
also influence the results of LCAs. Mass-
based and economic-based allocations were
applied in the case of saleable products
(Petersetal.,2010). For example, Zehetmeier
etal. (2011) calculated a CF of 1.35 and 0.98
kg CO,-eq kg™ milk of cows producing 6000
or 10,000 kg milk year*. In the case of lower
milk yield, beef was produced by calves of
dairy cows with a CF of 5.58 kg; in the case
of higher milk yields, beef cows were needed
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to produce sufficient beef and the CF
increased to 14.62 kg CO,-eq kg™ beef
(Table 9.14). Taking the economic aspects
(prices for milk and beef; economic
allocation) into consideration, the CF of
milk decreased and that of beef increased
(see Table 9.14). Allocation could also be
used as a ‘nutritional allocation’ (as described
for ‘economic allocation’ above); this means,
that the CO, emissions are attributed to the
different functions of the food (e.g. source of
protein/source of energy/source of further
essential nutrients).

Furthermore, animal products are not
only used as food or as protein/amino acids
and energy sources; they also offer some
other important side products such as skins
or hides, fishmeal or meat and bonemeal, or
the animals are used as draught animals.
A kind of combined ‘nutritional/further
purposes allocation’ may contribute to a
more scientific assessment of CFs for
nutrient and energy supply, as well as
further uses. Taking into consideration all
the aspects mentioned above, it is extremely
difficult to compare the results of the LCAs
from various authors. This variability has
caused confusion between scientists, among
policy makers and for the public. A
methodical agreement generated by inter-
nationally recognized scientific panels with
expertise across a range of disciplines and
clear science-based orientation (Herrero et
al., 2011; PAS, 2011) seems to be urgently
necessary.
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Table 9.14. Influence of increased milk yield on greenhouse gas emissions, taking into consideration

various allocation methods.

Without allocation of GHG emissions in dairy husbandry

Dairy cattle including Dairy cattle including
rearing heifers rearing heifers

Dairy cattle including
rearing heifers

Milk yield 6,000 8,000
(kg cow~! year™)
GHG emissions 1.35 1.13

(kg CO,-eq kg™ milk)

10,000

0.98

Culled dairy cows,
fattening of all
male and female
calves, except
calves for rearing

Culled dairy cows,
fattening of all male and
female calves, except
calves for rearing; beef
cows

Origin of beef

Culled dairy cows,
fattening of all male and
female calves, except
calves for rearing; beef
cows

GHG emissions 5.58 9.53

(kg CO,-eq kg~ beef)

14.62

With economic allocation of GHG emissions in dairy husbandry

Dairy cattle including Dairy cattle including
rearing heifers rearing heifers

Dairy cattle including
rearing heifers

Milk yield 6,000 8,000
(kg cow™ " year™)
GHG emissions 1.06 0.93

(kg CO,-eq kg™*
milk)

10,000

0.89

Culled dairy cows,
fattening of all
male and female
calves, except
calves for rearing

Culled dairy cows,
fattening of all male and
female calves, except
calves for rearing; beef
cows

Origin of beef

Culled dairy cows,
fattening of all male and
female calves, except
calves for rearing; beef
cows

GHG emissions (kg 10.75 13.13

CO,-eq kg™' beef)

16.24

(Zehetmeier et al., 2011)

9.5 Reduction Potentials

Animal health, low animal losses, long
periods of productive life of reproductive
animals such as dairy cows and sows, a
reduction in the number of unproductive or
low-yielding animals and feeding of animals
according to species/categories, as well
as performance avoiding excess and
deficiencies, are general potentials for lower
greenhouse emissions. Some recent reviews
by Hristov et al. (2013a,b,c), Montes et al.
(2013) and Opio et al. (2013) analysed and
summarized animal feeding and manage-
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ment mitigation options. In an excellent
review, Hristov et al. (2013a) summarized
the mitigation opportunities for non-CO,
GHGs, which included the following:

feed additives and feeding strategies
manure-handling strategies

animal management strategies
reproductive management strategies
interactions among non-CO, GHGs.

The authors assessed the relative
effectiveness, the input required to achieve
the desired effects and the applicability to
regions. Improvement of feed conversion
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rate (FCR) is one of the most efficient ways
to reduce emissions per kilogram of animal
product and to decrease the CF of ruminants
(Opio et al., 2013), non-ruminants (Pelletier
et al., 2013) and fisheries (Mungkung et al.,
2013; Wilfart et al., 2013). Special attention
should be paid to non-CO,-emissions.

9.5.1 N,0

There are a number of animal and
management practices that are feasible and
can effectively reduce N,O emissions from
manure storage and/or land application
(Montes et al., 2013). Optimizing the animal
diet to improve N wuse efficiency and
balancing N input with production level are
important steps in reducing N,O emissions
from manure (Flachowsky and Lebzien,
2006; also see Chapter 4, Section I, this
volume, for details). Due to the complex
interaction between nutrition, production,
animal health and economic performance,
diet modification to reduce N inputs should
be done carefully to prevent reduced fibre
digestibility and to maintain animal
productivity (Montes et al., 2013).

9.5.2 CH,

Some possibilities for the reduction of CH,
emissions, which include increasing forage
digestibility, digestible forage intake, dietary
lipids, high-concentrate feeding or the
application of various feed additives, are
mentioned in Table 9.15. Long lists of
substances, i.e. nitrates and nitrooxy
compounds (e.g. Haisan et al., 2014;
Martinez-Fernandes et al., 2014; Reynolds
et al., 2014), tannins and other phytogenic
substances, direct-fed microbials such as
yeast-based products, fumaric acid and
further H, binders, vaccines against rumen
archaea, etc., that have a certain potential to
reduce enteric CH, production are discussed
with regards to their applicability and
limitations in Section III, this volume.
Flachowsky and Lebzien (2012) proposed a
five-stage programme to evaluate the effects
of such additives, taking phytogenic
substances into special consideration:

1. Botanical characterization of the plant(s)
and their composition.

2. Analytical characterization of the active
phytogenic substance(s).

Table 9.15. Feed-based approaches to reduce enteric CH, emission, importance at the farm level and
research need.

Significance (especially for

Measurements Europe) at farm level Research need

More concentrate, less fibre in the diet Limited, because of high amount
in many diets

Consideration in practical feeding 1

13

Forages with high digestibility, low fibre content

Fats and fatty acids in the diet Limited, because of some side
effects
Feed additives

Halogen compounds Banned in the EU ~

lonophores (e.g. monensin) Banned in the EU fn

Addition of H-binder, such as fumaric acid, Presently no significance nn
acrylic acid, etc.

Addition of phytogenic substances or plants Presently no significance nn
containing such substances (e.qg. tannins,
saponins)

Further additives, such as yeasts, enzymes, etc. Presently no significance it

Note: It I = high need; 1! = need; ~ = not so important.
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3. In vitro studies to test the effects of
substances on rumen fermentation and
methanogenesis (i.e. screening).

4. In vivo studies (e.g. feed intake, rumen
fermentation, CH, emissions).

5. Long-term feeding studies with target
animal species/categories (e.g. animal
health and performance, quality and safety
of food of animal origin, environmental
impact, adaptation of microbes, etc.).

Enhanced animal productivity and feed
efficiency with metabolic modifiers, such as
growth hormones and ionophoric antibiotics
(Hristov et al., 2013b), would reduce GHG
emissions, but the applicability of these
mitigation practices is limited to the regions
where the use of these substances is not
permitted. Ranga Niroshan Appuhamy et al.
(2013) analysed the CH, reduction potential
of the ionophoric substance, monensin, via
meta-analysis. Data from 22 controlled
feeding studies were wused. The CH,
mitigation effects of monensin were small
(12 or 14 g day™ in dairy cows and beef
cattle) when adjusted for the monensin dose
(see Chapter 17, Section III, this volume).
Improved genetics and animal health care as
well as animal management, in combination
with better reproduction and feeding (higher
digestibility and quality of forages) and
reduction of the breeding overhead (i.e.
animals kept to maintain the herd and old
animals without lactation) may contribute
to reducing emissions, especially CH,, and
the CF (Niemann et al., 2011; Hristov et al.,
2013a; Opioetal.,2013). Gerber et al. (2013)
estimated that reducing the gap between
livestock operations that generate high
emissions versus those that put out low
emissions per unit of product could cut
emissions by about 30%.

In summary, the reduction of the CF in
ruminant production per product should
focus on a lowering of CH, emissions from
enteric fermentation and an increase of low
production levels as well a reduction of
ineffective animal numbers (Flachowsky
and Brade, 2007; Gerber et al., 2013; Hristov
etal.,2013a,c). In the future, results of plant
(Flachowsky et al., 2012) and animal
breeding (Niemann et al., 2011; Forabosco
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etal., 2013; and debated at length in Chapter
18, Section III, this volume) may also
contribute substantially to lower GHG
emissions.

9.6 Conclusion

Global emissions from livestock are
estimated as 7.1 Gt CO,-eq year !, which
represents about 14.5% of human-induced
GHG emissions. Beef and milk cattle, pigs
for meat, and poultry meat and eggs
contribute to 41, 20, 9 and 8%, respectively,
of the total emissions. Feed production and
processing and enteric fermentation from
ruminants represent 45 and 39%,
respectively, of the total emissions. Carbon
footprints may help to assess the GHG
emissions associated with the production of
food of animal origin. They may contribute
to sensitizing producers and consumers to a
more resource-efficient and environmentally
friendly production and consumption of
food of animal origin and to avoid food
wastage (FAO, 2013). Clear areas with high
mitigation potential are the following:

e Improving feed production, especially
fertilization (N, manure), management
and reduced LUC.

e Improving feed supply, feeding practices
and digestibility of diets.

e Improving animal vyields through
genetics, animal health, feeding practices
and animal management (including
excrement management), and in con-
sequence, reduction of the number of
low-yielding animals.

A more standardized approach for CF
calculations would be a very useful tool to
provide an indicator for food labelling to
compare the CF between production
systems, regions and countries, as well as to
assess resource efficiency, especially in non-
ruminants. The high portion of CH, in the
CF of food from ruminants does not allow
the use of that CF to compare it with food
from non-ruminants in order to draw
conclusions concerning feed efficiency.
Therefore, some authors (Reap et al,
2008; Laurent et al., 2012; Owsianiak et al.,
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2013) analysed the limitations of the CF as
an indicator of environmental sustainability
and recommended significant efforts in
more dynamic modelling to ameliorate the
problems of spatial variation and local
environmental uniqueness. Furthermore,
methodical problems must be solved and
more diverse researchers should be involved
in such studies in order to improve the
database (Caffrey and Veal, 2013).

In summary, the production of food of
animal origin is a very complex process and
selective consideration, i.e. focusing on
single factors, does not provide an
assessment that reflects the complexity of
the subject.
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Abstract

Carbon sequestration is an important
pathway to stabilize the environment with
minimum effects of climate change. Farming
systems provide a non-compensated service
to society by removing atmospheric carbon
generated from fossil fuel combustion, feed
production, land restoration, deforestation,
biomass burning and drainage of wetlands.
The resultantincrease in the global emissions
of carbon is calculated at 270 Gt, and
increasing at the rate of 4 billion tonnes
year . Strategies to maximize carbon
sequestration through enhanced farming
practices, particularly in crop-animal
systems, are thus an important priority to
reduce global warming. These pathways also
respond to agricultural productivity in the
multifaceted, less favoured rainfed environ-
ments.  Sustainable animal-agriculture
requires an understanding of crop—animal
interactions and integrated natural resource
management (NRM), demonstrated in the
development of underestimated silvo-
pastoral systems (tree crops and ruminants).
It has been reported that mitigation can
potentially sequester carbon by 0.70-3.04 t
carbon dioxide (CO,)-equivalent (eq) ha™!
year'!, reduce methane (CH,) emission by
0.02 t CO,-eq ha year™! and reduce nitrous
oxide (N,O) emissions by 0.02-2.30 t
CO,-eq ha' year!. Good agronomic
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practices potentially enhance carbon sinks
and soil organic matter through leguminous
trees (e.g. Leucaena), integrated nutrient
management, regulation of grazing pressure
and use of animal manure. These inter-
ventions significantly increase ecosystem
services, crop and animal productivity,
reduce CH, emissions and mitigate N,O
emissions and ammonia volatilization.
Research and development (R&D) efforts on
the characterization of forages and research
on heat stress and economic animal
productivity are urgently needed. Multi-
national interdisciplinary R&D, investment
to reduce the effects of climate change,
enhancement of the value of C sinks and
food security are high priorities. These issues
are rarely and inadequately researched in
South-east Asia, West and East Africa, Latin
America and the Caribbean and merit
collective action.

10.1 Introduction

Agriculture involves the science, art and
business of cultivating soil, growing plants
and raising animals for producing food,
feeds, fibre and a whole range of other
services. Together with forestry and
fisheries, it provides the primary source of
food and nutritional security for the welfare
of people. Beyond food production, the

© CAB International 2015. Livestock Production and Climate Change

(eds PK. Malik et al.)
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subject is a complex multidimensional and
multifaceted sector, which concerns the
efficient use of natural resources, prod-
uctivity enhancement and the safeguarding
of ecosystems in a manner that can sustain
the needs and improvement of human
livelihoods in the future (Devendra, 2010).
Presently, the sector is grappling with two
defining issues of global concern: the onset
of climate change and the inadequacies of
food production systems. Climate change is
likely to induce significant changes in the
agricultural landscape, stresses on natural
resources and the livelihoods of the poor
and the landless.

Agriculture is a major sector in Asia and
contributes 25-43% to the gross domestic
product (FAO, 1996, 1997). Much of this
contribution is made by fertile, irrigated
areas, which are presently overused, and
yields are plateauing. On the other hand, the
rainfed areas of lower importance are
currently underutilized, despite having good
potential and merit for future development.
About 43-88% of the human population
depends on agriculture for their livelihoods,
of which 12-93% live in rainfed areas and
use 26-84% of the arable land. Around
5-41% of agricultural output comes from
these areas. Due to low productivity, the
share of total crop and livestock outputs
from rainfed areas is much lower than the
share of the total area under irrigation.

About 2.6 billion farmers produce the
majority of food, products and services in
agriculture throughout the world on small
farms with limited land (<2 ha). IFAD
(2009) has reported that climate change is
expected to put 49 million additional people
at risk of hunger by 2020, rising to 132
million by 2050. Of great concern about the
anticipated effects of climate change is that
livelihoods will be affected more severely in
the developing world. This is already
evidenced in several countries, the most
recent being the trauma of massive
typhoons in the Philippines, with large
losses of human lives, farms and property,
severe food shortages, disease outbreaks
and induced poverty.

Livestock contribute 10-45% to the
agricultural gross domestic product (GDP) in
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the developing world, and could be higher if
the value of draught power is included in the
calculation. It is one of the fastest growing
subsectors in agriculture (World Bank, 2009)
and plays an important multifunctional and
socio-economic role. It is estimated that
70-90% of ruminant livestock is found in
rainfed mixed farms. In India, for example,
the rainfed ecosystem occupies 68% of the
total cultivated area and supports 40% of the
human and 65% of the livestock population.
This ecosystem produces 44% of the food
requirements and will continue to play a
critical role in Indian agriculture (Singh et al.,
2004). The importance of rainfed areas is
reflected in the creation of a rainfed network,
the main objective of which is to seek
improved understanding of the appropriate
policy and programmes for livestock (Kohler-
Rollefson and Kishore, 2010).

The Asian region is also home to small
farm systems, where 87% of the world’s
(total 470 million) small farms are located
(Nagayets, 2005). Many of these small
farms are models for efficient integrated
natural resource management (NRM), but
the small farmers continue to experience
deprivation, poverty, hunger and vul-
nerability (Devendra, 2010). These small
farms generally have higher yields than
large farms on a per hectare basis (Cornia,
1985), attributed to low labour and
production costs. This inverse relationship
weakens as agriculture becomes more
capital-intensive, as is shown to prevail in
India (Hanumanth Rao, 1994). The
resilience of this relationship will depend to
a large extent on the use of improved
technologies and policy support.

Concerning animal agriculture, there is
increased emphasis and justification for
improved production systems to accelerate
the output of foods of animal origin in most
of the countries in South-east Asia. This is
linked directly to the fact that the current
output of meat and milk from ruminants is
relatively low, and the levels of self-
sufficiency in these products exacerbated
further by increasing imports at high cost.
Increased costs can trigger higher com-
modity prices, which can be associated with
strong global demand.
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This increased requirement is associated
with several demand-driven factors and
includes inadequate animal protein supplies
and rising incomes, which encourages people
to diversify their diet to a variety of meat,
eggs and dairy products. Equally awesome is
the inadequacy of animal protein supplies to
meet current and projected future human
requirements and escalating costs. Improved
animal production and productivity enhance-
ment is therefore urgent in direct response
to the need for more animal protein. Major
opportunities and challenges need to be
addressed thoroughly to the greatest extent
possible (Devendra, 2007a, 2010).

Agriculture drives economic growth
during transformation. The dramatic
benefits of the green revolution’s use of
capital inputs like irrigation and fertilizer
have already demonstrated this fact.
Agriculture is also a powerful means of
reducing poverty through increasing labour
productivity and creating employment and
opportunities for rural-urban growth.
However, it is the most important user of
environmental natural resources, including
water, forests and soil nutrients. Well-
managed agriculture and a stable environ-
ment are therefore important to provide the
environmental services that are conducive
to good human health.

This chapter focuses on the role and
importance of carbon sequestration in the
context of variable biophysical features,
agroecological zones (AEZs), ecosystems
and land-use systems. AEZs have great
diversity for food production in crop—animal
small farm systems, the poverty complex
and the livelihoods of the poor. These issues
are discussed in depth, with particular
reference toland use in Asia, ways to increase
carbon sequestration, mitigation and
adaptation in response to harmful climate
changes, effects and reduced greenhouse
gases (GHGs) on food production systems,
and the opportunities for R&D. Discussion
also touches on the urgency related to the
multifunctional capacity and potential of
animals to contribute to food security and
stable livelihoods.
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10.2 Biophysical Environment

The biophysical environment is extremely
diverse, with variable soil quality, crop
growth and different types of livestock.
Features of the biophysical environment
vary between and within individual regions.
Rainfall and temperature are the two key
causative factors for this variation. These
variable biophysical features, to a large
extent, also determine the level of
productivity. Revitalizing agriculture will
require more innovative ways to be resource-
efficient to promote the development of
sustainable agriculture.

10.3 Land-use Systems

The justification for targeting rainfed areas
for food production is urgent, and is linked
to the following:

e human-induced climate change, with an
anticipated harsher climate, will cause a
slide into extreme poverty and a fight for
survival

e need for the efficient use of available
natural resources and to define the
objectives of production clearly in terms
of potential outputs and profitability

e understanding of the significance and
implications of soil-crop-animal inter-
actions

o ensuring that the resulting benefits are
consistent with productivity enhance-

ment, environmental integrity and
sustainable development of rainfed
areas.

These issues altogether emphasize the need
of the efficient use of arable and other lands.
Table 10.1 indicates the extent of rainfed
agriculture and its importance in the
different AEZs of the Asia-Pacific region
(ADB, 1989). Rainfed areas contribute 38.8,
16.9 and 26.3% of the total in arid/semi-
arid, sub-humid and humid AEZs in Asia.
The size of the human population dependent
on rainfed agriculture is also of particular
importance (Table 10.1).
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Table 10.1. Distribution of land types by region. (From CGIAR/TAC, 2000.)

Land type (per cent of total land)

Sparsely
populated Forest and Rural population living
Region Favoured Marginal arid lands woodlands in favoured lands (%)
Asia 16.6 30.0 18.5 34.6 37.0
Latin America and the 9.6 20.3 8.1 61.9 34.0
Caribbean
Sub-Saharan Africa 8.5 23.1 24.6 43.7 27.0
Near East and North 7.8 22.6 65.8 3.9 24.0
America
Total 10.7 24.0 25.9 39.4 35.0

10.4 Agro-ecological Zones (AEZs)
10.4.1 Definition

Rainfed areas refer to all the lands outside of
the irrigated, more favoured or high/low
potential areas. They have been referred to
variously as fragile, marginal, dry, waste,
problem and threatened, range, less
favoured, low potential lands, forests and
woodlands, and include a reference to
lowlands and uplands. Of these terms, less
favoured areas (LFAs), low or high potential,
is used quite widely and has been adopted in
this chapter.

10.4.2 Features

Biophysical characteristics include lands
that are variable, with low agricultural
potential, low rainfall, poor soils and steep
slopes.

These are the areas that have been
bypassed during the green revolution.

e The poorest of the poor are found here
due to the disparity with richer farmers,
who have benefited from the green
revolution.

e Poverty, low agricultural productivity
and natural resource degradation are
very common. Poverty in India has been
shown to respond more to rural
agricultural growth than to urban
growth. A 1% increase in agricultural
productivity will reduce poverty by 0.37%
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and can take 26 million people out of
poverty (ESCAP, 2008).

Diversification and reducing risks are key
features of these areas.

These features together, and inadequate
R&D in the past, overture the major
opportunities for increasing the con-
tribution from these areas.

Rainfall dictates the value of rainfed areas.
When the rains fail, severe calamities and
potential disasters are explosive, with
several resultant implications:

more droughts and climate instability
failure of crop production and reduced
grazing lands and feed availability
millions of households and people with
their animals are forced into semi-
nomadism and nomadism

poor people are marginalized further
into extreme poverty, starvation and
vulnerability, and damage to the
environment is inevitable.

10.4.3 Farming systems in rainfed areas

Key features of the farming systems are:

involves the semi-arid/arid, subhumid
and humid AEZs

average growing period, i.e. LGP, is 120-
160 days

long dry seasons are common, with
occasional droughts

land is of low quality and has greater
production risks
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e usually farmed by very poor small
farmers and the landless

e rainfed agriculture is essentially sub-
sistence farming

e poverty and nutritional
insecurity are very common

e mixed farming of annual and perennial
crops (millets, sorghum, oilseeds, cotton,
rice and wheat) is the norm

e crop failures occur more commonly in
semi-arid/arid areas

e crop cultivation is dependent to a large
extent on the return of manure from
rearing animals.

and food

Using the classifications of the Technical
Advisory Committee (TAC) (1994), the
rainfed AEZs of relevance are as follows:

e rainfed temperate and tropical highlands
- mainly the Hindu Kush/Himalayan
region

e rainfed  humid/subhumid  tropical
systems — mainly countries in Indochina,
South-east and East Asia, the Pacific
Islands and parts of South Asia to include
Bangladesh and Sri Lanka

e rainfed arid/semi-arid tropical systems —
mainly countries in South Asia, excluding
Nepal and Bangladesh.

Rainfed  arid/semi-arid and  humid/
subhumid tropical systems are priority
AEZs. Most of the humid and subhumid
lowlands are found in South-east Asia, while
the lowlands of South Asia are semi-arid and
arid. Within the AEZs, two broad rainfed
areas, the lowlands and rainfed uplands, are
recognized. The lowlands have larger, high
potential areas of arable and permanent
cropland, which accounts for the greater
crop production in these areas.

South Asia is characterized by dry
climates in which total rainfall and its
distribution can limit crop growth. Arid/
semi-arid (warm arid and semi-arid tropics
consolidated with summer rainfall) and
subhumid climates predominate. The LGP
for the arid and semi-arid zones varies from
0-74 days to 75-179 days, respectively.
Annual rainfall in the semi-arid zone ranges
from about 500 to 1000 mm and < 500 mm
in the arid zone. In contrast, in South-east
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Asia, humid (warm humid tropics con-
solidated with summer rainfall) and sub-
humid (warm subhumid tropics consolidated
with summer rainfall) predominate. Humid
zones are characterized by an LGP of 180-
270 days and a rainfall regime ranging from
1000 to 1500 mm annually.

Shifting agriculture is common. Rural
poverty is more acute in these areas. The
average annual rainfall of these AEZs is
between 1500 and 2300 mm. Rice-based
cropping systems are common, but also
include other annual crops and tree crops.
Both ruminants and non-ruminants are
reared, with the overriding major constraint
of 5-7 months of dry period and potential
droughts.

10.4.4 Distribution and types of livestock

These rainfed farms are diverse with
relatively large individual animal popu-
lations. These are widely distributed across
small farms, which are the reservoirs of a
large proportion of the main animal species.
It is estimated that 70-90% of the ruminant
livestock are found in the rainfed mixed
farms. Native pigs and chickens are also very
common and contribute significantly to
food security. Table 10.2 gives an idea of the
diversity of the available species and their
wide distribution.

Animals form an important economic
and ecological niche, especially in rainfed
small farms, and their ownership is related
to their numerous multifunctional con-
tributions in which women and children are
involved with their management (Devendra,
1983; Chantalakhana, 1990). These include:

e diversification in the use of production
resources and reduction of socio-
economic risks

e promotion of linkages between system
components (land, crops and water)

e generation of value-added products (e.g.
meat, milk, eggs and skins)

e income generation, investment, insur-
ance and economic security

e supply of draught power for crop
cultivation, transportation and haulage
operations
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Table 10.2. Distribution of domestic animals by ecosystem and sub-regions in Asia. (From Devendra,

1996.)
Agroecosystems and animal species
Lowland irrigated Lowland/upland rainfed Semi-arid and arid
Pig/ Pig/ Pig/
Buffalo/ Goat/ Poultry/ Buffalo/ Goat/ Poultry/ Buffalo/ Goat/ Poultry/
Subregion Cattle Sheep Duck  Cattle Sheep Duck Cattle Sheep  Duck
China R o . R
Hindu Kush . . wx . . _ _
South Asia . - - - « _
Mekong . - - - " _
countries

Hkk * 3

South-east Asia

ke ke *

Notes: * = low concentration; ** = medium concentration; *** = high concentration.

e contribution to soil fertility through
nutrient cycling (dung and urine)

e contribution to sustainable agriculture
and environmental protection
prestige, social and recreational values
development of stable farm households.

10.5 Carbon Sequestration
10.5.1 Definition

Carbon sequestration is defined as a process
of increasing the carbon content of a
reservoir rather than the atmosphere.

10.5.2 Relevance

Carbon is sequestered from the atmosphere
by growing plants, trees and pastures, but in
differential ways. Carbon is sequestered
from the atmosphere by trees, shrubs and
pastures and is stored in extensive root
systems. The amount stored is influenced by
several factors and includes biophysical
factors, notably rainfall and temperature,
type of plant or tree, density of plant and
tree growth, soil fertility status and type of
farming system. Farming systems thus
provide a non-compensated service to
society, removing atmospheric carbon
generated by fossil fuel combustion, feed
production, land restoration, deforestation,
biomass burning, animal production
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conversion and drainage of wetlands.
Whereas plants store tonnes of carbon in
the aerial parts, pastures by comparison
have deep and extensive root systems and
the carbon sequestered is influenced by soil
type, pasture management, agronomic
practices, type and quantity of fertilizer use,
soil fertility status, soil microorganisms,
presence of animals and soil erosion.
Carbon concentration in the atmosphere
is estimated at 4 billion tonnes (Bt),
transferred primarily from fossil fuel and
biotic and soil pools. The increase is linked to
two problems. First, the loss of carbon from
terrestrial pools reduces ecosystem services
and the goods that these systems provide.
Second, an increase in atmospheric CO,
accentuates global warming pools, with
shifts in the frequency and intensity of
extreme events including droughts: an
obvious solution to this is to transfer the
atmospheric carbon dioxide (CO,) into
potential sinks such as agroforestry or
silvopastoral systems — a process that is
called carbon sequestration (Lal, 2009). In
plant-based systems, sequestration is a
natural process whereby CO, is photo-
synthesized into organic compounds and
stored in plant products or soil organic
matter substances. Lal (2009) also reported
that the natural rate of photosynthesis in
the global biosphere sequestrated about 120
Bt of carbon year™. Fossil fuel combustion
emits around 8 Bt carbon annually, and
deforestation and land-use conversion emit
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an additional 1.6 and 2 Bt carbon year™,
respectively.

The increase in global emissions of carbon
is estimated at around 270 Gt, which is
determined to be growing at a rate of 4 Bt
year™* (Lal, 2009). With increasing attention
and concerns about ways to increase carbon
storage, producers and farmers will be paid
on the basis of the net amount of carbon
sequestered from the atmosphere. This
service is paid in tandem with the carbon
that is sequestered in perpetuity, as well as
the possible risks in farming activities.
Arrangements have been created to seek the
best ways to pay farmers for these services
and include the World Bank’s Global
Environment Facility. In Nicaragua, Costa
Rica and Columbia, US$5-10 was paid for 1
t of carbon sequestered.

The potential exists for the accumulation
of higher levels of C sequestration in both
temperate and tropical environments. In the
Chiang Mai region of northern Thailand,
researchers under the Royal Thai Organic
Project have recorded a 5% increase in soil
organic matter over 8 years, equal to 187.2 t
of CO, ha™ or 23.4 t of CO, hat year . If
this were applied globally, it would sequester
114 Gt CO, year !, more than double the
world’s current GHG emission (Royal Thai
Organic Project, Chiang Mai, Thailand,
personal communication).

10.5.3 Role and importance

There are two observations that need to be
highlighted concerning the importance of
carbon sequestration. First, much of the
information available refers to tree crops,
mainly coconuts, cocoa, oil palm, rubber,
cashew, teak and citrus. Of these, oil palm
has received most attention because of the
economic importance of palm oil. Among
these, the oil palmis a particularly important
‘golden crop’ and Asia has about 84% of the
total world land area under oil palm of about
10.6 million ha (Mha). The largest land areas
under oil palm of 8.4 Mha are found in
Malaysia and Indonesia, where these two
together own over 79% of the world planted
area and produce about 87% of the total
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world output of palm oil, followed by much
smaller areas being found in Thailand, the
Philippines, India and Papua New Guinea.

In Malaysia, about 86% of the total
agricultural area of 6.9 Mha in 2010 was
under tree crops. Oil palm alone occupies
63.4%, of which about 49% is found in Sabah
and Sarawak. The integration model with oil
palm offers extension of the principles
involved with other tree crops like coconuts
in the Philippines, Sri Lanka and South Asia,
rubber in Indonesia and citrus in Thailand.
Elsewhere, oil palm, cocoa and coconuts are
found in West Africa. Currently, Cote
d’Ivoire is the largest producer of cocoa, and
the supply is increasing. Oil palm is growing
in importance in Columbia, Costa Rica and
Nicaragua.

The second observation is that most of
the R&D efforts have been focused singularly
on very discipline-oriented crop production;
unfortunately to the exclusion of the
potentially valuable livestock sector. The
opportunity is lost to study the implications
of fewer negative and more positive crop-
animal-soil interactions, increased prod-
uctivity and income generation in the context
of the development of environmentally
sustainable integrated production systems.

10.5.4 Small versus large farms

It is emphasized that there is an extreme
paucity of knowledge on carbon se-
questration on both small and large farms.
However, the word ‘plantations’ is the term
used for large farms, and hence the reference
to tea and forest plantations (Parrotta,
1992). Woody plants like oil palm and rubber
compared to annual crops sequester carbon
more efficiently, which can be equal to a
lowland rainforest.

10.6 Enhancing Carbon
Sequestration

Figure 10.1 illustrates the development
pathways in the process of economic
transformation. Agriculture-induced growth
has resulted in clear benefits, notably

Al use subject to https://ww.ebsco.coniterns-of-use



EBSCOhost -

Carbon Sequestration & Animal Agriculture: Relevance & Strategies to Cope with Climate Change 153

OlL PALM ENVIRONMENT

Integrted systems

*  Halaysiaand Indonssia own 795 of

theglabal plantation planted area
*  dlso produce TE% of the total
output of paim o,

SILVOPASTORAL SYSTEMS

AGROFORESTRY

Crop residuss and

with 1uminznts

*  Ereading

Stratification and *  Greing

by - products
e.g:PEC

Improved and
sustainable

production. systems

e Ezneficial copanimak
soil—vat =r interactions

*  Useofdesprooted
tropical grassas and
legumes

*  Improved agronamic
practices

*  Regulsting gracing

pressure

Incrzased RED

production systems s Feedlots
Efiicient IIRM

Intang fication
Specialization
Imtediseiplinary P

and

SALES
Increased meat

production

*  Useof distary nitratesats
®  Feduced CH emissions

Carbon sequestration

Inerzased mvestmen =
Policy
&ssentive application

Sustainable praduction systems

Environmental sustainability

Impacts.

Fig. 10.1. Agroforestry and silvopastoral systems’ potential and carbon sequestration. NRM = natural

resource management.

commodity exports, import substitution
and export manufacturing. In Malaysia, the
development of agriculture has involved a
combination of the diversification of
agriculture and the finding that tree crops,
notably oil palm, rubber and cocoa, are well
suited to the local environment, and has led
to a rapid shift and expansion to tree crop-
based agriculture. Although an agriculture-
led economic transformation has been
achieved, agriculture per se has been on the
decline in most countries. The overriding
issue, and one that is of grave concern, is the
overarching effects of climate change on
agriculture.

10.6.1 Improved agronomic practices

Carbon sequestration is an important
pathway to stabilize the environment with
minimum effects on climate change. Carbon
is sequestered from the atmosphere by trees,
shrubs and pastures and is stored in the
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aerial parts. Trees, shrubs, pastures and
expanding land areas under oil palm provide
good opportunities for carbon sequestration
through the widespread use of grasses and
tree legumes, and improved forage manage-
ment practices, resulting in decreased
carbon atmospheric emissions and global
warming. Table 10.3 from Pretty et al. (2002)
indicates the range of practices one can use
to reduce GHG emissions.

10.6.2 Cultivation and use of mixed
legume—grasses forage systems

There are several mechanisms to increase
carbon sinks with the cultivation of tree
legumes for grazing and other production
systems. Pretty et al. (2002) calculated that
in mixed farming systems, 0.32 t carbon
ha! year™ or 8.03 Mt carbon year! was
sequestered. The practical implication of this
is that agronomic practices need to enhance
these carbon sinks through enrichment of
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Table 10.3. Approaches to increasing carbon storage and greenhouse gas emissions. (From Pretty et

al., 2002.)

Increase carbon sinks in soil organic matter and aboveground biomass

increase soil organic matter

Replace inversion ploughing with conservation and zero-tillage systems

Adopt rotations with cover crops and green manure to increase biomass additions to the soil

Adopt agroforestry in cropping systems to increase aboveground biomass

Minimize summer fallowing and periods with no ground covers to maintain soil organic matter stocks

Use oil conservation measures to avoid soil erosion and soil organic matter

Apply composts and manures to increase soil organic matter stocks, including crop residue recycling
Improve pasture/rangelands through grazing, vegetation and management to reduce degradation and

o Cultivate perennial grasses (60-80% biomass below ground)

» Restore and protect agricultural wetlands

o Convert marginal agricultural land to woodland to increase standing biomass of carbon

Reduce use of direct and indirect energy to avoid GHG emissions

L]
L]
L]
o Substitute biofuels for fossil fuels
L]
L]

Increase biomass-based renewable energy production

Conserve fuel and reduce machinery use to avoid fuel consumption
Adopt grass-based grazing systems to reduce methane (CH,) emissions from ruminant livestock
Use composting to reduce manure CH, emissions

Increase N fertilizer use efficiency (as manufacture of N fertilizer is highly energy intensive)
Use integrated pest management to reduce pesticide use (avoid indirect energy consumption)

e Cultivate annual crops for biofuel production such as ethanol from maize and sugarcane

o Cultivate annual and perennial crops, such as grasses and coppiced trees, for combustion and
electricity generation, with crops replanted each cycle for continued energy production

¢ Use biogas digesters to produce CH,, substituting for fossil fuel sources

e Use improved cook stoves to increase efficiency of biomass fuels

soil organic matter and the forage biomass
under oil palm. Reducing land-use changes is
an effective way to enhance mitigation (FAO,
2013 ). The FAO (2013) study also showed
improvements in animal herd efficiency in
Brazil. It has been estimated that reducing
grazing land and associated land-use
changes, reduced emissions up to 25 %.
Similarly in Indonesia, the development
of the three-strata forage system is another
success story. The three-strata forage system
(TSES) in Bali, Indonesia, is a traditional
people-centred smallholder system for dry
areas (8 months dry and 1000 mm annual
rainfall), involving grasses and herbaceous—
shrub legumes and forage trees in strata
one, two, and three, respectively. It is a
sustainable system and meets the technical,
biological, economic and sociological needs
of smallholder farming families. TSES aims
to enhance year-round feeding and increase
productivity in integrated systems involving
food cropping (cassava, groundnuts and
beans) and ruminant production (cattle and
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goats). Nitis et al. (1990) reported that the
additive effects of the integration and crop-
animal-soil interactions on applying TSES
resulted in many improvements: increased
forage production, higher stocking rates,
total weight (375 kg ha™' compared to 122
kg ha™), 57% less soil erosion, 64% self-
sufficiency in household fuelwood require-
ments, 31% more farm income and
economically stable farm households. The
concept and technology originally applied to
32 farmers was subsequently extended to
another 144 farm households. The tech-
nology has now been institutionalized and
officially promoted in Indonesia.

10.6.3 Greenhouse gas emissions

Livestock production is responsible for
18% of GHG emissions. It accounts for 9%
of anthropogenic carbon emissions. The
strategy obviously is to keep these emissions
to a minimum. Strategies to reduce GHGs
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have largely focused on methanogen
inhibitors and substrate levels, rather than
on feed quantity and quality. Recent studies
have overcome the problem with the use of
nitrate salts to replace the fermentable
nitrogen requirements of ruminants.
Methane (CH,) production has consistently
been shown to be reduced in feeding trials
with goats (Leng, 2008; Trinh et al., 2009),
sheep (van Zijderveld et al., 2010) and dairy
cows (van Zijderveld et al., 2011).

10.6.4 Microbial ecology and reduced
CH, emission

Parallel to feeding trials, which have the
objective of consistently reducing CH,
production, there have been concerted
efforts at the rumen level to investigate
alternatives for potential reduction in CH,
emission.

The subject has recently been examined
in depth and up to date by Emeritus
Professor Leng (2014) in an authoritative
and excellent paper titled ‘Interactions
between microbial consortia in biofilms: a
paradigm shift in rumen microbial ecology
and enteric methane mitigation’. The basic
premise is that most research approaches
have not considered the rumen ecology
under different feeding conditions and the
ecological changes that occur when per-
turbed by the processes aimed at inhibiting/
mitigating methanogenesis. Professor Leng
emphasizes two key factors that are
important in CH, mitigation approaches:

e Adjust the diet of ruminants based on
local resources to overcome deficiencies
and to optimize feed conversion efficiency
for optimum production such that there
is a greater predictable potential to reduce
actual enteric CH, production per unit of
meat, milk or fibre.

e Manage other CH, mitigation approaches
without jeopardizing this efficiency.

10.6.5 Silvopastoral systems and carbon
sequestration

Silvopastoral systems are underestimated
and also underutilized throughout the
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developing countries, and especially where
tree plantations are abundant, such as with
oil palm in Indonesia, Malaysia and
Colombia. While the term ‘agroforestry’ is
more widely recognized, ‘silvopastoral’ tends
to be neglected or marginalized, probably
because of the link with animals. The system
differs from agroforestry as:

o Agroforestry refers to the use of various
types of multifunctional trees that are
incorporated into farming systems. They
are usually integrated with annual crops,
often in the more fertile areas outside of
irrigated zones.

o Silvopastoral systems refer to an inte-
grated system involving agroforestry
options and notably perennial trees (e.g.
coconuts, oil palm and rubber) and
animals, usually in rainfed areas.

Integration involves the system components
or natural resources, namely crops, animals,
land and water, but integrated systems refer
to approaches that link the components to
economic, social and ecological perspectives.
The process is holistic, interactive and
multidisciplinary, and promotes par-
ticipatory activities between farmers,
researchers and extension personnel and
efficiency in NRM. The integration of various
crops and animals enables synergistic
interactions and value additions that have a
greater total contribution than the sum of
their individual effects.

Characteristic features of silvopastoral
systems and advantages

These include inter alia:

e Diversified and integrated use of
production resources, mainly crops,
animals, land and water. Integrated use
promotes the use of existing resources,
e.g. forage biomass under the trees,
by-product feeds and reduced cost of
production.

e With oil palm, the range of feeds available
enables the development of in situ
feeding and production systems.

e Use of both ruminants and non-
ruminants.
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e Animals and crops play multi-purpose
roles.

o The process is holistic, interactive and
multidisciplinary, and promotes NRM.

e Crop—animal-soil interactions are varied
and have socio-economic and ecological
implications.

e Low inputs used and indigenous and
traditional systems.

e Associated with demonstrable sustain-
ability and sustainable production
systems.

Associated with the above, various forage
biomass and the inclusion of tree legumes,
providing an opportunity for in situ feeding
and also the presence of shade, the oil palm
presents excellent opportunities for carbon
sequestration. This is further justified by the
large area under this crop in Indonesia and
Malaysia and, above all, the considerable
economic benefits from promoting the
system.

10.7 Strategies to Cope with Climate
Change

The strategies for coping with climate change
involve a combination of mitigation and
adaptation. Both have to be addressed
simultaneously. Ways and means, to the
extent possible, have to be found to reduce
CO, emissions, and therefore global warming.
Adaptation requires accelerating the process
of adaptation that will be required to cope
especially with increased temperature. Both
crops and animals will have to be more heat
tolerant without compromising productivity.
Together with greater emphasis on dryland
agriculture, cropping systems and patterns
will need to be geared to more suitable plants
like sorghum and pigeon pea. As of now, the
answer to many strategies remains largely
unknown, which underlines the need for
vigorous R&D on numerous issues.

10.7.1 Mitigation

Discussions on the mitigation aspects
draw attention to the excellent piece of
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information reported in the Asian
Development Bank’s report (ADB, 2009). The
principal strategy in biological terms relates
to the GHG emissions from the agricultural
sector and includes the following:

reducing fertilizer-related emissions
reducing CH, emissions from rice paddies
reducing emissions from land-use change
sequestering carbon in agroecosystems
producing fossil fuel substitutes.

The keys are the type of technology being
applied, type of practice, relative mitigation
potential, challenges, opportunities and
co-benefits and contribution to sustainable
development. The types of practices
identified include cropland management,
rice management, agroforestry, set-aside,
land-use change, grassland management,
peatland management, restoration of
degraded lands, bioenergy, livestock man-
agement, feeding practices, etc.

The highlights of the ADB (2009) study
are reflected in the following:

e The study estimates the existing range of
the economic mitigation potential of
agricultural practices in South-east Asia.

o South-east Asia has a higher technical
mitigation potential to reduce GHG
emissions from agriculture than any
other region.

e South-east Asia’s vast area of croplands,
could, through cropland management, be
an important channel to sequester
carbon in soils.

e As a major world rice producer, South-
east Asia can contribute to a reduction of
CH, emissions while ensuring food
security.

e Other potential mitigation options exist
with perennial tree crops; good examples
include coconuts, cocoa, oil palm and
rubber, all of which involve several
thousands of hectares.

Concerning the latter group, the integration
of ruminant animals in silvopastoral systems
presents an important opportunity to
sequester carbon, improve soil management
and fertility, and enable feeding systems for
animals, with good possibilities of reduced
CH, from enteric fermentation, and the
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introduction of improved grasses and forage
legumes that can have a nutritional and
ecological impact (Devendra, 2009).

By comparison, in South Asia more
variable AEZs are common, typified in most
of northern India and Pakistan by semi-arid
to arid conditions, and by southern India
and Bangladesh being similar to humid
South-east Asia. The former AEZs are
characterized by temperatures even higher
than those in the humid AEZs, and lower
rainfall and shorter LGP. Table 10.4
summarizes the main issues, challenges and
opportunities that are of major concern in
South Asia, together with many common
practices that have been identified for
South-east Asia. These include droughts,
dryland agriculture, rangeland management,
animal production and landlessness. Climate
change impacts seriously on the agricultural
sector, as well as on poor people and
livelihood systems in South Asia. In India,
agroforestry systems have recently been
identified as an important resource
conservation tool to maintain soil health in
the more fragile north-east states (Saha
etal., 2010).

10.7.2 Adaptation

Asian farmers have a long history of
adapting to the changes and effects of the
biophysical environment. Adaptation has
entailed in practice the use of risk-
minimizing strategies and the adoption of
innovative low-input practices that can
adapt to environmental change. They have
done this through deep understanding of
farming systems and experience, and more
particularly the use of traditional knowledge.

The ADB (2009) report also reviewed the
adaptation options and practices in the
agricultural sector for South-east Asia.
While readers are encouraged to study the
report in full, for present purposes, a
summary of the adaptive options in the
agriculture sector is as follows:

e adjustment of cropping calendar and
pattern

e changes in management and farming
practices
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use of heat-resistant varieties
development of water-efficient crops
diversified farming, intercropping, crop
rotation and food—feed systems

e utilization of southern oscillation index
(SOI) designing cropping strategy
implementation of index-based insurance
development of early warning systems
improvement of irrigation efficiency.

To these, the following can be added:

e plant breeding for increased drought and
flood tolerance and disease resistance

e application of new technologies for water
harvesting, conservation and recycling
development of food-feed systems
nutrient management and soil fertility
integration of animals with annual and
tree crop systems

e sustainable intensification of improved
crop-animal systems

e appropriate economic
subsidies, pricing and taxes

e linking production to post-production
systems and the international food
supply chain.

incentives,

Many of the adaptation options identified
for South-east Asia by the ADB (2009) will
also be similar to the options for South Asia.
Strategies for crop production, cropping
patterns and the cropping calendar, for
example, will be broadly similar, except the
types of crops to grow and the choice of
animals and breeds to fit in with the
particular AEZ. In general, both the types
grown and the animals reared in South Asia
will need to be more heat tolerant than
required for South-east Asia.

10.8 High Priority for R&D

Much of the foregoing discussions
emphasize the considerable challenges for
R&D. Agricultural research can go a long way
to reduce the risks in agriculture. With the
science of climate change, the fact is that
there is a great paucity of information in
understanding the effects of the biophysical
factors of temperature and rainfall on
natural resources and ecology, and needs to
start at the grass roots level. A recent review
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Table 10.4. Mitigation options in agriculture in South Asia.

Issue and practice

Challenges

Opportunities

Co-benefits and contribution
to sustainable development

Droughts

Dryland agriculture

o Heat-tolerant crops
and animals
Improved water
harvesting and
conservation
Agronomy and feeding
regimes

Nutrient management
Soil fertility and water
balance

Animal production

e Species and breeds

o Adaptation

o Feed resources

e Heat stress

o Soil nutrient
management

Landless

o Nomadism

e Transhumance

e Livelihoods

¢ Animal ownership

Rangeland management
e Grazing systems

e Minimize risks to farming
systems

Coping with heat stress
Adapting to heat stress
High mortality in animals
Resilience of livelihood
systems

Improved storage and

conservation of seeds and

crops

Use of indigenous
knowledge and traditional
systems

Improved rainfed
agriculture

Alleviation of hunger and
poverty

Improved livelihoods
Improved health and
resilience

Improved agricultural
water management

Heat tolerance

Optimum productivity
Totality of availability and
potential value

use
Heat tolerance and
adaptation
Increased carbon
sequestration

Rationale

Way of life

Migratory patterns
Contribution by animals

Overstocking
o Control of management

Priorities and efficiency of

¢ Risk-minimizing strategies

Sustainable dryland

agriculture

e Heat-tolerant technologies

¢ Reduced animal mortality

Enhancing nutritional and

food security

o Improved management
and use

Major opportunities in
R&D

Expanded use of rainfed
areas

Increased food production
Improved R&D
Empowerment

Improved land
management and
agronomic practice

Identification of more

adaptable breeds

« Distinctive adaptation
traits

o Integration with farming

systems

Production and

conservation

Development of integrated

ruminants—tree crop

systems (south India and

Sri Lanka)

Improved use of forage

and legume varieties and

in food—feed systems

Improved understanding
Traditional systems
Security

Extent of contribution to
poverty alleviation

Effective use of browse
o Improved fodder
production

Increased meat
production

Increased adaptation
Ecosystem resilience
Reduced vulnerability
Increased self-reliance
Stable households
Sustained agricultural
production

Sustainable production
system

Improved understanding
of the landless
Environmental integrity
Increased nutritional and
food security
Cooperative development
Ensuring sustained crop
production

Increased productivity
Increased sustainability
Increased food and
nutritional security
Development of year-
round feeding systems
Stable households
Sustainable production
systems

Environmental protection
Survival

Increased ownership of
animals

Prevention of
environmental damage
Improved livelihoods

on the subject suggests that research will
require a rethinking of research structures,
and further suggests that governance issues
will be a central consideration (Lahsen et al.,
2010). The challenges and opportunities for
R&D are numerous, and the overriding
issues make this very complex. No single

printed on 2/14/2023 5:19 AMvia .

discipline can resolve the problem and that
iswhythecallisforintensiveinterdisciplinary
efforts that focus at the system level, along
with prioritization of the research agenda.
The range of issues is large, very complex
and interrelated, and varies from country to
country, with more specific and individual
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needs. Current problems in agriculture and
food production systems require more than
technical solutions and practical application.
To be thorough, they require an R&D agenda
that integrates many disciplines, but
notably biological constraints, demo-
graphics, socio-economic issues, systems
perspectives, resource allocation, value chains
and trade and marketing considerations at
the national, regional and global levels.
Finally, there is also the issue of ensuring the
successful delivery and adoption of the
improved technology through community-
based joint efforts between farmers, re-
searchers, extension personnel and municipal
officials (Devendra, 2014).

10.9 Policy Framework

The implementation of R&D activities for
coping with the effects of climate change in
agriculture will also need realistic policy
elements to ensure the success of a pragmatic
agenda. The policy requirements that are
appropriate for agriculture are reflected in
the following:

e affirmation of the official policy to address
waning agriculture, its revitalization and
integrated NRM to cope with climate
change

e priority for enhancing nutrition and food
security, and increased self-reliance

e priority for concerted R&D of rainfed
agriculture and small farm systems to
include carbon sequestration, mitigation
and adaptation strategies

e priority for the development of rainfed
less favoured or marginal lands

e improved water efficiency for cropping
systems and land-use systems

e priority for pro-poor community-based
activities that can adapt to climate change

e promotion of ways and means to enhance
carbon sequestration and reduce emis-
sions of GHGs, for example, the develop-
ment of sustainable integrated tree
crops—ruminant systems

e building R&D capacity and application of
systems perspectives to deal with climate
change
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e substantial increase in investments in
agriculture to promote greater
engagement and productivity

e promote public—private sector partner-
ships to address agricultural development
in the context of climate change.

In addition to the above, it is also pertinent
to draw attention to the policy recom-
mendations made by ADB (2009) for the
mitigation and adaptation of agriculture
and land-use sectors in South-east Asia.

10.9.1 Mitigation

e Improve land-use systems, temperature-
tolerant crops and animal practices and
farm management.

e Promote emissions reduction through a
combination of market-based pro-
grammes, regulatory measures, volun-
tary agreements and international pro-
grammes.

10.9.2 Adaptation

e Strengthening adaptive capacity by
providing public goods and services such
as better climate information, R&D on
heat-resistant crop variety and other
techniques, early warning systems and
efficient irrigation systems, and explore
innovative risk-sharing instruments such
as index-based insurance schemes.

e Implement aggressive public-private
partnerships for reforestation and affore-
station.

10.10 Conclusion

The scale and nature of the effects of climate
change is uncertain, but there is general
agreement that these are imminent and will
make all regions warmer, with declining
soil moisture corresponding with high
temperatures and evapotranspiration, which
can favour severe drought and flooding,
especially in semi-arid and arid AEZs.
Therefore, a reorientation of R&D strategy is
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necessary to improve inadequate food
production, enhance food and nutrition
security, combat spiralling food costs and
crises, and promote sustainable development
across the ecological landscape and the
livelihood systems of the poor. The priorities
for R&D should include inter alia pro-poor
community-based activities that can adapt
to climate change and the use of sustainable
yield-inducing technologies, along with the
promotion of ways and means to enhance
carbon sequestration and reduce emissions
of GHGs. Trait-based breeding and con-
servation of animal genetic resources with
their inherent adaptation traits is a pre-
requisite to mitigate the adversity of climate
change. Also, strengthening R&D capacity
with transdisciplinary systems perspectives
and human resources to deal with the
problems of climate change, and promote
increased investments in agriculture to
drive increased agricultural development, is
the need of the time.

The revitalization of agriculture, its
development and transformation to vibrant
and sustainable agricultural systems to
produce more food for humans is at the
crossroads of uncertainty and anticipation.
With climate change, the potential effects
are even more uncertain, and the agricultural
landscape hangs in a balance. Telescoping
time to address R&D and adapting to the
impact of any inevitable consequences is our
collective challenge to ensure harmony with
the environment in the near future. Problem
identification, priority setting, adaptation
and innovation are key considerations and
vision must lead the way.
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Abstract

The effect of changing climate will not only be
confined to limited production, and the
productivity of agricultural commodities, but
will also have far-reaching consequences on
dairy, meat, wool and other animal products.
The impact of climate change on the livestock
sector as a whole will be felt more in tropical
countries compared to temperate countries,
largely because of the structure of production
system and economics. The resultant
pressure, both direct and indirect, is likely to
resultin further dilution of livestock diversity,
which would specially affect the nutritional
security and livelihood of small and marginal
farmers. The challenge is to sustain genetic
diversity and productivity by different adapt-
ation strategies like production adjustment,
breeding strategies, alteration of manage-
ment systems, developing appropriate
policies, scientific intervention and capacity
building of livestock owners. In light of
concerns over the impacts of climate change
and climate variability, this chapter provides
an overview of the opportunities for adapt-
ation and mitigation strategies in tropical
climatic conditions.

11.1 Introduction

Climate change as evidenced in tropical
areas is expected to cause strong negative

* E-mail: santanubanik2000 @yahoo.com
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impacts, where most of the developing
countries are concentrated. The latest report
of IPCC (2013) indicated sharp changes in
annual rainfall in the tropical and subtropical
world as temperatures rise and oceans
become warmer. Climate change in these
regions is projected to cause an increase in
extreme weather events, such as droughts,
heatwaves, storms, desertification, cyclones,
flash floods, etc. Long-term changes in
climate may significantly affect the future of
all animal genetic resources (AnGRs),
including those on farms or in forests.

In most tropical areas, livestock are the
key assets of underprivileged people for
providing multiple economy, nutritional
confidence, social security and economic
insurance during emergencies. The effect of
changing climate will not only be confined to
the limited production and productivity of
agricultural commodities, but will also have
far-reaching consequences on dairy, meat,
wool and other animal products. The AnGRs
of the tropics are at risk of beinglost through
the direct impacts of climate change,
arbitrated via increased incidences of
drought and flood and the emergence of
epidemic diseases, whereas the indirect
impacts are through change of adaptation
capability of animals to extreme climatic
conditions. There arises health implications
too related to biodiversity loss, and
subsequently many of the expected or
emerging health risks.
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The challenge is to sustain genetic
diversity and productivity by different

adaptation  strategies like production
adjustment, breeding strategies, alteration
of management systems, developing

appropriate policies, scientific intervention
and capacity building of livestock owners.
The identification and optimum utilization
of different adaptable traits of local AnGRs
need to be included in breeding programmes
for sustainable growth of the livestock
sector, as well as to maintain genetic
diversity. Proper ex situ conservation
strategies, especially in vitro conservation,
need to be considered as an important
component of a broad-based strategy to
conserve critical adaptive genes and genetic
traits.

The chapter will cover some of the likely
impacts of climate change on livestock and
livestock system variability, and will discuss
some of the resultant priority livestock
development issues, including breeding
strategies for climate-resilient animal hus-
bandry to sustain livestock biodiversity in
the tropics.

11.2 Animal Diversity

Diversity in general refers to the array of
differences among some set of entities.
Biological diversity thus refers to variety
within the living world - the biosphere. The
term ‘biodiversity’ is commonly used to
describe the number, variety and variability
of living organisms. Diversity can be
measured only if some quantitative value
can be ascribed to it and these values
compared. To do this, biodiversity is divided
into its constituent elements, i.e. genes,
species and ecosystems, which correspond
to three fundamental and hierarchically
related levels of biological organization.
The most common usage of the word
‘biodiversity’ is as a synonym of species
diversity or species richness. This is perhaps
because the living world is most widely
considered in terms of species. Thus,
discussion of global biodiversity is typically
presented in terms of global numbers of
species in different taxonomic groups.

printed on 2/14/2023 5:19 AMvia .

Estimates for the total number of species
currently existing on earth vary from 5
million to nearly 100 million. One estimate
suggests there might be around 12.5 million;
of these, only an estimated 1.7 million have
been described to date. In terms of species
number alone, life on earth appears to
consist essentially of insects and micro-
organisms.

Genetic diversity represents the heritable
variation within and between populations of
organisms. Populations may be entire
species or a specific collection of individuals
within a species such as a breed, strain, line,
herd/flock, etc. Diversity ultimately resides
in the variations in the sequence of the four
base pairs that, as components of nucleic
acids, constitute the genetic code. New
genetic variation arises in individuals by
mutations of gene and chromosome. During
sexual reproduction, by recombination of
the chromosome, the variation is spread
through the population.

Genetic diversity, the pool of genetic
variation in an interbreeding population, is
acted upon by selection, be it natural or
artificial. Differential survival results in
changes of the frequency of genes within a
population, and this constitutes population
evolution. Thus, genetic variation enables
both natural evolutionary change and
artificial selective breeding to occur.

Livestock populations developed in
different ecological or geographical areas
have become genetically distinct as a result
of genetic drift, shift and differential
selection pressures, provided they have also
been isolated reproductively from other
populations developed under different
conditions. Thus, the indigenous livestock
from different regions of the world should
probably be assumed a priority to represent
different ‘breeds’ that have different
adaptive characteristics or possess unique
physiological characteristics.

11.3 Adaptability of AnGRs

The speciation and development of geo-
graphically isolated breeds in the tropics has
taken place with the consideration of harsh
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climatic variation present in the region since
time immemorial. For example, zebu cattle
are uniquely suited to hot and humid
climates because of their smooth coat,
primary hair follicles, improved sweat and
sebaceous glands, and better ability to lose
moisture by evaporation than Bos taurus
cattle (Turner, 1980). Variation in
adaptability between Bos indicus and B.
taurus cattle may be due to their origin in
distinct climates in which B. indicus might
have acquired thermotolerant genes
(Hansen, 2004). Among temperate breeds,
Jersey dairy cows are more resistant to heat
stress than Holstein cows under tropical
climatic conditions (Sharma et al., 1983).
Typically, goats are regarded as the best-
adapted species to harsh environments
(Silanikove, 2000b). In addition, sheep and
goat are more thermotolerant than cattle
(Silanikove, 2000a,b; Khalifa et al., 2005),
which have a high metabolic rate and a
poorly developed water retention mech-
anism (Bernabucci et al., 2010).

Similarly, resistance/tolerance to numer-
ous infectious diseases and parasitic
infestations like trypanosomiasis, derma-
tophilosis, or foot rot, tick-borne diseases
and internal parasites afford them a distinct
advantage, which will be of increased
importance in changing climatic conditions.
Efficient conversion of low-grade feed
resources to high-quality animal proteins
and enhanced immunity to diseases is
evidence of adaptation by these animals
living in the tropics (Naskar et al., 2012).

Some of the commercially successful and
thriving indigenous breeds of livestock well
adapted to an often harsh environment
include the Sahiwal cattle of India (Ogilvie,
1947), the Kenana cows of Sudan (Alim,
1960) and Nandi cattle in Kenya (Wilson,
2009). Some prized tropical beef breeds are
the Caracu from Criollo, Indubrasil or
Nellore (originally from the Ongole cattle of
India) in Brazil (Cardellino, 2000), Brahman
cattle (originally from India) in the USA, the
Boran in Ethiopia and Kenya (Haile-Mariam
et al., 1998; Homann et al., 2005) and
Mashona and Tuli cattle in Botswana and
Zimbabwe (Moyo, 1990; Homann et al.,
2005). Similarly, Haryana and Kankrej cattle

printed on 2/14/2023 5:19 AMvia .

in India, and Afrikander cattle in South
Africa (Wilson, 2009), are renowned for
draught or pack purpose. Among the sheep
breeds, the Chios and Awassi breeds of the
Near East for milk purpose, the Sudan
Desert for the dual purpose of milk and
meat (Wilson, 2009), the Awassi breed of
the Near East as multi-purpose (Amin and
Peters, 2006; Wilson, 2009) and the Chios
breed of the Near East and eastern
Mediterranean region (Hatzimimaogiou et
al., 1990) are front-runners in productivity.
The Boer goat of South Africa (SASBA,
2004), the Jamunapari, Beetal and Black
Bengal goats of India and the Damascus goat
in Cyprus (a native of Syria and Lebanon;
Mavrogenis et al., 2006; Wilson, 2009) are
widely used for profitable goat farming
under tropical climatic conditions.

Genetic studies also suggest the presence
of a few major genes influencing better
adaptability in harsh climates, like the
presence of: the trypanosome resistance
gene in the N'dama cattle of Africa; the slick
hair gene in Senepol and Criollo cattle breeds
(Spanish origin) in Central and South
America for the development of hairs to
resist heat; the Nramp1 gene for resistance/
susceptibility to Brucella abortus (Adams and
Templeton, 1998; Barthel et al., 2001),
Salmonella and Paratuberculosis infection in
cattle (Pinedo et al., 2009) and buffalo
(Ganguly et al., 2008); and the halothane
gene in pigs which causes malignant
hyperthermia (heat shock) when pigs are
exposed to environmental stressors.

The widespread use of Brahman cattle in
cross-breeding programmes in the USA
(Ames and Ray, 1983), the import,
development and re-export of African Boran
and Tuli cattle breeds (Rege and Gibson,
2003), the resilience of Sahiwal breeds in
India and Kenana, Butana and N’dama cattle
breeds are a few good examples that
illustrate the importance of adaptability to
local environmental conditions. There are
many Indian breeds of cattle (B. indicus) that
perform equally well in a hot climate, as they
have been selected unintentionally for their
ability to survive in unfavourable environ-
ments. The Australian Milking Zebu (AMZ),
a cross of Sahiwal and Red Sindhi bulls with
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Jersey cows, was developed during the
1960s, with milk production over 2100 kg
lactation™ and 4.5% fat (Stephens, 2006).
This breed has remarkable heat tolerance
and tick resistance. Similarly, the Australian
Friesian Sahiwal (AFS), whose development
is of recent origin, has better performance
and 