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To Konrad Steffen (2 January 1952–8 August
2020), a Swiss-American climate scientist
who died on a research field trip to
Greenland, when he fell into a crevasse.
Before deglaciation, such crevasses were not
known.
To the 5 million people, whose annual
premature deaths are linked to climate change
already now.
To those who will take action in the future to
combat climate change, for all of us.



Foreword

The first two editions of this Handbook have already established it as an essential
tool for the increasing number of theoreticians and practitioners working in the
overlapping fields of the climate and life sciences, socio-economics, engineering,
and even aesthetics and philosophy. The first edition had 2130 pages, 586 figures,
and 205 tables; the second one 3331 pages, 1108 figures, and 352 tables.

This third edition is clearly even bigger and better. As we get ready to plunge into
it, it is worth stopping for a moment and reflecting on the evolution of what has
become an important field of and onto itself, namely, that of Climate Change
Mitigation and Adaptation (CCMA). This foreword dwells on three important topics
for this field: (i) the communication problems of interdisciplinarity; (ii) the crucial
role of the times in which we live for the future of humanity on this planet; and (iii)
the impact of stakeholders on the science we conduct.

To start with (i), it is well known that living at or near a border is potentially very
interesting but it is often also quite difficult. This statement is especially true in the
sciences, where speaking a different language makes mutual understanding harder,
as does having grown up with an often very different type of education. Ludwig
Wittgenstein already pointed out the difficulties involved in communication among
different “language communities,” into which he definitely included scientific
communities.

It is thus important to keep in mind, as CCMA develops its own language, that
this language should be rich and creative in and of itself, but also draw on the
neighboring languages of the separate communities that have contributed to its birth
and are continuing to nurse it. To put this less philosophically and more concretely,
Integrated Assessment Models (IAMs), as an important dialect of the new CCMA
language, need to balance the requirements of both climate and economic modeling:
the former deeply anchored in a physical language, in which the basic rules are
natural conservation laws, the latter in a socioeconomic language, in which the rules
are more empirical and consensus-driven but equally important.

There is, however, a truly striking case of a phrase jumping the language barrier;
that phrase is “tipping points.” Sudden jumps from one steady state of a system to
another were originally studied by Leonhard Euler, three centuries ago. Euler
formulated and solved a mathematical model for the buckling of a beam, i.e., for
its sudden transition from a straight to a curved state, as the axial load on it is
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increased past a critical value. Such a transition became known as a bifurcation.
Bifurcations were generalized in the mid-twentieth century from saddle-node bifur-
cations between two steady states to Poincaré-Andronov-Hopf bifurcations between
a steady state and a cyclic behavior and, in the later twentieth century, to various
forms of transition between periodic and chaotic types of behavior, dubbed routes to
chaos.

Unaware of this rich history – which involved applications of bifurcation theory
to a plethora of problems in the physical, biological, and even socio-economic
sciences – a journalist, Malcolm Gladwell, had the intuition that such sudden
transitions due to “little things,” like a small change in a parameter value, could
play a big role in sociology. His book, published in 2000, became a bestseller and the
phrase took off. Tipping points are now everywhere, and they have even been given
a precise mathematical definition as bifurcations in dynamical systems subject to
time-dependent forcing. Relevant examples are the bimodalities in sea ice cover of
the Arctic and in the vegetation cover of the Amazon basin; in both cases, the time-
dependent forcing to be considered is the anthropogenic change in atmospheric
composition and, hence, optical properties.

Turning now from mere linguistics issues to Earth- and humanity-shaking ones,
the realization that we are at a crossroads is truly sinking in. The 2020s decade that
just started has already been called the “Soaring Twenties,” a wink to the post-WWI
“Roaring Twenties.” It is a decade that, by most accounts, will play a key role in the
coevolution of humanity and its planet. While there is still no dearth of incredulous
or uninformed people – in countries large and small, advanced and developing – the
overwhelming consensus of informed opinion is that we have to change our spend-
thrift collective ways and do something to prevent the young generation and the
following ones from suffering greatly.

But what exactly do we have to do about climate change? CCMA, as a field of
science and engineering, has a lot to contribute to the multiple answers to this
question. These answers need to also take into account that there are many other
issues involved in humanity’s current and future well-being than climate change:
loss of biodiversity is due to human population pressure and not just to climate
change; regional and social inequalities affect and are affected by climate change,
and so on and so forth. One rapidly emerging fact is an increasing commitment from
the giants of private business to chart a course that aligns with the approximately
right direction of achieving “net-zero” carbon emissions by mid-century or earlier.
Another such fact is the rapid emergence of “green finance” and, more generally, of
investment that is driven by, or at least affected by, so-called environmental, social,
and governance (ESG) criteria.

Up until recently, the efforts of climate and environmental activists and of their
large crowds of followers have focused on convincing public decision-makers to
deploy the means of states and international institutions in support of the requisite
steps for a better future. More recently, the resources of both public and private
finance, to the tune of tens of trillions of dollars, are seeking environmentally sound
investments to maximize growth and mitigate risk, and the private portion is much
larger than the public one. The risks incurred by such investments are transitional – i.
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e., those associated with mitigation policies – as well as physical, such as asset losses
due to climate change and variability. Still, the increased private-capital interest
appears to be going, more and more, beyond “greenwashing” and on to real action.

And here we are getting to the third and last part of this foreword. Most private
institutions, including the largest ones, do not have the same experience with
fostering science in support of their goals as public ones do. Maximizing an
investment bank’s growth and mitigating its risks might not always harmonize
with the lofty goals of saving the planet and optimizing humanity’s life on it. Just
to give one small example, private capital is much more in tune with the traditional
measure of national and global success, namely, gross domestic product (GDP). But
it has become clearer and clearer that GDP is not the unique and not even a good
measure of individual or community happiness.

Over the last decade, it has been forcefully argued that the Inclusive Wealth Index
(IWI) is much better at measuring welfare and not just production. It is important,
therefore, to use IWI and, possibly, other multi-index measures in projecting the state
of the world into the future, no matter what certain powerful stakeholders in this
future might think.

A final scientific point concerns the uncertainties in such projections. It is these
uncertainties that must be taken into account in deciding “what exactly do we have to
do?” Beyond the well-known, and multiply attributed, saying about “the known
unknowns and the unknown unknowns,” there’s not much one can do about the
latter. But there are many ways to take into account the former. Uncertainty quan-
tification has become a flourishing field in the sciences and engineering. The
financial industry has, obviously, its own ways of quantifying uncertainty – ways
which are quite sophisticated and well adapted to its purposes but are quite different
from those that are used in the climate and ecological sciences. Once more, there’s a
language problem, and we’re back to the first topic on our list.

The topics that were touched upon in this foreword are, naturally, just three out of
many. I can only wish this Handbook’s third edition all the success it deserves and
hope that some heed will be paid to these topics in future editions as well.

École Normale Supérieure and PSL University
Paris, France
University of California at Los Angeles
Los Angeles, CA, USA

Michael Ghil
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Preface

The third edition of the Handbook, printed 10 years after publication of the first
edition, has arrived. Meanwhile, the Keeling curve has moved from 394 to 419 ppm,
and evidences of the devastating climate changes have emerged, such as the com-
plete loss of stability of the natural Atlantic Meridional Overturning Circulation
(AMOC) (Boers 2021). We have also learned more about climate change and
mitigation, which will be the emphasis of this edition. But what is in knowledge?

“The more I know, the more I realize I know nothing.” Socrates
“The more I learn, the more I realize how much I don't know.” Albert Einstein
With more knowledge also come uncertainties, and science needs to and does

look at them. Climate change has been a political topic ever since. The oil lobby has
been accused of denying climate change. A notorious memo from 1998 reads:
“Victory will be achieved when average citizens recognize uncertainties in climate
science” (https://www.govinfo.gov/content/pkg/CHRG-116hhrg38304/html/
CHRG-116hhrg38304.htm, accessed August 8, 2021). It is not that simple, though,
to merely demonize one industry. Climate change, this is all of us. And victory can
be for no one.

Today, “sustainability” has become somewhat of a hype. Be it circular economy,
meat consumption, energy use, resource consumption, carbon emissions – the
feeling has emerged that both organizations and private citizens all over the planet
have started to recognize that something with the current way of living is wrong. But
do we see countermeasures or a changing trend? The COVID 19 pandemic was an
unprecedented caesura, yet its effect on our climate is estimated on only 0.01 �C of
avoided warming (https://www.bbc.com/future/article/20210312-covid-19-paused-
climate-emissions-but-theyre-rising-again, accessed August 8, 2021).

This Handbook makes a contribution by offering an up-to-date, comprehensive
collection of knowledge on climate change adaptation and climate change
mitigation.

It is up to you, the reader, to take this knowledge and put it into action.
The editors of this Handbook want to thank all authors for sharing their research,

and the publishers for enabling this format. The next decade is definitely a decisive

xi

https://www.govinfo.gov/content/pkg/CHRG-116hhrg38304/html/CHRG-116hhrg38304.htm
https://www.govinfo.gov/content/pkg/CHRG-116hhrg38304/html/CHRG-116hhrg38304.htm
https://www.bbc.com/future/article/20210312-covid-19-paused-climate-emissions-but-theyre-rising-again
https://www.bbc.com/future/article/20210312-covid-19-paused-climate-emissions-but-theyre-rising-again


one for our climate. Let us all act within our own sphere of influence. Like every
molecule of CO2 counts, it is every step, large or small, in the right direction that is of
value, and remember that the first steps are always the most important ones.

April 2022 The editors
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Prologue

Climate change is a global issue that will affect all of us. Its negative effects have
already begun and are felt on all parts of the planet, from the poles to the equator.

The concept and theory of the greenhouse effect have been described and studied
for almost two hundred years, and the question of whether or not our anthropogenic
activities affect the climate has been asked and answered for almost as long. Since
the second half of the twentieth century, it has become apparent that we humans
cause the climate to change due to modern societies’ emissions of greenhouse gases,
and now the science is clearer than ever. The climate is changing rapidly due to our
human activities. If we do not address this issue and immediately act on mitigating it,
the consequences will be potentially devastating. We can no longer ignore the facts.

Scientists studying climate change and its effects have called out for change and
action for decades. They have warned the public, governments, and companies that
we need to act, and that we need to act now.

However, for some reason, these warnings have seemingly passed unheard.
Despite scientists urging for climate action, little has happened. Now, in the last
few years, climate change has risen substantially on the international agenda. Apart
from the few denying climate change, the majority agrees that something needs to be
done. Still, large-scale action is yet to be seen. It seems as though society is
paralyzed. Action from politicians, financial leaders, and others with the power
and mandate to enact action is yet far too slow and far too little compared to what
needs to be done.

The current inaction toward climate change could be described as though we are
performing a collective global experiment on our earth’s climate, with both nature
and ourselves as the metaphorical guinea pigs. This being said, all is not yet lost.
Science does not only tell us what the issue is and where it stems from, but also
provides us with the tools and insights necessary to resolve the problem of anthro-
pogenic climate change. So, to stop this enormous high-stake gamble with our
planet, its ecosystems, as well as our own lives and futures, we need to collectively
act and demand real, sustainable climate action from those with the economic and
political mandate to enable large-scale change. With said change being rooted in
science, democracy, and sustainability. It is not an impossible task, but it is a
necessary one.

xiii



The climate crisis is a global crisis, and it is time to act accordingly. Listen to the
science.

Alexander Ahl, Isabelle Axelsson, Alde Fermskog, Ell Jarl, Greta Thunberg
Fridays For Future Sweden
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Abstract

The emission of greenhouse gases from livestock due to the fermentation process
in the gastrointestinal tract is a colossal burden for veterinarians worldwide.
These detrimental greenhouse gases are considered not only environmental
pollutants but also toxic to human health. Livestock is considered a significant
contributor to climate change by releasing these biogases into the ecosystem. In
recent years, research has been focused on alteration of rumen microflora and
fermentation kinetics of livestock for enhancing feed consumption and reducing
the emission of toxic biogases. A plethora of supplements are being added into
the feed of livestock for reducing the emission of greenhouse gases into the
ecosystem. In this chapter, we have summarized the promising roles of probiotics,
exogenous enzymes, plant metabolites and fodder trees, organic acids, and other
microbes as ideal dietary feed additives for the sustainable mitigation of green-
house gases release from ruminant and non-ruminant animals.

Keywords

Dietary supplements · Ecosystem · Feed · Greenhouse gases · Livestock ·
Mitigation

Introduction

Livestock alter the environment of the biosphere by producing greenhouse gases (GHG)
through direct (enteric fermentation) or indirect (processing of feed and conversion of
agroforestry into fodder) mechanisms. Carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O) are the primary GHG produced by the livestock sector throughout
the production process and cause global warming (Velázquez et al. 2020). The produc-
tion of CO2 from animals is not a net contributor towards changing the environment
because livestock depends on plants for nutrition that utilize CO2 for physiological
processes (Steinfeld et al. 2006). On the other hand, CH4 and N2O are crucial green-
house gases produced by livestock and contribute global warming effects (Solomon
et al. 2007). Livestock contributes approximately 18% of the global anthropogenic
greenhouse gas emission. In 2005, the global anthropogenic greenhouse gas productions
from agricultural systems were about 6.2 gigatonnes CO2-equivalent, animals sharing
about 9% of it (IPCC 2007). In general, animals produce greenhouse gases as a
by-product of the digestion mechanism, and these gases (particularly CH4) get trapped
in the atmosphere, causing global warming (Fig. 1).

Ruminants are the leading contributors to GHG, with approximately 80% of the
entire sector’s productions (Opio et al. 2013). On the other hand, non-ruminants
contribute only about 9% of the sector’s productions (Gerber et al. 2013). Similarly,
small ruminants have lower contributions of about 8.5% (Opio et al. 2013). GHG
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emissions from livestock were calculated as 15% of all human-induced productions.
Feed fermentation is the primary source of greenhouse gas productions, representing
approximately 45% of the greenhouse gases of the entire agricultural sector. According
to the US Environmental Protection Agency (EPA 2009), CH4 release from enteric
fermentation makes up 20% of overall CH4 production from anthropogenic resources
(EPA 2011). According to the EPA (2006), the non-CO2 production from animals would
be about 8% of the worldwide greenhouse gases produced in 2020.

The rapidly increasing human population will cause an increment in the
global food demand which will certainly increase the demands for animal products.
Therefore, the sector will compromise ecological sustainability. Hence, the cleaner
and instantaneous greenhouse gas reduction approaches are paramount issues for
reducing the greenhouse effect. The emission of greenhouse gases from livestock
industries can be mitigated by manipulating their diet using distinct feed additives.

Brief on Greenhouse Gases Emissions

Greenhouse Gases Emissions in Agriculture

It has become a global concern due to its subsequent impacts on global climate.
Agriculture, forestry, and land-use change account for 20.3 GtCO2e (Ahmed et al.
2020). It contributes to about 24% of global greenhouse gas emission (IPCC 2014).

Fig. 1 Livestock produce greenhouse gases as by-product of digestion mechanism, and these gases
are trapped in the atmosphere, causing climate change
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These emissions come mainly from enteric fermentation, forestry and land-use
change, rice cultivation, manure, on-farm energy use, synthetic fertilizer, burning
savanna, global food waste, etc. (FAO 2006; FAO 2016; WRI 2018) which release
CO2, N2O, and CH4 into the atmosphere. Enteric fermentation is the most significant
factor affecting greenhouse gases emissions from ruminants which account for about
30% of total CH4 emission concomitantly resulting in a loss of about 2–12% of the
dietary energy intake of animals (FAO 2020). Recently, it has been reported that
agriculture greenhouse gases emissions have been increased from 71.6 to 174.6 Mt
of CO2-equivalent from 1994 to 2015, from which enteric emission contribute with
45.1% (Ijaz and Goheer 2020). Livestock farming impacts the environment, biodi-
versity, and ecosystem functionality through the consumption of finite resources
(land, water, and energy) and production of physical flows (such as nutrients,
greenhouse gases, and toxic substances) and also produces goods and services
(European Union 2020). Globally, between 2005 and 2015, emission from agricul-
ture increased by 8%, and regionally, Asia, Latin America and the Caribbean, Africa,
Europe, North America, and Oceania contributed about 44%, 17%, 15%, 11%, 9%,
and 4%, respectively, of the global 5246 kilotonne of CO2-equivalent emissions
from agriculture (FAOSTAT 2016). Eastern and Western Africa; Eastern, Southern,
and Easter Asia; and southern America account for 62%, 73%, and 87% of agricul-
tural emission in Africa, Asia, and Latin America and the Caribbean, respectively.
Enteric fermentation, manure on pasture, synthetic fertilizer, paddy rice, manure
management, and burning savannah account for 40%, 16%, 12%, 10%, 7%, and 5%
of the global agricultural emitters (FAOSTAT 2016). In Latin America and the
Caribbean, Africa, and Asia, livestock-related emission (enteric fermentation,
manure left on pasture, manure management) accounts for the highest agricultural
emissions of 86%, 69%, and 52%, respectively (FAO 2016).

Enteric Emission

Enteric fermentation is a biological process that occurs in the foregut or hindgut of
livestock to ensure microbial breakdown of feed consumed, and this process leads to
the production of many fermentation products including CH4. Enteric fermentation
remains the highest contributor to agricultural greenhouse gases emission in devel-
oping countries. In 2005–2014, enteric fermentation accounted for 59%, 39%, and
34% of agricultural emission in Latin America and the Caribbean, Africa, and Asia,
respectively (FAOSTAT 2016). Enteric emission from 1990 to 2018 shows that there
was a total of 1,939,090 gigagrams with Africa, America, Asia, Europe, and Oceania
emitting 35.2%, 32.7%, 14.4%, 13.9%, and 3.8%, respectively (FAOSTAT 2018).
Of the total enteric emission, 54.7%, 18.9%, 10.5%, 7%, 4.4%, and 4.5% are emitted
by non-dairy cattle, dairy cattle, buffalos, sheep, goats, and horses, camels, asses,
and swine combined (FAOSTAT 2018). FAO (2017) shows that 50% CH4, 24%
N2O, and 26% CO2 account for 50, 24, and 26% of emissions comes from the
livestock sector. These facts highlight the need to reduce greenhouse gases emission
from livestock. Despite the focus on the greenhouse gases emission from livestock,
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some authors have questioned the true impact of CH4 from livestock on our
environment (Allen et al. 2018; Raiten et al. 2020). This is based on the relative
“life span” and bio-recycling of CO2 by livestock (Cain 2018; Allen et al. 2018). It is
known that the life span of CH4 is less than a decade compared to CO2 and N2O with
a longer life span (�1000 year) (Raiten et al. 2020). Thus, if ruminants do not
increase, CH4 emission from ruminant is bio-recycled because no new carbon is
added to the atmosphere. This is because photosynthesis by plants converts carbon
dioxide to plant-based carbohydrates (cellulose), and ruminants convert these for-
ages into energy and high-quality protein, and in the process, CH4 is produced. The
CH4 emitted during enteric fermentation and from manure lasts about a decade in the
atmosphere and it is broken down into CO2 and water. The CO2 from the ruminants
become a recycled one compared to CO2 from other agricultural sectors and the
fossil fuel industry (Raiten et al. 2020). Notwithstanding farmers in developing
countries where emission intensity per kg of product is high and must continue to
improve their animals’ productivity in order to reduce the need to add more animals
which will result in increased CH4 emission. Adegbeye et al. (2020), Ahmed et al.
(2020), and Frank et al. (2019) have all recommended expanded use of feed
additives in global agriculture to reduce emission. Various dietary practices includ-
ing use of feed additives, high-quality forages, and inclusion of ionophores have
been employed to reduce CH4 emanation in ruminants. Different additives such as
probiotics, plant extracts, and essential oils have shown promising effect in terms of
reducing greenhouse gases or redirection of hydrogen ions away from the
methanogenesis (Hassan et al. 2020; Reddy et al. 2020).

Dietary Manipulation

Among various strategies for GHG mitigation, manipulation of diet is an ideal
approach that not only improves animal’s productivity but also reduces the produc-
tion of GHG. The alteration of the diet can decrease CH4 production up to 30% based
on the extent of variation and the characteristic of the intercession (Benchaar et al.
2001). In another investigation, CH4 emission decreased up to 70% by altering
nutritional constituents (Mosier et al. 1998). Feeding altered diets not only improves
the quality of forage but also directly target methanogenesis or change the metabolic
mechanisms, causing the reduction of methanogenesis. Feed supplements such as
organic acids, probiotics, exogenous enzymes, and plants or small fodder trees are
incorporated into the diet to reduce the greenhouse gas emission from livestock
(Fig. 2).

Organic Acids

Organic acids are promising feed supplements for reducing CH4 and CO2 emissions
from livestock. Organic acids induce the formation of propionic acid in the rumen
and, thus, decrease CH4 emission (Castillo et al. 2004). Fumarate and acrylate reduce
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CH4 productions in batch cultures, but fumarate is considered more efficient than
acrylate (McAllister and Newbold 2008). The addition of propionate precursors in
the diet reduced CH4 production as the reductive pathways vary among organic acid
sources (McAllister and Newbold 2008). An in vivo study in beef cattle exhibited a
potent alteration in rumen fermentation by fumarate, although the mitigation of CH4

production was not affected (Beauchemin and McGinn 2006). The addition of
organic acid to the diet has been chiefly investigated for in vitro CH4 and CO2

production (Table 1).
Elghandour et al. (2016a) demonstrated the sustainable mitigation of CH4 and

CO2 production by substituting dietary corn grain with soybean hulls in the presence
of organic acid salts. The corn grain was substituted at three doses/kg dry matter
(DM) 0 g (control), 75 g (soybean hulls), or 150 g (soybean hulls). The organic acid
salt was also supplemented at three concentrations: 0, 5, and 10 mg/g dry matter of
substrates. Results showed that soybean hulls at 75 and 150 g/kg DM reduced the
asymptotic CO2 production. The addition of soybean hulls and organic acid salt
enhanced the production of CH4. Similarly, the sustainable production of CH4 and
CO2 by replacing corn grain with prickly pear cactus flour in the presence of
different levels (0, 5, and 10 mg/g DM) of organic acid was also investigated. The

Fig. 2 Various important feed supplements incorporated into the diet to reduce greenhouse gases
emission from farm animals
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increase in prickly pear cactus level showed a linear effect on asymptotic gas CH4

and CO2 productions (Elghandour et al. 2016b).
Fumarate was used as a dietary supplement for the mitigation of CH4 emission in

the rumen. The supplementation of fumarate to the culture of mixed ruminal
microbiota decreased CH4 emission, suggesting that the inclusion of fumarate to
ruminant feed decreased methanogenesis and improved propionate emission in the
rumen (Asanuma et al. 1999). The impact of various doses of malate on in vitro
mixed ruminal microbial fermentation of starch or cracked corn showed a significant
reduction in CH4 concentration (Martin and Streeter 1995).

Beauchemin and McGinn (2006) studied the effect of various feed additives on
reduction of enteric CH4 emissions from cattle. The feed additive reduced CH4

productions by 32% which was mainly due to the reduced feed intake and lower DM
digestibility. In contrast, the addition of fumaric acid into the diet showed no impact
on CH4 production. Findings revealed reduced emission of CH4 from cattle due to
the canola oil supplementation of canola oil. Essential oils and fumaric acid did not
affect CH4 emissions.

In another investigation, sunflower oil reduced CH4 emission by 22% relative to
the control. On the contrary, monensin and proteolytic enzymes did not influence
biogas production group. Likewise, Procreatin 7 yeast, Levucell yeast, and fumaric
acid showed no influence on CH4 emission from steers. Findings revealed that
sunflower oil, ionophores, and yeasts could be utilized to mitigate CH4 emission
from cattle (McGinn et al. 2004).

Jayanegara et al. (2018) demonstrated that the incorporation of 3-nitrooxy-
propanol (3-NOP) at various concentrations reduced enteric CH4 emission per unit
of body weight and dry matter intake from ruminants. On the other hand, various
doses of 3-NOP significantly increased hydrogen (H2) production. Findings showed
that 3-NOP is an effective dietary supplement to reduce the production of enteric
CH4 without altering the productive performance of ruminant. The effects of
nitroethane, dimethyl-2-nitroglutarate, and 2-nitro-methyl-propionate were deter-
mined on in vitro ruminal CH4 emission. Results showed a 92% CH4 reduction
with the use of nitrocompounds produced >92% less CH4 than non-treated controls
(Anderson et al. 2010).

The effect of 3-NOP supplementation to lactating Holstein cows on CH4 emis-
sions has been demonstrated. The inclusion of 3-NOP into the diet reduced CH4

production from 17.8 to 7.2 g/kg DM intake. Findings indicated that supplementing
3-NOP to lactating dairy cows at 2500 mg/d can decrease CH4 emission without
affecting milk yield (Haisan et al. 2014). Similarly, Romero-Perez et al. (2014)
evaluated the role of 3-NOP (0.75, 2.25, and 4.50 mg/kg body weight) for the
reduction of enteric CH4 emissions in beef cattle. Results showed a dose-dependent
3-NOP CH4 reduction for the control. The use of 4.5 mg/kg body weight of 3-NOP
in beef cattle reduced enteric CH4 emissions without negatively affecting diet
digestibility. In another investigation, the inclusion of 3-NOP into the feed reduced
enteric CH4 emission from cattle (Romero-Perez et al. 2015).

Data of Vyas et al. (2016) showed that the addition of NOP lowered total
CH4 emissions with the best response at 200 mg NOP/kg DM. For the high-grain
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diet, the emission of total CH4 was reduced with increased doses of 3-NOP.
Overall, these findings show that cattle fed high-forage and high-grain diets, along
with 3-NOP/kg DM, decrease enteric CH4 emission. Newbold et al. (2005) con-
cluded that propionate precursors can reduce CH4 up to 17%. Furthermore, fumarate
(3.5 g/L) reduced CH4 production by 38% in continuous fermenter using forage as
potential substrate (Kolver et al. 2004). In contrast, Beauchemin and McGinn (2006)
showed a lack of fumarate effect on CH4 reduction. The addition of calcium
propionate, malate, and monopropylene glycol into the feed of Brown Swiss cow
showed an increment in asymptotic gas production (Elghandour et al. 2017a).

Probiotics

Probiotics are being exploited as dietary supplements to mitigate GHG productions
from livestock. The specific mechanism for CH4 reduction using probiotic microbes
is not extensively studied due to the lack of successful incorporation of acetogens to
the rumen (Lopez et al. 1999). In general, the ability of probiotics to influence
fermentation in an animal depends on the dietary components. Table 2 illustrates the
role of different probiotics as feed supplements to reduce GHG emissions from
livestock. Lactobacillus plantarum, L. casei, L. acidophilus, Enterococcus faecium,
Selenomonas ruminantium, Megasphaera elsdenii, Saccharomyces cerevisiae, and
Aspergillus oryzae are widely used for improving animal’s health (McAllister et al.
2011). Yeast cells are being utilized for improving rumen fermentation, DM intake,
and milk yield (Beauchemin et al. 2008). Tsukahara et al. (2001) demonstrated a
significant decrement in intestinal gas emission in pigs in the presence of lactic acid
bacteria as feed additive. However, hydrogen sulfide emission was enhanced, and an
adverse interaction between hydrogen sulfide and CH4 emission took place. Takahashi
et al. (2000) reported the influence of lactic acid bacteria on methanogenesis and
observed an increment in biogases production. The impact of equine [Azteca horses’
(aged 5–8 years, 480� 20.1 kg)] fecal inocula on in vitro CH4 and CO2 emission was
elucidated by supplementing L. farciminis (Elghandour et al. 2018a). The incorpora-
tion of L. farciminis elevated asymptotic CH4 and CO2 emission.

The impact of fecal inocula from horses supplemented with S. cerevisiae in feed
constituting oat straw on in vitro GHG production as indicator of hindgut activity
was estimated by Elghandour et al. (2017b). Commercial S. cerevisiae, i.e., Biocell
F53 (YST53), decreased CH4 emission by 78%. In another study, three different
commercial S. cerevisiae such as Biocell F53 (YST53), Procreatin 7 (YST07), and
Biosaf SC47 (YST047) were tested to evaluate in vitro CH4 and CO2 production
from horses. Results showed that YST53 supplementation at 4 mg/g DM decreased
CH4 emission. On the other hand, the inclusion of yeast products showed no
significant effect on CO2 production (Elghandour et al. 2016c). Likewise, the
addition of S. cerevisiae into the diet enhanced CO2 production from horses
(Velázquez et al. 2016). L. plantarum MTD1 was co-administered with waste
molasses for evaluating its effect on the silage quality, rumen volatile fatty acids,
and GHG emissions. Findings showed that L. plantarum had no influence on CH4
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Table 2 Effect of probiotics on mitigation of greenhouse gas production

Microbial
species

Doses/dietary
level

Animal
species

Ingredient
(s)-based
diet

Impact on
greenhouse
gas
production References

Lactobacillus
acidophilus,
Bifidobacterium
bifidum, and
Enterococcus
faecalis

0.1 g/kg Pigs Corn meal
and wheat,
soybean
meal, fish
meal and
defatted
milk, and
other
components
to contain
total
digestible
nutrients

Decreased
CO2

emission.
Negative
correlation
was seen
between
hydrogen
sulfide and
CH4

production

Tsukahara et al.
(2001)

Micrococcus,
Staphylococcus,
Pediococcus,
Leuconostoc,
Paracoccus,
Streptococcus,
Lactobacillus,
Gluconobacter,
and Bacillus

4 g/L Cows Bermuda
grass hay

Increased
total gas,
CO2, and
CH4

emission

Takahashi et al.
(2000)

Lactobacillus
farciminis

2, 4, and 6 mg/g Azteca
horses

Oat straw
and a
commercial
concentrate

In vitro gas,
CH4, and
CO2

productions
increased

Elghandour
et al. (2018a)

S. cerevisiae 2 and 4 mg/g Sheep Mixed
rations with
high crude
protein

Increased
CH4

productions

Elghandour
et al. (2017b)

S. cerevisiae 2 and 4 mg/g Horses Mixed
rations with
high crude
protein

Decreased
CH4

productions.
No
significant
effect on
CO2

emission

Elghandour
et al. (2016c)

S. cerevisiae 2 and 4 mg/g Horses Mixed
rations with
high crude
protein

Increased
CO2

productions

Velázquez et al.
(2016)

Lactobacillus
plantarum

2 and 4% Holstein
cows

Rice straw No effect on
the
mitigation of

Zhao et al.
(2019)

(continued)
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reduction but reduced CO2 emission. Furthermore, the incorporation of waste molas-
ses reduced CH4 emission in a concentration-dependent manner (Zhao et al. 2019).

The addition of yeast culture (Trichosporon sericeum), lactic acid bacteria
(Leuconostoc mesenteroides subsp. Mesenteroides), and β-1-4 galacto-
oligosaccharides (GOS) on rumen methanogenesis in sheep reduced CH4 production
in GOS and yeast culture incorporated diets compared to control, suggesting that
GOS and yeast culture inclusion could decrease CH4 production in ruminants
(Mwenya et al. 2004). Latham et al. (2018) demonstrated the effects of dietary
nitrate and Paenibacillus 79R4 on CH4 emissions in vitro. This study showed that
79R4 inoculation complemented the ruminal CH4-decreasing potential.

Feeding hay plus concentrate with S. cerevisiae live cells enhanced in vitro biogas
emission at different concentrations (Lila et al. 2006). Tang et al. (2008) also demon-
strated that S. cerevisiae supplementation increased the gas production rate and total

Table 2 (continued)

Microbial
species

Doses/dietary
level

Animal
species

Ingredient
(s)-based
diet

Impact on
greenhouse
gas
production References

CH4 but
decreased
the CO2

production

Trichosporon
sericeum and
Leuconostoc
mesenteroides
subsp.
Mesenteroides

1 and 4 g/kg Sheep 40% timothy
hay, 30%
alfalfa hay
cube, and
30%
concentrate

Reduced
CH4

emission

Mwenya et al.
(2004)

Paenibacillus 0.2% Jersey
cow

– Reduced
CH4

emission

Latham et al.
(2018)

S. cerevisiae 20–60 mg/g Cow Hay plus
concentrate

Increased
total gas
production

Lila et al.
(2006)

S. cerevisiae 2.5–7.5 g/kg Goats Cereal
straws

Improved
in vitro gas
production

Tang et al.
(2008)

S. cerevisiae 0.2 and 0.4 mg/
g

Pigs Corn-
soybean
basal diet

Suppressed
in vitro CH4

production

Gong et al.
(2013)

S. cerevisiae 0.2 and 0.4 mg/
g

Horses Oat straw Decreased
CH4

production

Salem et al.
(2015)

Candida
norvegensis

2 � 108 cfu Cows Oat straw Reduced
CH4

production

Ruiz et al.
(2016)

‘–’ ¼ Not available
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gas production. Gong et al. (2013) found a decreased total gas production rate from
pigs offered yeast cultures. Lynch and Martin (2002) observed a reduction in CH4

production using S. cerevisiae as feed additive. Salem et al. (2015) also reported that
the inclusion of S. cerevisiaemitigated CH4 production in horses. Likewise, in another
study, Ruiz et al. (2016) demonstrated the influence of Candida norvegensis (yeast
culture) on greenhouse gas production and revealed mitigation of CH4 emission.

Exogenous Enzymes

Cellulase, xylanase, and hemicellulase are currently used in ruminant diets as feed
additives. These enzymes can enhance fiber digestibility and animal productivity
(Beauchemin et al. 2003). These enzymes also decrease the acetate/propionate ratio
in the rumen, thus reducing CH4 production (Eun and Beauchemin 2007). However,
the supplementation of exogenous enzymes for reducing GHG produced from farm
animals is very limited (Table 3).

Kholif et al. (2016) assessed the influence of fecal inocula from horses
supplemented with fibrolytic enzymes and concluded that xylanase at 3-mL/g DM
increased GHG productions. Arriola et al. (2011) demonstrated a significant
decrease in enteric CH4 emission from lactating cows offered fibrolytic enzymes.
In another investigation, Biswas et al. (2016) found reduced CH4 production due to
lysozyme addition to the animal’s diet. Hernandez et al. (2017a) found that the use of
various doses of exogenous xylanase for calves reduced CH4 and increased CO2

productions, suggesting the efficient role of xylanases in diets for ruminants as a
mean for a cleaner ecosystem.

Table 3 Effect of exogenous enzymes on mitigation of greenhouse gas production

Enzyme/s
contents

Doses/
dietary
level

Animal
species

Ingredient
(s)-based
diet

Impact on
greenhouse gas
production References

Endoglucanases
and xylanases

1 unit/g Holstein
cows

Alfalfa hay Reduction in CH4

production
Eun and
Beauchemin
(2007)

Xylanase 1 and
3 μg/g

Horses Concentrate
and oat
straw

Improved CH4

production
Kholif et al.
(2016)

Xylanase 3.4 mg/
g

Holstein
cows

Concentrate
diet

Reduced enteric
CH4 emission

Arriola et al.
(2011)

Lysozyme 2000–
8000
unit

Holstein
cows

Commercial
concentrate
to rice straw

Reduced CH4

emission
Biswas et al.
(2016)

Xylanase 3 and
6 μL/g

Calves Concentrate
diet

Increased CO2

emission while
reduced CH4

production

Hernandez
et al. (2017a)
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Plant Metabolites and Fodder Trees

Plants possess diverse classes of secondary metabolites which can be exploited as
feed ingredients as well as feed additives to mitigate the emission of GHG from
livestock (Salem et al. 2014). Tree leaves and plant secondary metabolites are
generally considered safe for modifying ruminal microbe’s fermentative mecha-
nism (Kholif et al. 2015). Various phytochemicals, viz., terpenoids, saponins,
tannins, phenols, alkaloids, phenolic glycosides, essential oils, etc., modify the
rumen fermentative process (Salem et al. 2015). The potentiality of plant-derived
dietary supplements relies on types, sources, and levels of distinct bioactive
metabolites (Elghandour et al. 2015). Plant secondary metabolites enhanced the
feed digestibility because they enhance efficiency of rumen activity (Kholif et al.
2015). Extracts from leaves of diverse plants with increased flavonoids and tannins
levels reduced CH4 emission and increased microbiota counts (Broudiscou et al.
2002). Additionally, phenols and saponins are other important secondary metabo-
lites capable of improving feed utilization efficiency and mitigate methanogenesis
by suppressing rumen protozoa and bacteria (Dohme et al. 1999). The effect of
various fodder trees and plant extracts on GHG production from animals is shown
in Table 4.

In vitro and in vivo anti-methanogenic traits of tannin have been studied (Goel
and Makkar 2012). Tannins inhibit ruminal microbiota (Bodas et al. 2012), and the
supplementation of tannin-rich forages such as lucerne, sulla, red clover, chicory,
and lotus to ruminants effectively reduce CH4 emission (Ramirez-Restrepo and
Barry 2005). Despite the CH4 mitigating attributes of tannins, these phytocon-
stituents in large concentrations hamper forage digestibility and animal productivity,
thereby restricting its use as a feed additive (Beauchemin et al. 2008). Saponins are
naturally occurring surface-active glycosides present in diverse plant species that
decrease CH4 emission (Patra and Saxena 2009). Saponins are known to exhibit anti-
protozoal characteristics by forming complex sterols in protozoa cell membranes
(Goel and Makkar 2012) and possess antibacterial properties too (Moss et al. 2000).
Saponins exhibit anti-protozoal properties at low concentration (Newbold et al.
1997), while higher concentration suppresses CH4-producing microbes (Bodas
et al. 2012). A 50% reduction of CH4 production has been reported with saponins
supplementation (Patra and Saxena 2009).

Elghandour et al. (2017c) demonstrated the reduction of CH4 and CO2 emission
from calves supplemented with nine different tree leaves, with plant leaves showing
significant asymptotic CH4 emission (mL/g DM). Likewise, the asymptotic CO2

emission was significantly reduced in the presence of various tree leaves. Pedraza-
Hernandez et al. (2019) explored the reduction of CH4 and CO2 production from
goats using Moringa oleifera extract as feed supplement. The asymptotic CH4

production and rate of CH4 emission were reduced using diverse concentrations of
this feed additive. The proportional CH4 and CO2 production also decreased at
higher concentrations of M. oleifera extract. These authors concluded that the
supplementation of M. oleifera extract in diets would be a promising approach to
mitigate CH4 and CO2 productions in goats.
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Several tropical grass species, leguminous shrub, and non-leguminous shrub were
studied for estimating the rate of CH4 emission from livestock. Cumulative gas and
CH4 emission using these forages varied significantly after 24 h. B. ruziziensis and
G. sepium showed moderate rate of CH4 emission (Meale et al. 2012). In another
study, 19 tanniferous browse plants were tested as feed supplements for CH4

mitigation. The ash, ether extract, non-fibrous carbohydrate, neutral detergent insol-
uble nitrogen, acid detergent insoluble nitrogen, and crude protein of plants were
adversely correlated with CH4 emission. On the contrary, the emission of CH4 was
positively correlated with neutral acid detergent fiber, cellulose, and hemicellulose.
Tannin reduced CH4 emission effectively (Gemeda and Hassen 2015).

Odongo et al. (2010) studied the impact of polyphenol-containing plants, pheno-
lic acids, purified tannins, saponin-containing plants, and isolated saponin-enriched
fractions on rumen CH4 formation process. Cinnamic, caffeic, p-coumaric, and
ferulic acids reduced CH4 emission. The supplementation of purified chestnut and
sumach tannins (hydrolyzable tannins) reduced the production of CH4 significantly.
However, mimosa and quebracho tannins did not reduce CH4 emission. Inclusion of
fenugreek and Sesbania to the hay decreased CH4 production per unit of substrate
degraded.

In another investigation, Bayat et al. (2018) demonstrated the reduction of CH4 in
the ruminal fluid due to the supplementation of plant essential oils (rapeseed oil,
safflower oil, and linseed oil). Vargas et al. (2020) reported that the inclusion of plant
oils (sunflower or linseed) in diets for ruminant had favorable impact on ruminal
fermentation and reduced the emission of CH4. Kim et al. (2012) evaluated the
effects of extracts from Artemisia princeps var. Orientalis, Allium sativum, Allium
cepa, Zingiber officinale, Citrus unshiu, and Lonicera japonica on CH4 reduction in
ruminants. Among those extracts, A. sativum extract reduced the emission of CH4 by
20%. Other plant extracts also reduced CH4 emissions (wormwood 8%, onion 16%,
ginger 16.7%, mandarin orange 12%, honeysuckle 12.2%), but the effect was
comparatively lower than that of A. sativum extract. Litchi chinensis, Melastoma
malabathricum, Lagerstroemia speciosa, Terminalia chebula, and Syzygium cumini
revealed their capacity to reduce CH4 production in vitro; therefore, these plants
could be used as additive in the animal diet to reduce CH4 production (Baruah et al.
2018).

Tekippe et al. (2012) tested 100 essential oils and plants for their inhibition of
methanogenesis. The essential oil from Anethum graveolens, Lavandula latifolia,
and Ocimum basilicum as well as one plant (Origanum vulgare) showed reduced
CH4 production in vitro. Evans and Martin (2000) reported CH4 mitigating potential
of thymol at low concentration. Similarly, Sallam et al. (2009) and Manh et al.
(1997) demonstrated reduced CH4 production potential of eucalyptus oil. Castillejos
et al. (2006) investigated CH4 mitigating attributes of thyme (Thymus spp.) and
oregano (Origanum spp.) oils. These authors suggested that the significant reduction
of CH4 production is mainly due to the antimicrobial trait of thymol against some
rumen bacteria. Machmüller et al. (1998) reported the anti-protozoal role of coconut
oil, thereby reducing the CH4 emission. A similar finding was reported by Dong
et al. (1997) who observed that coconut oil was effective as CH4 inhibitor.

2556 A. Khusro et al.



Kongmuna et al. (2011) observed that the inclusion of coconut oil along with
A. sativum powder mitigated CH4 emission by reducing total ruminal protozoal
counts. In a different investigation, the addition of sunflower oil to cattle feed
reduced CH4 emissions (McGinn et al. 2004). Recently, Velázquez et al. (2020)
found an in vitro positive synergistic effect of safflower and fish oil on mitigation of
CH4, CO2, and H2 emission in substrates from equines.

The methanol extract of Terminalia chebula showed significant reduction of CH4

emission in vitro (Patra et al. 2006). Moreover, Goel and Makkar (2012) indicated
that the anti-methanogenic effect of tannins is dependent on the concentrations of
feed and presence of hydroxyl groups in their structure. These authors further
summarized that hydrolyzable tannins inhibit rumen methanogens bacteria, while
the condensed tannins inhibit fiber digestion. Singhal et al. (2007) demonstrated
in vitro CH4 mitigation of pulp powder of Sapindus mukorossi, Acacia concinna,
Madhuca indica, Albizia lebbeck, and Yucca schiagera.

The inclusion of Schizochytrium microalgae and sunflower oil in diets of Holstein
steers and Creole goats showed sustainable reduction of CH4 and CO2 emission
(Elghandour et al. 2017d). In another report, the supplementation ofM. oleifera leaves
in the diet of Holstein steers and Creole goats decreased CH4 emission but increased
CO2 production (Elghandour et al. 2017e). Findings of Hernandez et al. (2017b)
showed that supplementation of A. sativum oil quadratically reduced CH4 and CO2

emission from dairy calves fed a high concentrate feed. Elghandour et al. (2018b)
investigated the influence ofM. oleifera leaf extract on the GHG emission in Holstein
steers. A significant interaction between experimental diet and doses ofM. oleifera leaf
extract was reported with a reduction of CH4 and CO2 productions. The study
suggested that the replacement of corn grain by pear cactus and the supplementation
of M. oleifera leaves can be used to reduced production of GHG from ruminants. A
similar in vitro study was carried out by Parra-Garcia et al. (2019) who concluded that
the replacement of corn grain with soybean hulls and supplementing M. oleifera
extract decreased GHG production and enhance feed digestibility.

Recent in silico studies predicted the methanogenesis inhibition attributes of
medicinal plants by targeting methyl-coenzyme M reductase (MCR) receptor in
horses. Methanogens are known to convert H2 and CO2 into CH4 by the
catalytic action of MCR via the methanogenesis pathway (Daly et al. 2001).
Methyl-coenzyme M reductase reduces methyl-coenzyme M (methyl-CoM)
[CH3-S-CoM, 2-(methylthio)ethanesulfonate] with coenzyme B (CoB) (CoB-S-H,
7-thioheptanoyl-threoninephosphate) into CH4 (Wongnate and Ragsdale 2015).
Ellefson and Wolfe (1981) first characterized MCR as 300 kD protein of three
different sub-units arranged in the form of α2β2γ2 configuration (Ermler et al. 1997).

Khusro et al. (2020) predicted the anti-methanogenic attributes of M. oleifera-
associated phyocomponents by targeting MCR receptor in horses using in silico
tools. Among diversified phytoconstituents, 3,5-bis(1,1-dimethylethyl)-phenol,
kaempferol, moringyne, niazimicin, and tetradecanoic acid revealed satisfactory
drug-likeness attributes. Further, in silico analyses of selected compounds against
MCR receptor showed the maximum affinity of tetradecanoic acid against MCR
with docking E-value of�142.98 kJ/mol, followed by�133.98 kJ/mol (niazimisin),

56 Dietary Manipulation to Mitigate Greenhouse Gas Emission from Livestock 2557



�110.36 kJ/mol (kaempferol), �93.72 kJ/mol (3,5-bis(1,1-dimethylethyl)-phenol),
and �92.62 kJ/mol (moringyne). This research concluded that tetradecanoic acid
may be used as a promising anti-methanogenic metabolite for developing effective
CH4 mitigating drugs by targeting methanogenesis. In another study, Arokiyaraj
et al. (2019) depicted anti-methanogenic characteristics of Rhubarb compounds
using in silico tools on MCR. Docking results successfully indicated minimum
binding energy values of three components (9,10-anthracenedione,1,8-dihydroxy-
3-methyl; phthalic acid isobutyl octadecyl ester; and diisooctyl phthalate) against the
target protein MCR.

Essential Oils

Feed additives from natural sources are preferred as compared to synthetic or
chemical additives, owing to their residue-free and environment-friendly nature,
lack of antimicrobial resistance, and toxic side effects. Moreover, natural feed
additives like essential oils can reduce methanogenesis by either directly inhibiting
rumen archaea bacteria or altering rumen fermentation patterns by inhibiting
fibrolytic bacteria to control the provision of metabolic hydrogen ions from volatile
fatty acid production (Cobellis et al. 2016). Many feed additives exhibit promising
effects on CH4 mitigation under in vitro conditions, but they show little or no effect
under in vivo conditions. This could be due to the adaptation of rumen microbes to
feed additives such as essential oils. However, a decrease in the digestibility of fiber
in response to treatment with essential oils is another serious issue as it reduces
animal performance (Benchaar and Greathead 2011).

Essential oils have been used extensively in the food industry due to their
aromatic and preservative properties. Mostly, these are extracted from different
parts (leaves, fruits, seeds, roots, wood, and bark) of medicinal and aromatic plants,
herbs, and spices. However, their concentration might vary due to various factors such
as plant type, growth stage, and stress as well as agro-climatic conditions (light,
temperature, humidity, soil type, and fertilizer application) (Hart et al. 2008). Major
plants that are considered good sources of essential oils include oregano, garlic, dill,
paprika, cassia, juniper, tea tree, anise, rosemary, clove, pine, thyme, ginger, black
pepper, carrot, cinnamon, coriander, cumin, eucalyptus, and fennel (Benchaar and
Greathead 2011; Ornaghi et al. 2020; Ashmawy et al. 2020). Various essential oils
used in ruminants as feed additives are presented in Table 5. Generally, there are five
major groups of essential oils which include monoterpene hydrocarbons (α-pinene,
myrcene, p-cymene, limonene, and careen), oxygenated monoterpenes
(4-carvomenthenol, terpineol, β-citronellol, citronellyl formate, isobornyl acetate,
and geranyl acetate), sesquiterpene hydrocarbons (d-elemene, daucene, caryophyllene,
bergamotene, sesquiphellandrene, farnesene, acoradiene, curcumene, selinene,
β-bisabolene, and muurolene), oxygenated sesquiterpenes (caryophyllene oxide,
carotol, daucol, and isocalamendiol), and diterpenes (camphorene). Notably, all essen-
tial oils have few chemical components; for instance, Origanum species contains 30%
carvacrol and 27% thymol as their primary components (Table 5).
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A reduction of 36% and 40% in CH4 production was observed with supplemen-
tation of 17.3 and 16.6 g of oregano per kg DM, respectively, in cattle (Hristov et al.
2013; Tekippe et al. 2011; Besharati et al. 2020). Oregano essential oils supplemen-
tation at the rate of 52, 91, and 130 mg/L in vitro decreased linearly CH4 emission by
9.7, 14.9, and 11.2%, respectively (Zhou et al. 2020). Similarly, in vitro application
of blends of essential oil active compounds at 600 and 1000 mg/L decreased CH4 by
5.7 and 17.1%, respectively (Joch et al. 2019). Different sources of essential oils
have been used in ruminant nutrition. For example, Lippia turbinata and Tagetes
minuta have shown a tenfold decrease in CH4 yield (in vitro) causing also alteration
of nitrogen metabolism in the rumen (Garcia et al. 2019). Different plant essentials
oils (origanum, garlic, and peppermint oils) have decreased abundance of Firmicutes
and CH4 production while increasing Bacteroidetes in the rumen (Patra and Yu
2015; Elghandour et al. 2018e). Similarly, cinnamon and cumin powder and their
essential oils decreased in vitro ruminal gas, NH3-N concentration, and CH4 pro-
duction (Jahani-Azizabadi et al. 2009, 2011).

Recently, Garcia et al. (2020) revealed that the chemical composition of essential
oils, especially the proportion of oxygenated compounds, showed a positive inter-
action with fermentation pattern and promising effect regarding the reduction of
essential oil mitigation. Recently a meta-analysis has shown that a blend of essential
oils exhibited promising effects in dairy cattle via increasing milk yield (3.6%), milk
fat and protein (4.1%), and feed efficiency (4.4%) while decreasing DM intake
(12.9%) and CH4 production (8.8%) during a long-term in vivo trial (Lin et al.
2013). This reveals the promising potential of plant essential oils to increase milk
yield in dairy animals while mitigating CH4 emission. Contrarily, few studies
showed that oregano and caraway essential oils did not reduce CH4 yield together
with no effect on animal performance and rumen fermentation (Lejonklev et al.
2016; Olijhoek et al. 2019; Benchaar 2020). However, oregano essential oils have
shown to improve the growth performance of calves (Wu et al. 2020).

Different essential oils inhibit NH3-producing bacteria (Prevotella spp. and
R. amylophilus) up to 77% in sheep. The reduction of NH3 by plant essential oils
has been extensively reported (Lin et al. 2013; Patra and Yu 2015; Cobellis et al.
2016). This reveals the ability of essential oils to inhibit proteolysis, peptidolysis,
and deamination of amino acids (Patra 2011). Contrarily, an increase in the relative
abundance of Prevotella species (P. bryantii and P. ruminicola) in response to the
supplementation of higher levels of plant essential oils has also been reported
(McIntosh et al. 2003). These divergent findings may be partially explained by
variable experimental conditions of studies including the type of diets, plant species,
dose and type of essential oils, pH of rumen fluid, and host animal.

Studies have suggested the use of a combination of different essential oils as a
better strategy to modulate rumen microbiome to manipulate rumen fermentation
than using individual essential oils, mainly because each essential oils possess
complex mixture of phytochemicals and their synergistic effects can lead to synthe-
sis of new compounds with pretty different bioactivity that could not be collected
with individual compounds (McIntosh et al. 2003). Additionally, using a combina-
tion of phytochemicals is also advantageous for host regarding provision of various
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phytonutrients from different plant combinations. Moreover, benefits of such com-
bination are its ultimate utility for using on a large scale in the animal industry as a
commercial feed additive to have an overall impact on improvement of global animal
production while mitigating greenhouse gases emissions (Table 6).

Rumen microbes are essential for ruminant productivity, feed digestion, and
animal health. Their activity also influences the quality of animal products derived
as well as the quantity of greenhouse gases produced by each animal. Their diversity
ensures rumen ecosystem stability and enhances their adaptation to varying dietary
strategies, and some help to cope with these changes by alternating metabolic
pathways (Edwards et al. 2008). Both synthetic and herbal are used to alter the
microbial activities. Rumen microbes include bacteria, protozoa, fungi, archaea, and
bacteriophages with various diversities in phylum and genus (Faniyi et al. 2019).
Dietary oil supplementation can shape the rumen microbial community (Lillis et al.
2011) because they contain unsaturated fatty acids which can modulate the ruminal
activities with a negative effect on protozoa and fibrolytic bacteria growth (Enjalbert
et al. 2017). Furthermore, the addition of oil to the diet of ruminants especially those
with strong antimicrobial activity such as thymol and carvacrol (Burt 2004;
Castillejos et al. 2006) affect microbial activity in the rumen with more negative
impact on gram-positive than gram-negative bacteria due to the sensitivity of the
former (Smith-Palmer et al. 1998). Essential oils and their active components can
modify ruminal fermentation and energy use efficiency, decrease CH4 emissions
(Joch et al. 2016), and alter the ruminal bacterial community (Zhou et al. 2020), and
some have shown no impact on rumen fermentation metabolites (Tekippe et al.
2013) nor elicit any microbial diversity (Schären et al. 2017). This varying effect of
essential oil in rumen ecosystem activities suggests different adaptation responses.
This may be due to shifts in microbial populations, microbial adaptation due to
degradation of the bioactive ingredients (Gladine et al. 2007; Benchaar and
Greathead 2011), or inadequate quantity of essential oil of eliciting any response
(Zhou et al. 2020). The improvement in lactobacilli and Dialister suggests their
impact on rumen biohydrogenation (Patra and Yu 2015) which could also influence
the proportion of fatty acid profile in ruminant products. It also suggests how
oregano oil might be influencing the fatty acid profile of animal products through
microbial manipulation. A commercial essential oil CinnaGar (blend of
cinnamaldehyde and garlic oil) supplemented at 0.0043% DM decreased total pro-
tozoa by 33% and increased entodinium protozoa by 3.2% in continuous culture
(Ye et al. 2018). The decrease in protozoa may influence the reduction in CH4

production (Patra 2011) because of their close relationship with methanogens
(Newbold et al. 2015; Kim et al. 2019). This result is contrary to the non-specific
antimicrobial activity of essential oil against bacteria, protozoa, and fungi (Cobellis
et al. 2016). Rumen ciliate protozoa have been known to exhibit fibrolytic activity
(Koike and Kobayashi 2009), and the fungi in the rumen have also been considered
to produce fibrolytic enzymes (Yang et al. 2007; Giannenas et al. 2011). In sheep,
oregano essential oil supplementation at the rate of 4 and 7 g/day showed varied
effects on microbial population. Ewes supplemented with 4 g/day improved total
bacteria population – R. flavefaciens, R. albus, and F. succinogenes – while 7 g/day
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essential oil significantly improved fungi population (Zhou et al. 2019). The above
in vitro and in vivo studies showed that cellulolytic microbes and fungi tend to have
good adaption to different essential oils, which enable them to proliferate. The
seemingly positive effect on cellulolytic bacteria indicates that essential oil may
not have a bactericidal effect, suggesting that essential oil can aid fiber degradation
in ruminants. It could also be summarized that dosage of essential oil will affect the
response that can be obtained from their use and its effect on greenhouse gases
emission, animal performance, and animal product quality (Table 7).

Interaction Between Diets and Other Bacteria (Escherichia coli
and Staphylococcus sp.)

Elghandour et al. (2018c) evaluated the effect of E. coli (10, 20, and 40 mg/g DM of
substrates) against rumen microbes’ fermentative properties in the reduction of GHG
emission by changing dietary corn grain with prickly pear cactus flour. Results
showed significant reduction of asymptotic CH4 production at 10 and 20 mg/g
DM of E. coli. Further, the asymptotic CO2 emission was significantly reduced
using various doses of pear cactus and E. coli. In another study, Elghandour et al.
(2018d) showed that the addition of E. coli to soybean hulls-based diets mitigated
asymptotic CO2 emission in sheep. However, the additive revealed no significant
effect on CH4 production.

García et al. (2019) investigated the effectiveness of ensiled devil fish (DF) and
Staphylococcus saprophyticus supplementation on GHG emission reduction traits in
horses. Various doses of DF (%) at 0 (control DF0), 6 (DF6), 12 (DF12), and
18 (DF18), as well as three doses of S. saprophyticus (0, 1, and 3 mL/g DM), were
added to the feed. The supplementation of DF18 showed the lowest production of
CO2. On the other hand, the lowest emission of H2 was observed in DF0, whereas
DF18 exhibited the maximum production. The addition of DF12 and DF18 mitigated
CH4 production by 58.2 and 59.3%, respectively. However, DF, S. saprophyticus, and
DF � S. saprophyticus interaction revealed no significant influence on CH4 emission.
Thus, ensiled DF and S. saprophyticus can be used as ideal feed supplements to
mitigate the production of GHG in equines.

Conclusion and Future Perspectives

The livestock sector is considered a significant producer of GHG such as CH4, CO2,
H2, and N2O which lead to global warming. The urgency to mitigate the emission of
detrimental GHG from farm animals has encouraged the researchers to find propi-
tious alternatives. To enhance the efficacy of GHG mitigation, the utilization of
diverse plant extracts, microbes, and enzymes as dietary supplements in ruminants
and non-ruminants has shown promising alternatives.

Supplementation of feed additives such as probiotics, exogenous enzymes,
medicinal plants and leaves of certain trees, organic acids, and other microbes
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offer a viable and effective role for significant mitigation of GHG emission from
horses, sheep, goats, and cows while maintaining their productivity. Studies have
revealed that a blend of various essential oils has a promising effect in terms of better
performance and reduction of CH4 production. However, fewer studies also have
shown undesirable effects of essential oils on feed digestibility and animal perfor-
mance. Such contradictory findings may be attributed to rumen microbial diversity,
quantity and type of diet, and type of essential oils. Application of essential oils
could have a multi-benefit impact in ruminant diet by reducing greenhouse gases.

These feed additives may be utilized as quintessential supplements in the feed of
disparate animals and can control economic aspects of the livestock industries. In a
nutshell, the manipulation of diet by supplementing diversified non-toxic additives at
proper concentration would be an ideal strategy to reduce GHG emissions of GHG
from farm animals to maintain a cleaner ecosystem. However, further in-depth
in vivo experiments are still essential to understand the interaction between the
effective components of dietary additives and livestock systems for detecting the
most effective and practical biogas mitigation approaches.
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