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Preface

This PhD thesis presents the results of my three years of PhD education at the Faculty of
Health and Medical Sciences (former, the Faculty of Life Sciences) at the University of
Copenhagen, Denmark. This PhD project was funded by the former Faculty of Life Sciences as a
part of the research programme "mitigation of climate change”. The experiments were conducted on
a private farm (Lynge), on a commercial and research farm (Assendrup), in a faculty research
facility under the RAN (Research school of animal nutrition, Regrrendegard) in Denmark and in a
private dairy farm in the Netherlands.
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SUMMARY

Methane emission from the enteric fermentation of ruminant livestock is a main source of
greenhouse gas (GHG) emission, which is a major concern for global warming. Dietary
modification is directly linked to changes in the rumen fermentation pattern and types of end
products. Research has shown that some dietary modifications can reduce CH,4 production. To
develop dietary strategies and eventually select animals for lower CH,4 production, it is necessary to
measure the CH,4 production individually or in a group of many animals with reasonable accuracy
and precision. A number of methods for methane estimation are in practice. However, very few
methods measure the CH, on individual animals in a herd by maintaining them in their natural state.
The overall objectives of this PhD thesis were i) to evaluate the nutritional strategy of methane
reduction through dietary modification and ii) to validate the CO, method for methane estimation
from ruminants.

Paper | investigated the development of methane emission from the young and growing lambs
that were artificially reared with milk replacer and cream compared to conventionally hay-fed
lambs. Feeding milk replacer and cream for a prolonged period nearly prevented CH,4 production in
the lambs. The dry matter intake (DMI) was significantly lower in the cream-fed lambs compared to
that of the hay fed group. However, the digestible energy intake was similar in both of the groups.
A dramatic change in methane production (as reflected by the CH,4:CO; ratio) was observed within
4 days in the cream-fed lambs when the cream diet was changed to a conventional hay diet. The
CH,4:CO;, ratio remained lower, however, for 50 days after the diet alteration.

Paper Il investigated the effects of the supplementation of starch and sugar through the
concentrate that was fed by the automatic milking system (AMS) on daily CH,4 production in cows
under commercial conditions. Two groups of cows (n=36) were fed either a starch-based (MELK)
or a sugar-based (VEM) concentrate in the AMS. The results indicate that the there was no
difference in the milk production or DMI between the groups. No significant difference was found
in CH, production (g/d, g/kg DMI and g/kg ECM) between the two groups. The calculated CO; and
CH, production and the CH,4:CO, ratios were very similar in the two groups. A linear positive
correlation was observed between the CH, (g/d) and energy-corrected milk (ECM) throughout the
entire experimental period.

Paper 111 focused on the CH4 emissions in Dexter cattle with starch and sugar supplementation
through the total mixed ratio (TMR). This paper also highlighted the precision of the methane
estimates using the CO, method compared to that using a respiration chamber [with Dexter cattle
(RC;) and Holstein cows (RC;)] and an in vitro gas production technique. The DMI was
significantly (P<0.05) lower in the respiration chamber (RC;) compared to that in the metabolic
cage. The starch-based diet significantly (P<0.05) reduced methane production (L/d and L/kg DMI)
compared to that of the sugar-based diet. The absolute methane (L/d) that was estimated by the CO,
method was strongly correlated (r=0.83) with the amount that was calculated using the measured



CO; in the RC; and the CH,4:CO; ratio. The estimated CH,4 (L/d) using the CO, method was also
positively correlated with the predicted amount by IPCC, ARC and NRC. The calculated total CO,
production of the animals using the CO, method was strongly correlated with the measured CO in
RC,.

Paper 1V investigated the variation and repeatability of CH4 production from dairy cows as
measured in two different years. The average DMI and ECM of the individual cows were different
between the two years. The herd average methane production was significantly (P<0.05) lower
during the 1% year compared to that of the 2™ year. The CH, emission from the individual cows was
fairly correlated (r=0.54) between the years. However, a strong correlation appeared (r=0.70) when
individual CH,4 emissions were expressed at a standardised ECM production. The diurnal variation
of CH,4 showed a significantly (P<0.05) lower emission at night (0:00 to 08:00 h). The range of
between-cow variation (CV= 8.8-9.1 and 5.9-6.1) of CH,4 emission was lower than the within-cow
variation (CV = 8.6-16.3 and 8.6-9.1) during the 1% and 2" year, respectively. The repeatability of
the CH. production (L/d) was 0.36 and 0.41 in the 1% and 2" year.

Based on the four papers, it can be concluded that the artificial feeding of growing lambs
nearly prevented CH4 emission. The lambs responded very quickly when switching from the milk
replacer and cream to a hay diet. The residual effect of artificial feeding remained for 50 days after
the diet alteration. Starch is more efficient in CH4 mitigation than is sugar. The supplementation of
starch via concentrate in the AMS is not enough for CH,4 reduction. Feeding starch through TMR is
an efficient method of CH, abatement. Both CH, and CO, as calculated according to the CO,
method are strongly correlated with the value that was measured using the respiration chamber. The
resulting animal variation in CH,; production obtained using the CO, method is within the
acceptable range of the respiration chamber. The repeatability of the CH,4 emission in this study is
comparable with that of other methods. Therefore, the CO, method can estimate CH, emission from
ruminants with reasonable accuracy and precision.



SAMMENDRAG

Metan emission fra drgvtyggende husdyrs fordgjelseskanal er en hovedkilde til drivhusgas (GHG)
emission, som er en stor bekymring i forbindelse med global opvarmning. Fodergendringer er
direkte knyttet til @ndringer i vommen geeringsmenster og typer af slutprodukter. Forskning har
vist, at nogle foderaendringer kan reducere CH,4 produktionen. For at kunne udvikle foderstrategier
og eventuelt udveelge dyr med lavere CH, produktion, er det ngdvendigt at kunne male CH,
produktionen individuelt eller pa en gruppe af mange dyr med en rimelig ngjagtighed og pracision.
Et antal metoder til metan estimering anvendes i praksis. Meget fa metoder maler imidlertid CH,4 pa
de enkelte dyr i en besetning i deres naturlige tilstand. De overordnede mal med denne phd
afhandling var, i) at vurdere mulighederne for, gennem foderandringer at reducere udledningen af
metan og ii) at validere CO, metoden til maling af drgvtyggeres metanproduktion.

Artikel | undersggte udviklingen af metan produktionen fra unge og voksende lam, der blev
kunstigt opdreettet med meelkeerstatning og flgde i forhold til metan produktionen hos konventionelt
hgfodrede lam. Fodring med melkeerstatning og flade i en leengere periode naesten forhindrede CH4
produktion fra lammene. Tgrstofoptagelsen (DMI) var signifikant lavere hos de flgdefodrede lam
sammenlignet med den hg fodrede gruppe. Optagelsen af fordgjeligt energi var dog ens i de to
grupper. En dramatisk &ndring i produktionen af metan (som afspejlet i CH4:CO2-forholdet) blev
observeret inden for 4 dage i de fladefodrede lam nar flgde rationen blev andret til en konventionel
hgration. CH4:CO2 forholdet forblev dog lavere i mindst 50 dage efter foderaendringen.

Artikel 11 undersggte virkningerne pa malkekgers daglig CH,4 produktion af indhold af stivelse eller
sukker i kraftfoderet. Forsgget blev udfert i en privat kvaegbesatning og kraftfoderet blev udfodret
under malkning i et automatisk malkesystem (AMS). To grupper af kger (n=36) fik enten et
stivelsesbaseret (MELK) eller et sukker baserede (VEM) at kraftfoder. Resultaterne indikerer, at der
ikke var nogen forskel i maelkeproduktionen eller DMI mellem grupperne. Ingen signifikant forskel
blev fundet i CH4 produktion (g/d, g/kg DMI eller g/kg energikorrigeret malk) mellem de to
grupper. Den beregnede CO, og CH,4 produktion og CH,:CO,-forholdet var meget ens i de to
grupper. En lineer positiv korrelation observeredes mellem CH4 (g/d) og ydelsen af
energikorrigeret meelk i hele forsggsperioden.

Artikel 111 fokuserede pa CH4-emissionen hos voksende Dexter kvaeg fodret med total mixed ration
(TMR) med forskelligt stivelse og sukker indhold. Denne artikel belyste ogsa preecisionen af metan
malingerne ved hjeelp af CO,-metoden i forhold til maling i respirationskammer med Dexter kveaeg
(RC1) eller Holstein-kaer (RC2) og en in vitro gasproduktion teknik. DMI var signifikant (P <0,05)
lavere i respirationskammeret (RC1) sammenlignet med optagelsen i fordgjelsesstalden. Den
stivelsesbaserede ration reducerede produktion af metan (L/d og L/kg DMI) signifikant (p <0,05)
sammenlignet med den sukkerbaserede ration. Den absolutte metan produktion (L/d), som blev malt
med CO,-metoden var sterkt korreleret (r = 0,83) med den mangde der blev beregnet ved hjelp af
den malte CO; i RC1 og CH,:CO,-forholdet. Metan produktionen (L/d) der blev malt ved hjelp af
CO,-metoden var ogsa positivt korreleret med de af IPCC, ARC og NRC forudsagte vardi. Den



beregnede samlede CO,-produktion af dyrene ved hjelp af CO,-metoden var steerkt korreleret med
den malte CO, i RC1.

Artikel 1V undersggte variationen og gentageligheden af CH, produktion hos individuelle
malkekger malt i to forskellige ar. Den gennemsnitlige DMI og ECM af de enkelte kger var
forskellig i de to ar. Besatningens gennemsnitlige metan produktion var signifikant (p<0,05) lavere
i ferste ar sammenlignet med andet ar. Metan produktionen fra de enkelte keer var rimelig
korreleret (r=0,54) mellem de to ar. En staerk korrelation viste sig imidlertid (r=0,70), nar de enkelte
kaers CHy-produktion blev korrigeret til en standardiseret ECM produktion. Dggnvariationen i CH,
produktion viste en signifikant (p<0,05) lavere emission om natten (0:00 til 08:00 h). Starrelsen af
mellem-ko variation (CV = 8,8 til 9,1 og fra 5,9 til 6,1) i CH4-emissionen var lavere end indenfor-
ko variationen (CV = 8,6 til 16,3 og fra 8,6 til 9,1) i henholdsvis ferste og andet ar.
Gentageligheden af CH,4 produktionen (L/d) var henholdsvis 0,36 og 0,41 i farste og andet ar.

Pa grundlag af de fire artikler kan det konkluderes, at den kunstige fodring af voksende lam naesten
forhindrede CHg-emission. Lammene reagerede meget hurtigt, nar der blev skiftet fra
malkeerstatning-flade rationen til hg fodring. Den efterfalgende virkning af kunstig fodring forblev
i 50 dage efter foderaendringen. Stivelse er mere effektiv til CH, reduktion end sukker. Tilskud af
stivelse via kraftfoder i AMS er ikke nok til at reducere CH4 produktionen. Fodring af stivelse
gennem TMR er en effektiv metode til CH,4 reduktion. Bade CH4 og CO, som beregnet i henhold til
CO,-metoden er sterkt korreleret med den verdi, der blev malt ved hjelp respirationskammer. Det
malte variationsomrade i CH, produktionen opnaet ved anvendelse af CO,-metoden er inden for det
acceptable omrade af respirationskammerverdier. Gentageligheden af CH4 emissionen i denne
undersggelse er sammenlignelig med andre metoder. Baseret pa dette kan CO,-metoden estimere
CH, emissionen fra drgvtyggere med en rimelig ngjagtighed og praecision.



Chapter 1
Intfroduction

Overview

This chapter provides a brief overview of the environmental impacts of livestock production,
ruminant's digestion and methane production, mitigation strategies of methane emissions and
different methods for methane measurements. The chapter also presents the hypothesis and
objectives of this thesis.






1. INTRODUCTION

1.1. Livestock production and environmental impact

Livestock contribute to global climate change by emitting GHG either directly (from enteric
fermentation and manure management) or indirectly (from feed production and the processing and
converting of forest into pasture). The major GHGs from the livestock sector are carbon dioxide
(CO,), methane (CH,4) and nitrous oxide (N2O) throughout the production process (Figure 1.1). The
CO,, that is emitted from livestock is not considered a net contributor to climate change because the
animals consume plants that use CO, during photosynthesis (Steinfeld et al., 2006). Consequently,
CH, and N0 are the most important GHGs from the animal production system and have very high
global warming potentials (GWP) of 25 and 298 CO, equivalent (eq), respectively (Solomon et al.,
2007). The first comprehensive analysis of the environmental impact of livestock production
(Steinfeld et al., 2006) reported that approximately 18% of the global anthropogenic GHG is
contributed by livestock production. The global anthropogenic GHG emissions from agriculture
were 5.1 to 6.1 Gigatonnes CO,-eq in 2005, of which livestock shared approximately 9% (IPCC,
2007). Within livestock, ruminant supply chains are the main contributors to the GHG, estimating
approximately 80% of the total sector's emissions (Opio et al., 2013), while non-ruminants, e.g.,
pigs and poultry, contribute only approximately 9% and 8%, respectively, to the sector’s emissions
(Gerber et al., 2013). The emissions from beef and milk production, respectively, represent 35 and
30% of the livestock sector emissions. Buffalos and small ruminant supply chains have a much
lower contribution, representing, respectively, 8.7 percent and 6.7 percent of sector emissions (Opio
et al., 2013). Another report (Gerber et al., 2013) that reported GHG emissions along livestock
supply chains estimated approximately 14.5% of all human-induced emissions. Enteric-
fermentation- and feed-production-related activities in ruminant production are the primary sources
of GHG emissions, representing approximately 39 and 45% of the GHG of the total sector's
emissions. The largest source of GHG emissions from ruminant production, i.e., CH, derive from
enteric fermentation, which accounts for approximately 47%, greater than 90% of the total CH,4
emissions (Opio et al., 2013). According to the US Environmental Protection Agency in 2009, CH,4
emissions from enteric fermentation represented approximately 20% of total CH,4 emissions from
anthropogenic sources (EPA, 2011). The rate of emission in terms of carbon footprint at the product
levels is 2.8, 3.4 and 6.5 kg CO,-eq/kg FPCM for milk production from dairy cattle, buffalo and
small ruminants, respectively. However, with regard to meat from ruminants, the carbon footprint
for beef, buffalo meat and small ruminant meat is 46.2, 53.4 and 23.8 kg CO,-eq/kg meat,
respectively (Opio et al., 2013). According to the values that were projected by EPA (2006), the
direct non-CO, emissions from livestock would be approximately 7.3 to 7.5% of the global GHG
emissions between 2010 and 2020, respectively. Ruminant production faces difficult challenges and
must reduce GHG emission while responding to the significant demand of livestock products
(projected +70% by 2050 for a world-projected population of 9.6 billion) (Gerber et al., 2013).
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Figure 1.1. Global emission from livestock supply chains by category of emissions (Gerber et al.,
2013)

The global food demand will also increase with the rapidly increasing global population.
Consequently, the demand for animal products will also increase. Therefore, the environmental
impact per unit of animal products will obviously be increased. Thus, the sector will be vulnerable
in terms of environmental sustainability. Therefore, sustainable and immediate mitigation strategies
are in high demand. This thesis will focus on CH, mitigation from ruminants through dietary
manipulation.

1.2. Digestive system of ruminants and methane production
1.2.1. Anatomy and physiology of ruminant's digestive system

Ruminants are classified as herbivorous mammals (wild + domesticated) that possess a
complex stomach. Unlike monogastric animals, ruminants have a more complex digestive system.
The stomach of the ruminants is separated into four distinct chambers, i.e., reticulum, rumen,
omasum and abomasum. The reticulum and the rumen are the first two chambers of the ruminant
digestive system and are commonly referred as the reticulo-rumen, are well connected and
continually exchange contents. The rumen is the largest compartment of the digestive system in
ruminants and is where main fermentation takes place with the help of rumen microbes. The
ingested materials are initially broken down by chewing, diluted with saliva during eating and
rumination (saliva production is approximately 150 L/d in cattle and 10 L/d in sheep) and stored in
the rumen. The rumen maintains an anaerobic condition with a temperature of approximately 37-
40°C and a stable pH from 5.5 to 7.0 (McDonald et al., 2002) and harbours a full consortium of
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rumen microorganisms (elaborated in section 1.2.4) (Bergman, 1990). Rhythmic contractions and
relaxation of the rumen wall ensure the proper mixing of the rumen contents with the rumen fluid
(McDonald et al., 2002). The density of the rumen mat increases gradually towards the ventral part
of the rumen as the particle size reduces through rumination and microbial digestion. The rumen
mat is stored in the rumen in three layers depending on the size of the fibre (the top layer consists of
>1 cm with a low fluid-to-fibre ratio; the middle layer consists of less than 1 cm with an increased
rumen fluid-to-fibre ratio; and the bottom layer consists of rumen fluid and fibre at only a few
millimetres) (Welch, 1986). The reticulum stores the rumen contents with the largest particle size
that are returned to the mouth for additional breakdown into smaller particles through rumination.
In addition, at the end of microbial fermentation, VFA and NH3 are absorbed via the rumen wall
(Emery et al., 1960; Allen, 1997). Omasum contains many folds of leaf-like structures that absorb
liquids to pass into the blood stream. Abomasum is the last compartment of the ruminant stomach
and is termed the true stomach because it uses acids and enzymes to further break down the
particles so that they can be absorbed into the portal system. The absorption of fatty acids and
amino acids take place in the small intestine. Very negligible fermentation takes place in the large
intestine, helps absorb the remaining liquids and forms the faeces.

Figure 1.2. The ruminant digestive system. (downloaded from
http://www.lelylife.com/2012/04/importance-of-fresh-and-frequent-feeding/, original publication
unknown).

1.2.2. Rumen development and methane production

The digestive system in adult ruminants is a result of a series of pre- and postnatal
developmental processes. In young ruminants (up to 3 weeks of age), the abomasum is the major
functional compartment of the stomach, constituting up to 80% of the total stomach. In young
animals during the milk-feeding period, milk flows directly to the abomasum via the oesophageal
groove, thereby bypassing the rumen, reticulum and omasum. Only 5% of milk by chance enters the
rumen during the milk-feeding period (Smith, 1959). The other compartments, especially the
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rumen, grow very quickly once the young animals begin eating fibrous food. The metabolic and
physical development of the rumen during the growing phase depends on solid feed consumption
(Baldwin et al., 2004). An increased supply of milk to dairy calves produces higher daily weight
gain and slower rumen development (Khan et al., 2007). Similarly, Smith (1959) reported that
rumen development does not occur in milk-fed calves for an abnormally prolonged time (up to 32
weeks). The initiation of fibrous feed consumption and fermentation processes are needed to
inoculate and establishment of the anaerobic rumen microbial ecosystem and development rumen
function in young ruminants (Baldwin et al., 2004).

——food in

rumen <

———reliculum

Adult ruminant stomach Young ruminant stomach

Figure 1.3. Anatomy of the ruminant stomach (external view) at young and mature stages. Retrieve
from, http://www.daff.gld.gov.au/animal-industries/dairy/improving-your-herd/from-birth-to-
weaning.

The digestion process is very different in young milk-fed ruminants from that of adult
ruminants because of the diet. At the young stage, milk in liquid form and nearly no roughage leads
to an enzymatic digestion of only the milk proteins, fats and simple sugars, producing very different
end products than those that are produced in adult ruminants. No microbial fermentation occurs at
the early ages, and a fully developed rumen system is required for microbial fermentation in
ruminants (Wardrop, 1960). Due to the non-functional rumen and lack of microbial fermentation in
newborn ruminants, CH, production and energy loss through CH, is absent (Eadie, 1962). The
establishment of rumen microorganisms and fermentation in neonatal lambs begins at the age of 3-4
weeks (Wardrop and Coombe, 1960), and the type of diet is the primary factor that affects the
relative growth of the digestive organs (Wardrop, 1960). Moreover, the metabolic and physical
development of the rumen during the growing phase depends on solid feed consumption (Baldwin
et al., 2004). An increased supply of milk to dairy calves produces a higher daily weight gain and
slower rumen development (Khan et al., 2007). The initiation of fibrous feed consumption and
fermentation processes are needed to inoculate and establish the anaerobic rumen microbial
ecosystem and development rumen function in young ruminants (Baldwin et al., 2004).
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1.2.3. Brief overview of digestion in the rumen

Structural carbohydrates, mainly plant fibre, represent the major feed resource for ruminants.
The fibrous portion consists of B-linked polysaccharides, such as cellulose, hemicellulose and
lignin. The breakdown of carbohydrates in the rumen can be divided into two stages (Figure 1.4).
In the first step, complex carbohydrates are converted into simple sugars. Cellulose is decomposed
by B -1-.3-glucosidase to cellobiose, which is later converted into either glucose or glucose-1-
phosphate through phosphorylation. Starch and dextrins are first converted by amylase into maltose
and isomaltose and subsequently by maltase into maltose phosphorylase or 1,6-glucosidase to
glucose or glucose-1-phosphate. Fructans are hydrolysed by the enzyme attacking the 2,1 and 2,6
linkages to produce fructose, which also produces glucose via the digestion of sucrose. Pentose is
the major product of hemicellulose breakdown, using the enzyme B-1,4 linkages to produce xylose
and uronic acids. Uronic acids are also produced from pectins. This compound attacks by the
enzyme polygalacturonidase to produce galactouronic acids, which later yields xylose. The simple
sugars that are produced in the first step of carbohydrate digestion are rarely detectable because
they are immediately taken and metabolised intracellularly by microbes.

Cellulose Hemicellulose Pectin Fructans Starch

|

Dextrans

-~ Uronic

Penroses acids

Galactose

\ Pentose
pathway Sucrose
Glucose Fructose

ATP

Cellobiose

Maltose

Pyruvate <¢—————— Lactate
A

- = =-=0Oxalacetate

-

~
lat
Formate Acetyl-CoA MT ate
cO,
Hy \ Fumarate
ro ATP +2H

\ Aceto-
ATP acetyl-CoA Succinate

Succinyl-CoA

Acetaldehyde / Y
Methyimalonyl-CoA Acrylate
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Figure 1.4. Schematic diagram of carbohydrate degradation and fermentation in ruminants (Stevens
and Hume, 1998).

In the second step, the key intermediate is pyruvate, which is subsequently converted into
volatile fatty acids (VFA), mainly acetate, propionate and butyrate (>90% of the VFA produced;

11



Chapter 1

McDonald et al 2002), the major end products of carbohydrate digestion along with CO, and CH,.
The molar proportion of VFAs largely depends on the diet composition (Hassanat et al., 2013).
However, in general, the molar proportions VFAs that are derived from hexose are 0.65 acetate,
0.21 propionate and 0.14 butyrate (McDonald et al., 2002). The majority of the VFAs are absorbed
into the blood stream through the rumen wall.

Degraded feed and hydrolysed microbial biomass reaches the small intestine, where it is
mixed with bile secreted from the liver (an alkaline medium) and enzymes (such as glycogen, a-
amylase, trypsin and chymotrypsin) that are secreted from the pancreas. In addition, the liver also
secretes the enzyme "lipase” to emulsify fat into triglycerol and monoglycerol. Microbial cell
components are further digested and absorbed into the small intestine [approximately 200 g/kg feed
ingested and digested (McDonald et al., 2002)], contributing a higher proportion of amino acids
reaching the small intestine. The undigested materials pass into the large intestine, where a
secondary microbial fermentation occurs, and water minerals and amino acids are absorbed before
the materials are finally expelled as faeces through anus (McDonald et al., 2002).

The digestion of protein and fat in ruminants is described by McDonald et al. (2002). The
degradable part of the proteins is hydrolysed into peptides and amino acids by rumen
microorganisms. The amino acids are used by the microbes to produce microbial protein. The un-
degradable part of the protein directly reaches the small intestine. Both the microbial proteins and
un-degradable proteins undergo the enzymatic digestion to yield amino acids, which are absorbed
by the small intestine. The most common NPN rapidly hydrolyses into ammonia in the rumen by
bacterial urease. This ammonia helps form microbial proteins. The excess ammonia is directly
absorbed by the rumen wall.

The capacity of rumen microorganisms to digest fat is strictly limited to when the dietary
lipids content is greater than 100 g/kg of the DMI. Dietary fat in the form of triacylglycerol is
hydrolysed in the rumen by bacterial lipase. Once released from the ester combination, unsaturated
fatty acids undergo hydrogenation by the rumen bacteria, yielding monoenoic acid and
consequently stearic acid. The short-chain fatty acids are absorbed directly through the rumen wall.
The long-chain fatty acids reach the small intestine mostly in saturated and unesterified forms and
are hydrolysed and absorbed into the small intestine.

1.2.4. Rumen microbial ecosystem

The reticulo-rumen of ruminants harbours microorganisms degrade fibrous plant materials.
Rumen microorganisms ferment a portion of the ingested materials, while the other portions pass
into the omasum and subsequently into the abomasum (France and Kebreab, 2008). The microbial
ecosystem in the rumen consists of predominantly bacteria (10°-10** bacteria mI™), protozoa (10*
10° protozoa ml™t) and fungi (10%-10° fungi ml™) that are classified as obligated anaerobes
(Hungate, 1966; Russell and Hespell, 1981; France and Kebreab, 2008). The species diversity and
activity of the microorganisms varies according to the change in the dietary composition, and
diverse interactions have been noted (Russell and Hespell, 1981). The rumen bacteria are the
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predominant microbes that constitute most of the microbial biomass (Dijkstra et al., 2005), the
majority of which are gram-negative and obligate anaerobes. These microbes are divided in to three
functional fractions based on their location in the rumen: the fluid-associated group, the particle-
associated group and the rumen epithelium-colonising group. The rumen bacteria mainly degrade
cellulose, hemicellulose and other resistant polysaccharides to volatile fatty acids (McDonald et al.,
2002). These bacteria are also involved in nitrogen and sulphur cycling in the rumen (Kamra, 2005).

The archaeal community in the rumen is strictly composed of anaerobic CH4 producers
belonging to the kingdom Euryarchaeota (Janssen and Kirs, 2008). This kingdom is
phylogenetically diverse and physiologically restricted, being categorised into five established
orders: Methanobacteriales, Methanococcales, Methanomicrobiales, Methanosarcinales and
Methanopyrales, which are further distributed into 10 families and 31 genera (Liu and Whitman,
2008). The diversity of methanogens is considerably less than that of bacteria. Methanogens grow
in a gas mixture of H,/CO, (Ma et al., 2005) and have a greater nitrate reductase activity (Rapheal et
al., 2003). Methanogens are freely suspended in the rumen fluid and attached to particulate matter,
rumen epithelium and even rumen protozoa as endosymbionts within the protozoa. There are
various strains of methanogens, but a few specific strains are more dominant in the bovine rumen.
The majority of rumen archaea are within the genera Methanobrevibacter and Methanomicrobium
(Janssen and Kirs, 2008). However, two-thirds of the rumen archaea belong to Methanobrevibacter
spp. while the remaining one-third are roughly Methanomicrobium (Morgavi et al., 2010).

Protozoa are the second most common microbes, constituting approximately 40% of the
rumen microbial biomass (Dijkstra et al., 2005), especially ciliated protozoa, which are dominated
by the species of Isotricha and Entodinium (Williams, 1986). The specific common protozoa
include Entodiniumexiguum, Eudiplodiniummaggii, and Isotrichaintestinalis. The composition of
rumen protozoa is highly correlated with the diet of the ruminants (Eadie et al., 1970). The
protozoan community contributes to the reduction of the feed particle size by shredding and
feeding, and some of the protozoa even appear digest cellulose (Hungate, 1966). Protozoa might
play an important role in CH, emission. A defaunation study in calves showed a positive correlation
between CH, production and the presence of protozoa in the rumen (Schonhusen et al., 2003).

Fungi in the rumen microbial ecosystem constitute approximately 8% of the total microbial
biomass (Dijkstra et al., 2005), mostly obligated anaerobes that ferment most of carbohydrates and
soluble sugars (McDonald et al., 2002). Rumen fungi colonise in the fibrous plant materials of the
rumen and have potential cellulolytic activity (Bauchop, 1981). Rumen fungi are significant
degraders of fibre by attacking lignocellulosic tissues, which are resistant to rumen bacteria (Akin et
al., 1983). Recent research has indicated the high diversity of genes that are involved in fibre
degradation, among which the genome of Neocallimastix partriciarum is predominant (Wang and
McAllister, 2002).
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1.2.5. Methanogenesis and methane production in the rumen

Methanogenesis is a process of CH,4 production in the rumen where H; reduced the CO, with
the help of methanogenic archaea. This is a dynamic process, in which methanogens strongly
influence the metabolism of fermentative and acetogenic bacteria via interspecies hydrogen transfer
(Stams and Plugge, 2009). The carbohydrate fraction of the feed constitutes structural plant fibre
that has been degraded by a consortium of rumen microbes under anaerobic conditions with the
production of volatile fatty acids (VFA), CO, and H, (summarised in Table 1.1). During
fermentation, hydrogen (H) is released into the rumen via the re-oxidation of the reduced cofactors
(NADH, NADPH and FADH). The produced H, and CO, are the major substrates that are used by
methanogens, which is considered being the predominant pathway of CH,4 production in the rumen
(Ellis et al., 2008). Methane production from H, and CO, reduces the partial pressure of H,, thereby
favouring continued fermentation (Ellis et al., 2008). Without the removal of H,, the further re-
oxidation of reduced cofactors (NADH, NADPH and FADH) would be inhibited by the
accumulation of Hy, consequently inhibiting the production of VFA (Wolin, 1975).

Table 1.1. Volatile fatty acids production (VFA) and reductive process in the rumen adopted from
(Kohn and Boston, 2000; Ungerfeld, 2013).

Substrate Products AG (KJ)? Reactions

VFA production

CgH1,06+2H,0 > 2 C,H,0,+2CO, + 8H" Acetate production
CgH 1,06+ 4H* > 2 C3HgO3 + 2 H,0 Propionate production
CgH 1,06 > C,HgO, + 2 CO, + 4H Butyrate production
Reductive process

CO, +4H, > CH,+ 2 H,0 -67.4 Methane production

2 CO, + 4H, > C,H,0, + 2 H,0 -8.8 Reductive acetogenesis
SO,% + 4H,+ HY > HS + 4 H,0 -84.4 Sulfate reduction

NO;s + 4H,+ 2H" > NH,+ 3 H,0 -371 Nitrate reduction

under following rumen conditions: H, = 162 pa; pH = 6.5; [H,O] = 50 M; [succinate*] = 4 x10°® M; [malate?] = [B-hydroxybutyryl-CoA] = [butyryl-
CoA] = 10° M; [acetate’] = 70 mM; [propionate] = 25 mM; [butyrate’] = 15 mM; [lactate] = 1 mM; [NH,'] = 11 mM (20 mg/dL); [HS] = 0.14 mM.
AG = free energy change indicates how energetically favourable it is i.e. the higher AG, the more energy utilization and negative AG indicates the
energy release.

In addition, the functional group of methanogens also uses formate, acetate, methanol,
methylamines (mono-, di- and trimethylamine) and alcohol (Ellis et al., 2008) as presented in
Figure 1.5. Formate is used by many of hydrogenotrophic rumen methanogens as an alternative to
H, (Carroll and Hungate, 1955), accounting for up to 18% of the total CH, production in the rumen
(Hungate, 1970). Acetate is highly available in the rumen environment, but acetoclastic
methanogenesis bears very limited importance in the rumen system (Liu and Whitman, 2008)
because the acetate-utilising methanogen Methanosarcinales has a very low growth rate and is
consequently flushed from the ruminants digestive system (Thauer et al., 2008). Furthermore,
acetogens have a lower affinity to H, (Morgavi et al., 2010). Other substrates, including
methylamine and methanol, have been investigated for CH,4 production in the rumen. The methyl
group is rapid converted by the rumen microorganisms to trimethylamine via di- and
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monomethylamine and is possibly used for CH,4 production (Neill et al., 1978). However, only
Methylotrophic methanogens within the order Methanosphaera spp. use methanol for CH,
production (Liu and Whitman, 2008).

Feed
(carbohydrate polymer)

7 Mlcrob'a| ¢ Archaea =————p CH,

/" methanogens
. / Acetogens — CH,CO0O

Acetate Sulfate-
Propionate reducers H.S
Butyrate \ + 807,

H2 Nitrate reducers

+NOy — NO, — NH,*
Fumarate- Propionate
K 4

reducers

"""""""""""""""" > Fumarate \ Succinate
O'0OC-CH = CH-COO- —® O'0OC-CH,-CH,-COO"

Figure 1.5. Schematic microbial fermentation and the H; reduction pathway in the rumen (Morgavi
etal., 2010).

Because neither of these microbes are abundant in the rumen (Janssen and Kirs, 2008), the
contribution of these substrates to total CH, production is expected to be lower (Morgavi et al.,
2010). Consequently, the most favourable CH,4 production pathway in ruminants is the product of
H, oxidation using CO; as an external electron acceptor (Ellis et al., 2008; Hook et al., 2010).

Methanogens can grow with H,, CO, and encode most of the required enzymes and cofactors
to convert the substrates into CH,4 (Smith and Hungate, 1958) (Figure 1.6). During methanogenesis,
the fermentation byproduct CO; is reduced successively to CH,4 through the formyl, methylene and
methyl levels. The first step is aided by the special coenzymes methanofuran (MFR),
tetrahydromethanopterin (H4MPT) and coenzyme M (HS-CoM). Initially, CO, binds with MFR and
is reduced to the formyl level. Thereafter, ferredoxin (Fd) donates an electron and reduces H,. The
anion gradient is induced by the formation of formyl-MFR through endergonic conversion. The
formyl group is then transferred to H4sMPT, resulting in formyl-H;MPT, and is dehydrated to a
methenyl group, which is subsequently reduced to methylene-H;MPT and subsequently methyl-
H4;MPT. In these two reduction steps, the reducing factor F420 (F420H2) acts as an electron donor. In
the final step, methyl-CoM is reduced to CH,4 by the methyl coenzyme M reductase.
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Figure 1.6. Reduction of CO; into CH,4; adopted from (Leahy et al., 2010).

Methyl-CoM is the key enzyme in methanogenesis. Coenzyme B (HS-CoB) is the electron
donor in this reaction after the oxidation of heterodisulphide with HS-CoM (CoM-S-S-CoB).
Heterodisulphide is then reduced to HS-CoB and HS-CoM. The transfer of the methyl group from
H4sMPT to HS-CoM and the reduction of CoM-S-S-CoB are the steps during which energy
conversion occurs (Liu and Whitman, 2008; Thauer et al., 2008).

1.3. Methane mitigation strategies

The atmospheric content of CH,4 has been increasing at a rate of 0.8-1.0% per year (Gurijala
and Suflita, 1993). Methane is expected to contribute approximately 18% of the total expected
global warming within the next 50 years (Milich, 1999), of which the contribution of livestock to
the total global emission is approximately 9% (IPCC, 2007). Domestic animals account
approximately 94% of the total global emissions of animals (Milich, 1999). Although emissions
have decreased per unit of animal product, the total emission has increased from a vast animal
population around the globe (Opio et al., 2013). By 2050, the total CH, emission from ruminant
livestock is expected to increase significantly due to the growing demand of milk and meat for a
rapidly growing world population (Gerber et al., 2013). Therefore, it is of utmost importance to
mitigate CH,4 emission from the livestock industry. There are several strategies for CH, mitigation
from ruminants that have recently been reviewed (Beauchemin et al., 2008; Eckard et al., 2010;
Martin et al., 2010). A brief description of the mitigation strategies is presented in the following
sections.
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1.3.1. Dietary manipulation

Among the nutritional strategies of CH,4 mitigation, dietary manipulation is a simplistic and
pragmatic approach that can ensure better animal productivity as well as a lower CH,4 emission. The
schematic diagram of dietary manipulation, which alters the pathway of fermentation to reduce
CHyg, is summarised in Figure 1.7.
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Figure 1.7. Target points (marked grey) at which dietary manipulation alters the fermentation
pathway to reduce CHy in the rumen (Patra, 2012).

Dietary manipulation can reduce CH,4 emission up to 40% depending the degree of change
and the nature of the intervention (Benchaar et al., 2001). Another study also indicated that CH,4
emissions can possibly be reduced up to 75% through better nutrition (Mosier et al., 1998).
However, dietary manipulation is the most commonly practiced approach. Dietary strategies can be
divided into two main categories: i) improving the forage quality and changing the proportion of the
diet and ii) dietary supplementation of feed additives that either directly inhibit methanogens or
altering the metabolic pathways leading to a reduction of the substrate for methanogenesis.

1.3.1.1. Forage

Forage quality has influences CH,4 production in the rumen (Boadi and Wittenberg, 2002).
High-quality forage, e.g., young plants, can reduce CH,4 production by altering the fermentation
pathway because this forage contains higher amounts of easily fermentable carbohydrates and less
NDF, leading to a higher digestibility and passage rate (Beever et al., 1986). In contrast, more
mature forage induces a higher CH, yield mainly due to an increased C:N ratio, which decreases the
digestibility (Milich, 1999). Different types of forage can also affect CH, emission due to the
differences in their chemical composition (Benchaar et al., 2001). However, Hammond et al. (2013)
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found an inconsistent effect of the chemical composition of white clover and ryegrass on CH,4
production. Legume forage has a lower CH, yield, which is explained by the presence of condensed
tannins, a low fibre content, a high dry matter intake and a fast passage rate (Beauchemin et al.,
2008). Generally, C4 grasses yield more CH,4 than the C3 plants (Archimede et al., 2011). Forage
processing and preservation also affect CH4 emission (Martin et al., 2010). For instance chopping or
pelleting forages can reduce the CH, emission per kg of DMI, as smaller particles require less
degradation in the rumen (Benchaar et al., 2001; Boadi et al., 2004b). Methanogenesis tends to be
lower in the ensiled forages (Boadi et al., 2004b), presumably because the ensiled forages are
already partially fermented during the ensiling process. Feeding improves the forage quality by
feeding young forage with a lower fibre content and a higher soluble carbohydrate content;
supplementing a small amount of grain with forage is a promising mitigation approach.

1.3.1.2. Replacement of grass silage by maize silage

Grass silage is usually harvested at a later stage of maturity, resulting in a lower content of
digestible organic matter, lower sugar and nitrogen contents and a fraction of lactate as a result of
the ensiling process (Tamminga et al., 2007). Consequently, the CH, emission from animals that are
fed grass silage is likely to be higher. In contrast, maize silage or other whole-crop small-grain
silage typically provides higher contents of dry matter with readily digestible carbohydrates, e.g.,
starch, increasing the DMI and animal performance (Tamminga et al., 2007; Beauchemin et al.,
2008) and ultimately resulting in a lower CH, yield from animals. There are three possible ways by
which maize silage or whole-crop silage can reduce CH,4 production in the rumen. First, the higher
starch content favours propionate production rather than acetate. Second, the increased total DMI
and passage rate reduce the ruminal residence time, thereby reducing ruminal fermentation and
promoting post-ruminal digestion. Third, replacing grass silage with maize silage improves animal
performance, resulting in fewer CH, emissions per unit of animal product (O'Mara et al., 1998).
Several recent studies have indicated the positive effects of replacing grass silage with maize silage.
Hassanat et al. (2013) reported lower CH, emission when alfalfa silage is replaced by 100% corn
silage. Maize silage that is harvested during the later stage of maturity has also claimed to reduce
CH4 (Tamminga et al., 2007).

1.3.1.3. Concentrates

High-producing dairy cows have a higher requirement that exceeds their capacity to ingest
nutrients from forage only. Therefore, forages must be supplemented with concentrates with a
higher density of nutrients and less fibre. Due to less cell walls and readily fermentable
carbohydrates (starch and sugar), concentrates favour propionic acid production, decreasing CH4
emission (Martin et al., 2010). The CH, reduction effect of concentrates can be described in two
ways as below.
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1.3.1.4. Proportion of concentrate

The increased dietary level of concentrate reduces CH,4 production as the energy proportion is
mostly utilised by the animal products, such as milk and meat (Martin et al., 2010). This effect is
independent of genetic merit (Ferris et al., 1999). Decreased CH, emission was observed at 80 and
90% concentrate supplementation, whereas no effect was found at 35 or 60% concentrate
supplementation (Lovett et al., 2003). Most energy-rich concentrates are associated with increased
DMI, rate of rumen fermentation and feed-turnover rate, causing a greater change in the rumen
environment and microbial composition (Martin et al., 2010). An extremely low CHy,4 loss of 2-3%
of the gross energy intake was reported for feedlot cattle that were fed diet a 90% concentrate
(Johnson and Johnson, 1995). However, high-concentrate diets are low in structural fibre and in the
long term disturb rumen function by leading to subacute or acute acidosis; therefore, these diets are
not sustainable for ruminant production. Feeding concentrate with a suitable F:C ration would
obviously be effective in methane mitigation as well as animal productivity.

1.3.1.5. Concentrate composition

Concentrates that are composed of different ingredients have variable carbohydrate
compositions, ranging from structural (cellulose and hemicellulose) to non-structural (starch and
sugar) carbohydrates. The degradable rate of both of these types of carbohydrates also varies widely
according to the volatile fatty acid profile and CH4 loss. In beef cattle (Johnson and Johnson, 1995),
the digestion of the cell wall leads to a higher acetate:propionate ratio and CH,4 loss compared to
other carbohydrate fraction; within non-structural components, sugar is more methanogenic than
starch. All of the carbohydrate fractions contribute to CH,4 loss, of which the least contribution is
that from starch, probably due to the maintenance of a propionate-dominating VFA profile
(Tamminga et al., 2007). Feeding more starch to ruminants reduces enteric CH, energy losses
compared to feeding a forage diet (Johnson and Johnson, 1995; Benchaar et al., 2001; Beauchemin
et al., 2009). Starch fermentation promotes propionate production in the rumen by creating an
alternative H, sink (Murphy et al., 1982), a lower rumen pH, inhibiting the growth of methanogens
(van Kessel and Russell, 1996), decreasing the rumen protozoan numbers and limiting the
interspecies H, transfer between methanogens and protozoa (Finlay et al., 1994). In addition,
feeding starch, which can escape rumen fermentation, could potentially supply energy to the host
animals while avoiding methanogenesis in the rumen. Up to 30% of the starch from corn can escape
rumen fermentation and be digested in the small intestine (drskov, 1986). However, the bypass
starch has limited digestibility (up to 60%) in the small intestine (Harmon et al., 2004). Very limited
results are available on the effects of bypass starch on methane mitigation. Further investigation is
required for detailed information.

In contrast, sugar as a water-soluble carbohydrate is rapidly and completely degradable in the
rumen, enhancing butyrate production at the expense of propionate, thereby making sugar
concentrates more methanogenic than starch (Hindrichsen et al., 2005). Sugars enhance butyrate
production at a higher H, partial pressure and higher rumen pH, as confirmed by Hindrichsen and
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Kreuzer (2009), who reported a 40% higher CH,4 production with sucrose at a high pH compared to
starch, while the opposite result was observed at a low pH with a significantly lower pH for sucrose.

1.3.1.6. Fat Supplementation

The addition of fat to the diet has traditionally been used to increase the dietary energy
content to meet the energy demand of high-producing dairy cows. More recently, fat has been used
for CH4 mitigation. If the energy supplementation in a ruminant's diet is changed from carbohydrate
to fat, then less fermentation and CH,4 production will occur. The CHy4-suppressing mechanism of
fat is induced by reducing organic matter fermentation, fibre digestibility and consequently the
methanogenic pathway and by the direct inhibition of methanogens in the rumen via the
hydrogenation of unsaturated fatty acids (Johnson and Johnson, 1995). The greatest reduction
comes from the unsaturated fatty acids, which act as an H, sink in the rumen through
dehydrogenation (Boadi et al., 2004a; Hook et al., 2010), although other studies have reported that
hydrogenation contributes only 1% of the H; in the rumen (Giger-Reverdin et al., 2003). Among
fatty acids, the medium-chain Cg:Cy4 from coconut or palm oil is the most effective in CH,4
mitigation. Furthermore, fats are not metabolised in the rumen (Jenkins, 1993) and therefore do not
contribute to methanogenesis (Johnson and Johnson, 1995). Martin et al. (2010) and Grainger and
Beauchemin (2011) also reported that fat supplementation often reduces carbohydrate fermentation
due to the toxic effects of fat on cellulolytic bacteria and protozoa, while starch fermentation
remains unaffected. Consequently, fat depresses CH,4 emission (Doreau and Chilliard, 1997).
However, fat supplementation to the ruminant diet is a persistent mitigation strategy (Grainger and
Beauchemin, 2011).

1.3.1.7. Organic acids

The addition of organic acids, the intermediates of carbohydrate degradation, to the rumen has
been suggested as potential feed additives for CH, mitigation. Organic acids probably stimulate
propionic acid production in the rumen by acting as an H; sink, thereby reducing the amount of CH,4
(Castillo et al., 2004). Newbold et al. (2005) tested 15 propionate precursors in vitro and concluded
that the structure appears to be more effective as an H sink that can reduce CH4 up to 17%.
Fumarate and acrylate produce the most consistent reductions in CH,4 formation in batch cultures,
while fumarate is more effective than acrylate in artificial rumens (McAllister and Newbold, 2008).
Furthermore, fumarate (3.5 g/L) reduces the CH, output by 38% in continuous fermenters using
forage as a substrate (Kolver Es, 2004). However, a meta-analysis (Ungerfeld et al., 2007) reported
a lower CH, reduction effect in a continuous batch culture. Including multiple forms of propionate
precursors in the diet yielded an additive inhibition of CH, emissions as the reductive pathways
differ among organic acid sources (McAllister and Newbold, 2008). In contrast, an in vivo study
with growing beef cattle reported a potential beneficial change in rumen fermentation by fumarate,
although CH,; reduction was unaffected (Beauchemin and McGinn, 2006). Organic acid
supplementation has mostly been tested for CH,4 production in vitro, producing inconsistent results.
Therefore, there is the potential to invest more research in farm animals.
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1.3.1.8. Essential oils

Essential oils are plant secondary metabolites, volatile components (Tamminga et al., 2007)
and aromatic lipophilic compounds (Greathead, 2003) with very strong antimicrobial properties
(Burt, 2004), which inhibit the growth and survival of most of microorganisms in rumen (Benchaar
et al., 2008). The mode of action varies in individual essential oils (Benchaar and Greathead, 2011).
However, all essential oils contain chemical constituents and functional groups, such as terpenoids,
phenolic and phenols, which have strong antimicrobial properties. Because of their lipophilic
nature, essential oils have a high affinity for microbial cell membranes, and functional groups
interact with the microbial cell membrane (Jouany and Morgavi, 2007). Methanogenesis decreases
with the application of essential oil, especially by reducing microbial populations. However, no
effect has been observed so far on the major aspects of rumen fermentation (Newbold et al., 2004).
Limited studies have investigated the effect on CH,4 reduction in vivo. However, methanogenesis is
inhibited by altering protein degradation and amino acid determination (Newbold et al., 2004).
Further research needs to investigate the potential use of essential oils in mainstream livestock
farming.

1.3.1.9. lonophores

Antibiotics, such as monensin, are antimicrobial compounds that are typically used in beef
and dairy cattle production to modulate feed intake and improve feed efficiency and animal
productivity (McGuffey et al., 2001). Monensin increases the acetate:propionate ratio in rumen
fermentation by increasing reducing equivalents that help to form propionate (Beauchemin et al.,
2008). Monensin may also decrease ruminal protozoa. This antibiotic is typically added to the diet
as premix or via a slow-releasing capsule and has an anti-methanogenic effect (Beauchemin et al.,
2008). lonophores do not alter the diversity of methanogens (Hook et al., 2009) but change the
bacterial population from Gram-positive to Gram-negative with a consequent change in the
fermentation from acetate to propionate, thereby reducing CH4 (Patra, 2012). A high dose of
monensin reduces CH,4 production (g/d) by 4-10% in dairy and beef cattle (McGinn et al., 2004;
Odongo et al., 2007). Furthermore, Guan et al. (2006) reported a 30% CH, reduction in beef cattle
that were fed monensin (33 mg/kg), which was related to the number of ciliated protozoa. The
inhibitory effects of ionophores on CH, production may not persist over time, and microorganisms
adapt to ionophores (Johnson and Johnson, 1995; Guan et al., 2006; Beauchemin et al., 2008).
However, the possible transient effect of ionophores and increasing public pressure to reduce the
use of antimicrobial feed additives in agricultural production will obviously limit the scope for a
long-term solution to CH4 mitigation (Beauchemin et al., 2008).

1.3.1.10. Probiotics

The use of probiotics for CH4; mitigation has recently been described (Moss et al.,
2000);(Boadi et al., 2004a). The specific CH,4 reduction potential of probiotics has not been well
documented due to the unsuccessful introduction of acetogens to the rumen as competitors of
methanogens (Lopez et al., 1999). Probiotics, such as lactic acid producers (Lactobacillus
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plantarum, L. casei, L. acidophilus and Enterococcus faecium), acetate and propionate producers
(Selenomonas ruminantium and Megasphaera elsdenii) and yeast (Saccharomyces cerevisiae and
Aspergillus oryzae) are widely used for the health of both human and animals (McAllister et al.,
2011). Probiotics based on Saccharomyces cerevisiae are increasingly used in ruminant diets to
improve rumen fermentation, dry matter intake and milk yield (Beauchemin et al., 2008). The
underlying mechanism is probably the alteration of H, production by the increased number of
bacteria due to the partitioning of degraded carbohydrates between the microbial cells and
fermented products (Newbold and Rode, 2006). Due to their modest price and wide use in ruminant
production, the acceptance of CHy-reducing probiotics has a high probability in CH, abatement.
However, further research is needed to investigate the best possible products (Beauchemin et al.,
2008).

1.3.1.11. Exogenous enzymes

Enzymes, such as cellulase and hemicellulase, are currently being used in ruminant diets.
When properly formulated, enzymes can improve fibre digestibility and animal productivity
(Beauchemin et al.,, 2003). Enzymes that improve fibre digestibility typically lower the
acetate:propionate ratio in the rumen, ultimately reducing CH,4 production (Eun and Beauchemin,
2007). Subsequently, in a recent review, Beauchemin et al. (2008) suggested the possibility of
developing a commercial enzyme additive to reduce CH,. However, searching for potential
enzymes for methane abatement warrants future research.

1.3.1.12. Alternative H, sink

Alternative H, sinks, for example, nitrate and sulphate, are used at lower concentrations in
the basic diets of ruminants. As alternative electron acceptors, nitrate and sulphate have a greater
reduction potential and are thermodynamically highly favourable for some rumen microbes
(Kristjansson et al., 1982). Regarding methane mitigation, Leng (2008) described the potential of
nitrate supplementation in the ruminant diet. Furthermore, van Zijderveld et al. (2010) demonstrated
that the reduction effect of nitrate and sulphate is electronically more favourable than is CH4
production, which can potentially change the competitiveness of H, scavengers. In recent years,
nitrate and sulphate have been increasingly tested for CH, abatement. A 32% methane reduction
was reported for nitrate, 16% for sulphate and 47% for a combination of nitrate and sulphate fed to
lambs (van Zijderveld et al., 2010). The same author in a subsequent study indicated an
approximately 16% CH, (g/d and g/kg DMI) reduction in dairy cows (van Zijderveld et al., 2011b).
However, nitrate supplementation has not been established in many countries (e.g., in Denmark)
due to toxic effects that could lead to animal death. One potential toxic effect occurs via the
reduction of nitrate to nitrite, which causes methemoglobinemia, a condition in which blood
haemoglobin cannot carry oxygen (van Zijderveld et al., 2010). Because a lower amount of nitrate
in the diet is safe for the animal (Bruning-Fann and Kaneene, 1993), nitrate supplementation can be
an effective CH,4 mitigation measure. However, more research is needed to determine the inclusion
levels for different ruminant species.
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1.3.1.13. Plant secondary metabolites

The potential effect of plant secondary metabolites (PSM) in CH,4 reduction has been recently
recognised (Beauchemin et al., 2008). The CHy-suppressing effect of PSM is mainly associated
with antimicrobial properties that kill the bacteria (Bodas et al., 2012), protozoa (Hristov et al.,
2003) and fungi (Patra and Saxena, 2009a) in the rumen. Plant secondary metabolites contain
phenolic compounds the main active components that have antimicrobial activity (Dorman and
Deans, 2000). Plants produce a variety of secondary compounds, among which condensed tannins
(Ramirez-Restrepo and Barry, 2005) and saponins (Wallace, 2004) have received much attention.

1.3.1.14. Condensed tannins

An interesting development in CH, mitigation research is the development of forages with
higher levels of tannins, such as clover and other legumes, including trefoil, vetch, sulla and chicory
(Tamminga et al., 2007). The anti-methanogenic activity of tannins has recently been investigated
in vitro and in vivo (Hess et al., 2003; Goel and Makkar, 2012). The CH4-suppressing mechanism
of tannins has not been described clearly; however, this mechanism may inhibit ruminal
microorganisms (Bodas et al., 2012). Tannins may inhibit, through bactericidal or bacteriostatic
activities, the growth or activity of rumen methanogens and protozoa (Liu et al., 2011; Tan et al.,
2011). Methane production was reduced (up to 55%) when ruminants were fed tannin-rich forages,
such as lucerne, sulla, red clover, chicory and lotus (Ramirez-Restrepo and Barry, 2005). Although
tannins appear promising for CH, mitigation, these impede forage digestibility and animal
productivity when fed at a higher concentration, limiting their future wide-scale use in CHy
abatement (Beauchemin et al., 2008). However, more research may identify the balance between
CH, reduction and possible anti-nutritional side effects as associated with tannin supplementation.

1.3.1.15. Saponins

Saponins are naturally occurring surface-active glycosides that are found in a wide variety of
cultivated and wild plant species that reduce CH,4 production in the rumen (Tamminga et al., 2007;
Patra and Saxena, 2009a). Saponins have a potent antiprotozoal activity by forming complex sterols
in protozoan cell membranes (Goel and Makkar, 2012) and, to some extent, exhibit bacteriolytic
activity in the rumen (Moss et al., 2000). Saponins are antiprotozoal at lower concentrations
(Newbold et al., 1997), whereas higher concentrations can suppress methanogens (Bodas et al.,
2012). Saponins inhibit ruminal bacterial and fungal species (Patra and Saxena, 2009a) and limit the
H, availability for methanogenesis in the rumen, thereby reducing CH,4 production (Bodas et al.,
2012). Methane reduction of up to 50% has been reported with the addition of saponins (Patra and
Saxena, 2009b). However, a wider range of CH,4 reduction (14-96% depending on the plant and the
solvent that was used for extraction) has been reported (Patra, 2012).
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1.3.2. Rumen manipulation

Manipulating the microbial diversity in the rumen through chemical means (e.g., halogenated
compounds and chloroform) by introducing competitive or predatory microbes or through direct
immunisation can reduce methanogenesis in ruminants (Eckard et al., 2010). A preliminary study
suggested that vaccination against methanogens can reduce CH, emission up to 8% (Wright et al.,
2004). However, the long-term effect of vaccination on CH, reduction is still uncertain (Williams et
al., 2009). Furthermore, methanogen populations in the rumen are influenced by diet and
geographic location (Wright et al., 2007); therefore, it is challenging to develop a broad-spectrum
vaccine against all methanogens. Instead, the development of a vaccine against the cell-surface
proteins of methanogens may improve the efficacy of vaccination for CH, mitigation (McAllister
and Newbold, 2008). Biological control bacteriophages or bacteriocins could be effective in the
direct inhibition of methanogens and in redirecting H, to other reductive rumen microbes, such as
propionate producers or acetogens (McAllister and Newbold, 2008). However, most of these
options are still conceptual, and significant research is required.

Halogenated compounds, such as bromochloromethane and chloroform, are potent inhibitors
of CH,4 production in ruminants. Methane reduction has been reported with bromochloromethane
mainly due to the reduction of methanogen abundance (Goel et al., 2009). An approximately 26%
CH, reduction was reported by McAllister and Newbold (2008) through the chemical inhibition of
protozoa because the methanogens are often attached to the surface or endosymbionts within
ciliated protozoa (McAllister and Newbold, 2008).

Defaunation also reduces CH, emission. Two major advantages of defaunation are that it
increases nutrient utilisation by animals and limits H, transfer between protozoa and methanogens.
The methanogens that are attached to ciliated protozoa contribute approximately 9-37% of the
methanogenesis in the rumen (Finlay et al., 1994; Newbold et al., 1995). Protozoa-free lambs and
sheep exhibit 26 and 20% CH, reduction, respectively (McAllister and Newbold, 2008; Morgavi et
al., 2008). The elimination of the protozoan population in CH, mitigation is interesting, but the
absence of protozoa in the rumen can hinder digestibility and animal performance.

Reductive acetogenesis, in which H, and CO, form acetate rather than CH,4 as a source of
energy, has been suggested as an alternative to methanogenesis (Joblin, 1999). The production of
acetate instead of CH,4 can increase the energy supply to the animals. Joblin (1999) suggested that if
the CH,4 emissions in ruminant were fully replaced by acetate, this could represent an energetic gain
of 4-15%. However, acetogenesis in CH,4 reduction has not been successful due to the failure in
acetogens competing for H, in the rumen. Research in acetogenesis as a CH4 mitigation measure is
still in the initial phase and warrant more research.

1.3.3. Animal manipulation

Several options, such as culling low-producing animals, increasing animal productivity and
breeding animals with lower CH,4, have been suggested for CH,; mitigation through animal
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manipulation. Methane emission is directly proportional to the number of animals in a herd. The
replacement of non-productive and low-producing animals would cut the total CH, budget from the
herd. Maintaining high-producing animals will increase the total production, but the CH, emission
per unit of animal product will decrease (Patra, 2012; Weisbjerg et al., 2012). Therefore, proper
nutrition management to improve productivity is an option to reduce the CH,4 emission per unit of
animal product.

Several studies have demonstrated a substantial variation in CH4 production in sheep and
cows (Pinares-Patio et al., 2003; Clark et al., 2005; Madsen et al., 2010b), which may be linked to
phenotypic traits and heritability. This animal variation in CH,4 production suggests a possibility of
breeding animals with low CH,4 emission. However, Eckard et al. (2010) suggested that breeding
for reduce CH4 production is unlikely to be compatible with other breeding objectives.

1.4. Methane measurement methods

Methane emission from ruminants was probably attempted for the first time by Mgllgaard and
Andersen (1917). To date, several methods for CH; measurement and estimation have been
developed, none of which is perfect. A brief description of these methods is presented in this
section.

1.4.1. Respiration chamber

This method was the first to estimate CH4 production in animals. There are two types of
respiration chambers, closed-circuit and open-circuit, the latter of which is dominant. The principle
of the chamber technique is to collect and measure the concentration of CH,4 emission from all
sources of enteric fermentation. This technique has complete control of gas exchange and CH,4
recovery and has good accuracy and precision in measuring the daily CH4 production from the
animals. However, the results that are generated from the respiration chamber cannot be exploited
to animals in loose housing systems and animals in pastures. The chamber technique is also limited
with regards to the number of animals (Storm et al., 2012b). Building a respiration chamber is a
very expensive and labour-intensive operation and requires animal training. Moreover, the limited
movement ability of the animals causes stress, which may compromise animal behaviour and
reduce the daily intake and high laborious input (Pinares-Patino and Clark, 2008).

1.4.2. SFg tracer technique

The SFe tracer technique was described in 1993-1994 (Johnson et al., 1994). The principle of
this technique is that the CH4 emission from the animals can be measured if the tracer gas from the
rumen is known. This technique is widely used in Australia and New Zealand and can be applied to
free-range and grazing animals. This technique can be used to study nearly all aspects of feeding
and nutrition. However, this technique generates more variable results (Pinares-Patifio et al., 2011)
and requires animal training, as the animals need to carry the equipment. Moreover, SFs is a
greenhouse gas; therefore, mitigating GHG using another GHG is not logical.
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1.4.3. The CO, method

The newly developed CO, method is described by Madsen et al. (2010a). This method uses
CO; production as a marker to estimate CH4 emission from ruminants and is similar to the SFg
technique; the only difference is that instead of the externally added tracer gas SFg in the SFg
technique, the CO, method uses naturally emitted CO, from the animals. The CH,4:CO, ratios from
breath samples are used with the total CO, to quantify CH, production from the animals. This
method can be applied under various circumstances, for example, total CH, emission from a whole
stable with dairy cows (Bjerg et al., 2012) and measurement from individual animals (Lassen et al.,
2012). This method is a simple, easy and cheap technique that can collect measurements from large
number of animals in a short period (Madsen et al., 2010a). One aim of this thesis is to introduce
this method, and a detailed elaboration is presented in sections [2.5,4.2, and 4.3].

1.4.4. GreenFeed technique

A newly described technique for CH4 emission called GreenFeed (C-lock Inc., USA), was
first described by Zimmerman et al. (2013). GreenFeed is an automatic feeding system that is fitted
with CH; and CO, measurement sensors. Air is contentiously pumped through the feeder to
quantify the flow of CH4 and CO; during feeding. The system can be used in the automatic milking
system under commercial dairy production and even under grazing conditions. However,
GreenFeed only measures CH; when the animals have their head down in the feeder to eat
(Waghorn et al., 2013). Therefore, a day-long emission pattern must be tested.

1.4.5. Ventilation hood technique

The ventilation hood technique uses an airtight box that encloses the head of the animals. This
box is large enough to allow the animal to move its head freely and allows access to feed and water.
Outside air is circulated around the animal’s head, mouth and nose through the sleeve, expired air is
collected (McLean and Tobin, 1987), and gas exchange is quantified. Ventilated head-hoods or
head-boxes, which are less expensive, can also be used to quantify gaseous exchange using the
same principle as the respiration chamber. However, the major disadvantage is that it this technique
is not applicable to grazing animals, does not consider all emissions, compromises animal
behaviour and lowers feed intake.

1.4.6. In vitro gas production technique for methane measurement

With the increasing interest in GHG emission from agriculture, traditional in vitro gas
production techniques have been modified to estimate CH4 production from animals (Pellikaan et
al., 2011). The basic principle of these in vitro techniques is to ferment feed under controlled
laboratory conditions using rumen liquid from fistulated animals. The in vitro technique provides
the first approach to test potential feedstuffs and additives (Storm et al., 2012b). Although gas
production using an in vitro technique shows a good correlation with in vivo results, this technique
can only simulate feed fermentation and not CH4 emission or diet digestibility by the entire animal
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(Storm et al., 2012b). Furthermore, the in vitro technique does not include the long-term microbial
adaption to the tested feed, which is a significant disadvantage when considering the total emission
from an animal.

1.4.7. Micrometeorological techniques

Micrometeorological techniques have been defined as measuring fluxes of gas in the free
atmosphere and relating these fluxes to animal emissions. This technique is based on the
measurement of wind velocity and CH,4 concentration. A number of measurement points are used to
estimate the emission rate. A number of different micrometeorological techniques exist, such as the
mass balance technique, vertical flux technique, inverse dispersion analysis and boundary layer
budgeting (Harper et al., 2011). Each of these techniques has different way of calculating the
emission rate. The penitential advantage of this technique is that it does not require animal
handling, thus measuring the emission rate in the animals’ natural state. Moreover, measurements
can be collected from a large number of animals. However, measuring CH4 emissions in naturally
ventilated housing systems is difficult because of the difficulties in measuring the air exchange rate.

1.4.8. Proxy methods

Proxy methods are being developed with the aim of examining a large number of animals at
once without an experimental set-up or invasive intervention. These methods measure the emission
rate with parameters that are easy to obtain from biological samples such as milk or faeces
(Dehareng et al., 2012). The milk fatty acid profile is correlated with CH4 emission (Chilliard et al.,
2009); the link is that certain type of milk fatty acids are correlated with feed intake (Chilliard et al.,
2009) or with the amount of methanogenic archaea in the rumen (VIaeminck et al., 2006). This
technique still requires validation.

1.4.9. Modelling approaches

Modelling approaches are used to estimate CH, on national and international bases. These
models are used in CH,4 estimation from livestock, can be classified as empirical models that use
statistical information of nutrient intake and are dynamic mechanistic models that predict CH,4
emission via a mathematical description of rumen fermentation biochemistry. IPCC (2006) reported
guidelines for estimating enteric CH, emission. There are three different levels, all of which are
based on the proportion of cow's gross energy intake that is excreted via CH,. Several CH, models
that are based on the respiration chamber were recently reviewed by Storm et al. (2012b). Ellis et
al. (2009) describe a simulation model to predict CH, emission using feed intake and nutrient
composition data from several chamber and ventilation hood experiments. An empirical model to
estimate CH,4 production from US cattle was developed using the intake of carbohydrate fractions
(Moe and Tyrrell, 1979). Another model known as the rumen model is considered a mechanistic
model based on a series of dynamic, deterministic, and nonlinear differential equations (Dijkstra et
al., 1992). Very recently, a dynamic mechanistic model has been described that attempts to simulate
CH, emission based on a mathematical description of rumen fermentation biochemistry (Kebreab et
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al., 2008). These modelling approaches predict CH, without an experimental set-up, and the results
are often accurate. Although several statistical models have successfully predicted CH,4 production,
many use some inputs that are not commonly measured. Moreover, data insufficiency is another
issue that can limit the applicability of some models.

1.4.10. Other methods

Methane estimation based on the sampling of air that is released by eructation during milking
has been described by Garnsworthy et al. (2012a). Similar to the CO, method, this method follows
the methane measurement from the sampled air during milking in the AMS. This method only uses
the peak emission during eructation. This method is a non-invasive technique and can potentially be
applied to a large number of animals. However, further confirmation is needed regarding the
precision and accuracy of the measurements and the reliability of the technique.
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Hypothesis and objectives

Nutritional strategies through dietary manipulation appear to be the most sustainable
approaches in CH, mitigation from ruminants. Several studies have investigated the effects of
different feeds, supplements or additives on CH,4 emission from ruminants. Most of these studies
used either the respiration chamber or SFg techniques to estimate CH, emission, which are limited
by the number of animals that are used. Very few studies have investigated the dietary effects on
CH, emission using techniques that are non-invasive, non-interfering with animal behaviour and,
more importantly, consider a large number of animals. We hypothesised that in addition to choosing
a sustainable mitigation strategy, such as dietary manipulation, it is equally important to use a
technique that is simple and easy to apply, non-invasive, does not interfere with animal behaviour,
is relatively precise, can consider larger number of animals at once and is applicable to different
housing systems, even grazing conditions. The CO, method meets all of these criteria as previously
mentioned. The overall aims of this PhD project were as follows:

» To investigate the nutritional strategies of CH,4 mitigation from ruminants.
To validate the CO, method to quantify the CH,4 that is emitted from ruminants.

The specific objectives were

e To investigate the development of CH4; emissions in growing lambs that were reared
artificially.

e To study the effect of carbohydrate composition (mainly starch and sugar) on CH, emission
from commercial dairy herd.

e To study the individual variation of cows in CH, production.

e To study the accuracy and precision of the CO, method.
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Chapter 2
Project Description

and Methodology

Overview
This chapter represents a short description of the PhD project and the experimental procedure of the
studies included in the thesis.






2. PROJECT DESCRIPTION AND METHODOLOGY

This PhD project was designed to investigate CH4 emissions from ruminant livestock. Among
the ruminants, growing lambs, heifers and dairy cows were used in the different studies. In the first
two studies, the effects of dietary manipulation on CH, mitigation from growing lambs and dairy
cows were investigated. The third study examined methane estimation using two different
techniques and mitigation through supplementing different carbohydrate sources. The fourth study
highlighted the variation in the CH, emissions of individual cows, which were measured during two
different years. The general methodology for each study is described below.

2.1. Study |
2.1.1. Animal housing and feeding

This study was part of a larger study with 70 growing lambs, 18 of which (average age: 90
days; body weight: 21+3.6 kg (mean * standard deviation, SD) were used to investigate the
development of CH4 emission. The lambs were housed individually in a large barn, which was
maintained with adequate ventilation at a temperature of 18-22°C. Initially, the lambs were placed
in smaller pens (1.5 x 0.75 m) up to 2 months old, with sawdust as bedding material, and then the
lambs were transferred to larger pens (1.5 x 1.5 m). From 3 days until 8 weeks of age, group 1,
which was named the “hay” group, was fed milk replacer (180 g milk powder L™) from a suckling
bucket and received grass hay from 2 weeks old. From 9 weeks old, the hay group was only fed the
hay diet without any milk replacer (Figure 2.1). Daily allowances for the hay group were adjusted
on a weekly basis to achieve moderate daily live weight gains of approx. 225 g/d.

Milk replacer and Hay feeding period

cream feeding period
Diet alteration

v

Cream group —F .

Pre Perlod-1; CH, Perlod-2; CH, Slaughtering | Period-3; CHa Period-4; CH,
messurement | measurement measurement at 180 days of | measurement st
feeding at 90 days of at 150 days of age 185 days of age at 235 days of

age age age

measurement ‘

}
Hay group = .

Milk replacer Hay feeding pericd
feeding period

Figure 2.1. Experimental feeding periods

The lambs in the second group, which was named the “cream” group, received 50% milk
replacer and 50% dairy cream ad libitum (until the lambs reached the daily predefined maximum of
2.5 (L/d) up to 180 days old). In addition, rolled maize was fed ad libitum (until the lambs reached
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the predefined maximum allowance of 1 kg/d). The milk replacer-dairy cream mixture was fed from
a suckling bucket. From 3 to 7 days old, both groups of lambs were fed four times a day and twice
daily thereafter at approximately 07:00 h and 16:00 h, respectively. To prevent disorders of rumen
function in cream-fed lambs, a small amount of barley straw (approx. 10 g/d) was provided to both
groups. Water was available ad libitum at all times, and a vitamin-mineral mix was provided based
on National Research Council (NRC) nutrient requirements (NRC, 2007). At 180 days old, 26
lambs, 4 of which were from the CH, measurement groups (two from each group), were slaughtered
for the collection and analysis of rumen contents for rumen microbial diversity. The remaining
lambs were managed together and fed a hay diet. The CH, measurements were conducted in four
periods at approximately 90, 150, 185 and 235 days old, respectively. The 3™ and 4™ periods of
measurements were performed at 4 and 50 days after the cream-fed lambs were transferred to a
normal hay diet.

2.2. Study 11
2.2.1. Experimental design, animals, housing and feeding

In total, 36 Holstein-Friesian dairy cows with an average body weight of 660+ 75.13
(meanxSD) kg and with average milk production of 31.7+8.98 (mean+SD) kg/d were selected for
this study. The cows were primarily selected in 18 pairs according to their age, parity, and milk
yield. Then, cows from each pair were randomly assigned in two groups named “MELK” and
“VEM?”. During the first period, both of the groups received 50% of each concentrate. From day 18,
the MELK group received MELK concentrate, and the VEM group received VEM concentrate in
the automatic milking system (AMS). The animals were housed in a closed housing system with
adequate ventilation and fitted with one AMS. Both groups were allocated total mixed rations
(TMRs) on an ad libitum basis. Cows were fed TMRs two times a day, whereas concentrates were
automatically supplied during the milking in AMS. The amount of concentrates for each cow was
fixed based on their daily milk production. Methane measurements were performed in three periods,
which each lasted for 5 days, with a 14 day waiting time in between these periods.

2.3. Study 1l
2.3.1. Experimental design, animals, housing and feeding

This study was conducted with a 3x3 Latin square design, where three Dexter heifers with an
average body weight of 226+11 kg (mean+SD) were sequentially allocated to balance cages and to
the respiration chamber in 3 periods. The three periods were divided into two parts, with the first
two weeks considered an adaptation period, followed by one week of measurements. Twice daily,
the heifers were fed a total mixed ration (TMR) consisting (on DM basis) of 49% grass-clover
silage, 14% soybean meal, and 35% of one of three supplements: wheat (W), molasses (M), and
molasses + sodium bicarbonate (Mbic).
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2.4. Study IV
2.4.1. Experimental design, animals, housing and feeding

In total, 21 dairy cows with average body weights of 621+14.7 and 640£8.0 kg (mean+SD)
and milk production of 30.0+7.71 and 33.0+6.04 kg/d (mean+SD) were used during the 1% and 2"
year, respectively. The cows were housed in a closed housing system with adequate ventilation and
fitted with an automatic milking system (AMS). The study was conducted at the farm without
interfering with the planned feeding and management. During both years, the measurements were
taken from the same cows in the same AMS. The cows were offered a total mixed ration (TMR) ad
libitum during both years. In addition to the TMR, cows were offered concentrate in the AMS based
on their milk production.

2.5. Gas measurement

Methane and CO, emissions from the cows were analysed using a Gasmet DX-4030
continuous gas analyser (Gasmet™, 2010), which is based on the Fourier transform infrared
radiation. In the case of the 1% study: before gas measurement, the lamb pens were covered by
Plexiglas to restrict air movement as much as possible. However, the pens were not completely
airtight. The glass was transparent to avoid blocking views of the lambs from each other. For both
periods 1 and 2, the measurements were performed every 15 seconds for 6 days. Each of the 18
lambs was measured individually for 8 hours, which were equally distributed during 3 periods over
the 24 hour day. During periods 3 and 4, on each of the 18 lambs were measured for 30 minutes
consecutively during the day, without considering potential diurnal variations. During each
experimental day, background CH4 and CO, concentrations were also measured.

For the 2" study: The inlet filter of the Gasmet analyser was fitted on the feeding pen of the
AMS to receive the concentrated breath samples from individual cows. The CH,; measurements
were obtained from the cows during milking while the cows were visiting the AMS. The breath
sample passes through the filter and then through the Gasmet analyser to determine the CH,4 and
CO; concentrations. The measurements were performed every 20 seconds over 24 hours for 15
days, which were divided into 3 periods (with 5 days each). Before the first measurement in the
AMS, the Gasmet analyser was calibrated with known standard gases to verify the accuracy of the
measurements. Each measurement day, the inlet filter of the Gasmet analyser was disconnected for
10 minutes to obtain the barn concentration of CH4 and CO,. Later, these stable concentrations were
used as a correction factor for breath concentrations of CH4 and CO..

During the 3" study: Breath samples from the heifers were continuously analysed every 20
seconds in the metabolic cage to determine the CH, and CO, concentrations. The measurements
were performed for 24 hours, and then the heifers were moved to the respiration chambers (RC;) to
measure the CH, and CO, emissions. However, the CH, measurement in the RC; was not recorded
due to instrumental drift. Therefore, these data were excluded from the analysis.
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The gas measurement protocol used for the 4™ study was similar to that of the 2™ study. However,
the only difference is that the measurements were obtained from 21 cows every 15 seconds over a 7
day period during two subsequent years.

2.6. Estimation of daily methane emission

In all of the studies, the calculations for CH,4 estimation were performed according to the CO,
method (Madsen et al., 2010a). First, the barn concentrations of CH, and CO, were subtracted from
the individual breath concentrations of CH4; and CO,. Then, the ratio of CH; to CO, was
determined. In the next step the total heat production values for the animals were determined
according to CIGR (2002). The CO, (L/d) excretion was calculated according to Pedersen et al.
(2008), and subsequently, the amount of CH,4 (L/d or g/d) was calculated as described by Madsen et
al. (2010a)

In the case of Paper Ill, the CH4 emissions of the heifers were further calculated using the
measured CO; in the respiration chamber (RC;) and the CH,4:CO, ratio from the breath sample
analysis using Gasmet equipment. The CH,4 emission (L/kg DMI) data from another respiration
chamber (RC,) study with Holstein cows (Hellwing et al., 2012) and from an in vitro gas
production technique (IVGT) study with Dexter heifers (Storm et al., 2012a) were used to compare
the precision of the CH, estimation methods. The RC, and IVGT study was conducted using the
same diet as that used in study IlI.
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Summary of the
Included Papers

Overview
This chapter presents the summary of the included papers labelled as I to IV.






3. SUMMARY OF THE INCLUDED PAPERS

3.1. Paper I.
Development of methane emissions from lambs fed milk replacer and cream for a prolonged
period

M. N. Haque, M. Roggenbuck, P. Khanal, M. O. Nielsen J. Madsen

The objective of this study was to investigate the development of CH4; emissions from
artificially reared growing lambs fed milk replacer and cream compared with lambs reared on a
conventional grass-hay diet. This study was part of a larger study with 70 lambs, 18 of which with
average body weights of 21+3.6 kg (meanzSD) were included. The lambs were housed in
individual pens (1.5x1.5 m). From 3 to 180 days old, the lambs were fed either a restricted grass
hay diet or a “cream” diet consisting of 50% milk replacer and 50% cream ad libitum until reaching
a daily maximum allocation of 2.5 L/d. In addition, rolled maize was fed ad libitum (maximum
allowance 1 kg/d) in the cream-fed group. The milk replacer-dairy cream mix was fed from a
suckling bucket. From 3 to 7 days old, the lambs in both of the groups were fed four times a day
and twice daily thereafter. At 180 days old, 26 lambs, 4 of which were from the CH, measurement
groups (two from each group), were slaughtered to collect rumen samples for microbiological
studies. After collecting rumen samples, the remaining lambs in the two groups were placed
together and supplied a hay diet. Methane and CO, were measured in periods 1 to 4 (approx. 90,
150, 185 and 235 days old, respectively). For periods 1 and 2, the measurements were performed
every 15 seconds for 6 days. Each of the 18 lambs was measured individually for 8 hours, which
were equally distributed during 3 periods over the 24 hour day. During periods 3 and 4, the CH4
measurements were obtained from each of the 18 lambs for 30 minutes consecutively during the
day without considering the potential diurnal variation. Background concentrations of CH4 and CO,
were measured during each experimental day. The dry matter intake (DMI) g/d was significantly
lower (P<0.001) in the “cream”-fed group. The weight gain (WG) was higher in the “cream”-fed
group (P=0.02) during the first two periods. Methane production (g/d) was 84 and 87% lower in the
cream group compared with the hay group during periods 1 and 2, respectively. The same group
displayed lower emissions when the amount of CH, was expressed in terms of DMI and DEI
(P<0.001). Within 4 days after changing the diet (period 3), the CH,4:CO, ratio of the ex-cream-fed
lambs became 0.035, which was noticeably higher compared with the CH4:CO, ratio during period
1 at 90 days old (P<0.001). Fifty days after the diet alteration (period 4), the ratio had increased
further 0.039 (P<0.001) compared with that during period 1. A significantly lower CH,4:CO, ratio
(P<0.001) was observed in the cream group compared with the hay group during periods 3 and 4,
respectively. The abundance of rumen methanogens was lower in the fluid portion of the cream
group, and the rumen archaea primarily adapted in the solid phase of the rumen content. In
conclusion, artificial rearing of lambs with milk replacer and cream nearly prevented CH, release.
Switching from milk replacer and cream to a fibrous hay diet dramatically changed the fermentation
pattern and, consequently, the CH4:CO; ratio in the cream group within 4 days. The CH,4:CO, ratio
remained lower for 50 days after the diet alteration. Feeding milk replacer and cream to the lambs
for up to 180 days reduced the CH,4 emissions for an extended period. However, further studies are
required to determine whether this effect is long-lasting.
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3.2. Paper |1

Estimation of methane emission using the CO, method from dairy cows fed concentrate with
different carbohydrate compositions in automatic milking system

M. N. Haque, C. Cornou, J. Madsen

The objectives of this study were i) to explore the effect of concentrate supplementation in an
automatic milking system (AMS) on dairy cow CH, emissions and ii) to investigate the precision of
the CO, method while measuring individual animals in an AMS. Thirty-six Holstein cows with
mean body weights of 660+75.13 kg (mean+SD) and average milk yields of 31.7+8.98 kg
(mean+SD) were used. The cows were divided into two groups called MELK and VEM and were
fed two different concentrates with the same name, MELK (rich in starch) and VEM (rich in sugar).
These concentrates were supplemented during milking in an automatic milking system (AMS).
After a 5 day adaptation period (period 1), each group of cows received only MELK or VEM during
periods 2 and 3. In addition, both of the groups were fed a total mixed ration (TMR) ad libitum in
the barn. The CH, concentrations of breath samples were analysed every 20 seconds using the
Gasmet equipment in the AMS through an inlet point placed near the feeding pen. The CH,
measuring equipment constantly ran for 15 days over the 3 periods of measurement (5 days each,
including the adaptation period) with a 14 day waiting time in between the periods. The records for
the CH, and CO, concentrations from the breath samples were calculated after correcting for the
background concentrations of CH, and CO,. To obtain the quantitative CH, production, the ratio
between CH, and CO; (CH4:CO,) was multiplied by the calculated CO, production of the individual
animals. The milk yield and dry matter intake (DMI, kg/d) were similar between the two groups.
The concentrate allocation was based on individual milk production. The concentrate intake in the
AMS ranged from 1.60 to 7.30 kg/d in the MELK group and from 2.06 to 7.20 kg/d in the VEM
group. The CH, production in MELK and VEM groups was not significantly different (P>0.05)
over the three measurement periods. A linear positive relation was observed for the entire period
between the CH, (g/d) production and the energy-corrected milk (ECM, kg/d) production and the
DMI (kg/d). The precision analysis of the CO, method indicated that a 5 or 15 day measuring
period was required to show a 9 or 5 percent difference in CH,4 production, respectively, under the
present experimental conditions. In conclusion, the present study found no significant effect of a
limited change in starch and sugar on CH, production through feeding concentrates in an AMS. For
a change the carbohydrate composition of a diet to affect CH, production, a greater change in the
diet is likely required. This change can be efficiently performed by changing the TMR portion of
the diet.
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3.3. Paper Il
Method-based comparative methane estimation from cattle fed three different diets
M. N. Haque, I. M. L. D. Storm, H. H. Hansen, J. Madsen

The objective of this study was to estimate the effects of different sources of carbohydrate
supplementation on CH, emissions and to compare the precision of the CO, method with a
respiration chamber in vitro gas production technique. The present study used a 3x3 Latin square
design, where three Dexter heifers were sequentially allocated to balance cages and subsequently to
a respiration chamber during 3 periods, which consisted of a two week adaptation period, followed
by one week of measurements. The average body weight (BW) of the heifers was 226+11 kg
(mean+SD), and the average dry matter intake DMI was 5.1+0.3 kg/d (mean+SD). The heifers were
fed ad libitum a total mixed ration (TMR) that consisted (on DM basis) of 49% grass-clover silage,
14% soybean meal and 35% of one of three supplements: wheat (W), molasses (M), and molasses +
sodium bicarbonate (Mbic). Breath samples from the heifers were continuously analysed in a
metabolic cage every 20 seconds to determine the CH, and CO, concentrations. The CH4 and CO,
emission calculations from heifers were performed using the CO, method. The dry matter intake
(DM, kg/d) was significantly higher (P<0.001) in the metabolic cage compared with the intake in
the respiration chamber. The absolute CH4 (L/d) production estimated using the CO, method was
significantly different (P<0.05) between the three diets. The wheat-based diet "W" produced
significantly less CH4 compared with the molasses-based "M" and "Mbic" diets. The ranking of the
diets based on the absolute CH,4 (L/d) production was W < M < Mbic. The CH,4 (L/kg DMI)
emissions followed the same ranking (P<0.05). The absolute CH, (L/d) emission values between
the CO, method and the respiration chamber was strongly correlated (r = 0.83). A strong correlation
was also found between the estimated CH, determined using the CO, method and that of other
recommended prediction models, such as IPCC, ARC and NRC. The daily CH, (L/kg DMI)
emission value was lower using the CO, method compared with that determined using the
respiration chamber technique with Holstein cows. A substantial animal variation of daily average
CH, production was observed within the diet. The between-animal variation (CV,) was 7.4-8.0
higher than the within-animal variation (CV,,) (17.3-17.4) of the CO, method. The measured CO; in
the respiration chamber and calculated CO, according to CO, method was strongly (r=0.85)
correlated. In conclusion, the DMI was lower in the respiration chamber. The wheat-based diet
showed significantly lower CH4 emissions (L/d and L/kg DMI) compared with the molasses-based
diets. All three diets displayed a numerically lower CH, (L/kg DMI), as estimated by the CO,
method, than those values in the study using a respiration chamber. The level of variations in CH,
production estimated by the CO, method was within the acceptable range. The CO, method can
predict CH, emissions with reasonable accuracy and precision compared with the chamber
technique. This precision can be improved by using either more animals or a longer measurement
period.
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3.4. Paper IV

Individual variation and repeatability of methane production from dairy cows measured in
automatic milking system

M. N. Haque, C. Cornou, J. Madsen

The objective of this study was to investigate the individual variation, repeatability and
phenotypic correlation of methane (CH,4) production from dairy cows measured during two different
years. In total, 21 cows were used, with average body weights of 621+14.0 and 640+8.0 kg
(mean+SD) and milk yields of 29.1+6.54 and 33.4+6.00 kg/d (mean + SD) during the 1% and 2™
years, respectively. The cows were housed in a loose housing system fitted with an automatic
milking system (AMS). A total mixed ration (TMR) diet was fed to the cows ad libitum during both
years. In addition, the cows were offered concentrate in the AMS based on their milk yield. The
cow’s CH4 and CO, production were analysed using a continuous gas analyser, "Gasmet DX-4030".
The dry matter intake (DMI) values were 19.8+0.96 and 23.1+0.78 kg/d (meanzSD), and the
energy-corrected milk (ECM) production values were 30.8+8.03 and 33.7£5.25 kg/d (meanSD)
during the 1% and 2" years, respectively. The DMI and ECM had a significant influence (P<0.001)
on the CH,4 (L/d) yield during both years. The CH,4 emissions were significantly different between
these two years (P<0.05). The CH,4 production of individual cows showed a fair correlation (r=0.54)
between these two years. A strong positive phenotypic correlation (r=0.70) was found in the CH,4
emissions between these two years when standardized using ECM production (30 L/d). The diurnal
variation of CH,4 (L/h) output displayed significantly lower (P<0.05) emissions during the night
(0:00 to 08:00 h). The between-cow variation of the CH, measurements (L/d, L/kg DMI and L/kg
ECM) were always lower (CVpc = 8.8 — 9.1 and 5.9 — 6.1) compared with the within-cow variation
(CVuc = 8.6 — 16.3 and 8.6 — 9.1) during the 1% and 2" years, respectively. The repeatability (R)
values of the CH, vield (L/d) were 0.36 and 0.41 for the 1% and 2" years, respectively. In
conclusion, the daily CH,4 emissions were significantly higher the second year due to higher DM
intake. The DMI appeared to be the key factor of the variation in CH, release, which was described
by the ECM production. The between-cow variation in CH,4 (L/d) emission values was lower than
the within-cow variation. The repeatability of the daily CH, output (L/d) was lower for the 1% year
compared with that for the 2" year. The CH, emissions at a standardized ECM production
displayed a strong positive phenotypic relation between two years.
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Discussion

Overview

The discussion is based on the results that were presented in four papers. This is focused on the
effects of dietary manipulation on methane mitigation, application of the CO, method and its
accuracy and precision.






4. GENERAL DISCUSSION

This section focuses on the results highlighted in the papers regarding CH,4 estimation using the
CO; method and mitigation through dietary manipulation. The papers included in this thesis are
labelled using the numbers | to 1V.

4.1. Dietary manipulation and methane mitigation
4.1.1. Fat supplementation

Dietary manipulation is one of the most promising strategies in the mitigation of CH, emissions
from ruminants (Martin et al., 2010; Patra, 2012, 2013). The addition of fats in animal diets has
recently been highlighted as one of the mitigation approaches for enteric CH4 emissions, although
the reduction effects are not always consistent (Beauchemin et al., 2008). The inhibitory effect of
fats on CH,4 production depends on the concentration, type, and fatty acid composition of fats and
on the nutrient composition of diets (Beauchemin et al., 2008). Higher concentrations of fats result a
substantially decrease in CH, production but often exert detrimental effects on feed digestibility,
rumen fermentation, and animal performance. Fat supplementation often reduces the DMI
(Grainger and Beauchemin, 2011), organic matter fermentation and fibre digestibility by either
inhibiting methanogens or limiting the activity of the cellulolytic bacteria in the rumen (Johnson
and Johnson, 1995), thus inducing CH,4 reduction. The results of the present study (Paper I)
indicated a drastically reduced DMI in the lambs that were fed milk replacer and cream compared
with the hay-fed lambs due to the higher energy concentration in the diet, as revealed by similar
digestible energy intake values for both groups. Similar results were described by Haddad and
Younis (2004) where DMI was reduced in lambs with 5% fat added to a high concentrate fattening
diet. Supplementing with 25 to 75 g (per kg of concentrate) of coconut oil from 15 to 180 days
reduced the daily intake in lambs (Bhatt et al., 2011). Moreover, Machmuller and Kreuzer (1999)
found that the DMI was reduced by feeding adult sheep 70 g/kg of coconut oil. Fat concentrations
to a maximum 6% of the diet DM may improve milk production and decrease enteric CHy
emissions by 15% in cattle compared with 2% fats that are generally present in diets (Patra, 2013).
In a recent review, Grainger and Beauchemin (2011) reported no adverse effect of fat in the form of
salt (calcium formate) while reducing CH, in dairy and in beef without affecting production. A
combination of coconut oil and fish oil at a low dose may additively reduce methanogenesis in the
rumen without any adverse effect on rumen fermentation (Patra and Yu, 2013). Supplementation
with refined coconut oil in a beef diet at a level of 250 g/d reduced CH, emissions by 18%, with
normal feed intake and animal performance. In a recent study, Brask et al. (2013) reported that the
physical form of fat had no influence on CH, reduction when fed rapeseed as a source of fat.
Dietary fatty acid composition also affects the levels of CH, reduction. In general, poly-unsaturated
fatty acids have a higher potential for CH, reduction than saturated fatty acids (Patra, 2013). In
contrast, Beauchemin et al. (2007) found that saturated and unsaturated fatty acids had an equal
effect when fed at a rate of 3% lipid to high forage diet.
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In the present study (Paper 1), a completely different fat source was used at an extremely high
concentration in the diet of growing lambs raised artificially up to 6 months old. The lambs were
fed a mixture of milk replacer and dairy cream at 50% each. This extreme diet makes this
experiment extremely exceptional when the total fat intake of the lambs was > 200 g/d in the
supplemented group. Feeding milk replacer and cream resulted in 84-87% CH, reduction, and
consistent results were reported by Machmuller and Kreuzer (1999), who reported a 73% reduction
by the addition of 3.5 to 7% coconut oil to the diet. In another study, the same author reported a 43-
57% CHj, reduction by supplementing with 3 and 6% coconut oil (Machmuller, 2006). Although a
different fat source was used in this study, cream is also characterised by high levels of medium-
chain fatty acids, similar to coconut oil products. In fact, coconut oil is one of the only other fat
sources, except for milk fat from ruminants, that contains many medium-chain (C;2:Cjs) fatty acids.
Similarly, Patra (2013) reported that fatty acids with longer chain lengths (C1,-C14) and particularly
poly-unsaturated fatty acids (C18:3) had a greater effect on CH,4 reduction.

The degree of CH, reduction presented in Paper | was the most extreme, which was expected
because of the amount of total fat in the diet and because this study was not a typical
supplementation study. This study focused on the development of CH, emissions by feeding an
extremely high fat diet. Therefore, this study is not directly comparable with those previously
mentioned studies; however, this study may still open a new window regarding mitigation research.
The persistency of the effects of an extreme diet was not confirmed by the results presented in
Paper I. Further studies are required to confirm the persistency of fats on methane mitigation.

Despite the greater reduction in CH,4 emissions (Paper 1), artificial rearing of ruminants is not
feasible from both economic and ethical considerations. This type of feeding strategy is neither
practical nor economically viable for global ruminant production. Therefore, adding fat to the basal
diet at a reasonable concentration could be an effective mitigation measure (Beauchemin et al.,
2008). Although identifying the source of the fats that can potentially be added to the diet to reduce
CH, emissions is challenging (Grainger and Beauchemin, 2011), the use of by-products of feeds
from agricultural/food processing industries, which contain fat, could be a useful approach to
reducing enteric CH,4 emissions and global GHG emissions.

4.1.2. Starch and sugar

The inclusion of non-fibrous carbohydrates (NFC) in the range of 35 to 42% of the dietary DM
has been chosen as an effective means to increase energy concentration and milk production in
dairy cows (Lykos et al., 1997; Cherney et al., 2003). However, the global increase in milk
production is causing a greater increase in CH,4 gas emissions, contributing to climate change (Opio
et al.,, 2013). Therefore, several efforts have recently attempted to mitigate CH4 emissions.
Supplementing with readily soluble carbohydrates, such as starch and sugar, was tested in several
studies regarding dairy cow CH,4 emissions (Aguerre et al., 2011; Benchaar et al., 2013; Hassanat et
al.,, 2013). Clearly, supplementation with readily degradable carbohydrates changes the
fermentation patter, volatile fatty acid proportion and, consequently, CH,4 production. However, the
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CH, reduction effect varies depending on the type of carbohydrate. Fahey and Berger (1988)
reported that starch is the most propionate producer in rumen fermentation than any other
carbohydrates, which most likely lowers rumen pH and increases the proportion of propionate
instead of acetate and butyrate (Hassanat et al., 2013), thus reducing CH, release from the rumen.
Starch supplementation through whole crop silage reduced CH, emissions per unit of DMI relative
to grass silage (Mc Geough et al., 2010). Hassanat et al. (2013) reported that CH4 emissions were
reduced by supplementing 30% starch through 100% corn silage. These authors reported that the
observed CH,; reduction was due to changes in the rumenal environment, digestibility, a
proportional increase in propionate and lower NDF digestibility. Similarly, Lechartier and Peyraud
(2011) reported that long-term feeding with starch reduced fibrolytic activity and changed the VFA
proportion, which will most likely lead to a lower CH,4 emission.

Unlike starch, sugar, which is another important fraction of readily fermentable
carbohydrates, has more methanogenic potential (Hindrichsen et al., 2005; Hindrichsen and
Kreuzer, 2009). A recent simulation study reported a higher CH, emission rate with water-soluble
carbohydrates by feeding high sugar grasses (Ellis et al., 2012); methane emissions were higher per
unit of OM using sucrose instead of starch. The higher methanogenic potential of sugar is most
likely related to higher butyrate production (Hindrichsen et al., 2004).

The results presented in Paper Il were based on supplementing the diet with starch-rich
(termed the MELK group) and sugar-rich (termed the VEM group) concentrates that were supplied
in the AMS. The effectiveness of starch at reducing CH, production is well documented. These
results (Paper 1l) showed a tendency of lower CH,4 (g/d) for those cows that received the highest
amount of starch-rich concentrate. However, no difference in CH, production was found between
the two concentrate-supplemented groups most likely due to the limited increase in the amount of
starch content in the concentrate supplied in the AMS. As shown in Table 4.1, which was
previously presented in Paper Il, only slight changes in the starch content (+5.8%) of the MELK
group occurred based on the total diet, which appeared to be insufficient to observe any effect on
CH,4 emissions. Mc Geough et al. (2010) observed lower CH4 (g/kg DMI) production in beef cows
with increasing amounts of starch fed through whole-crop wheat silages. Likewise, Hassanat et al.
(2013) reported that dairy cow CH,4 emissions were reduced by supplying 30% starch through corn
silage as the only diet. These authors further observed no effect on dairy cow CH4 emissions when
feeding starch at the rate of 17 to 27% through corn silage. In the current study (Paper 1), only the
5.8% increase in the starch content resulted in no effect on CH,4 (g/d) reduction, which is consistent
with the findings by Hassanat et al. (2013). In contrast, Aguerre et al. (2011) found that dairy cow
CH,4 emissions increased when the dietary starch content was decreased with increasing fibre
concentrations in the diet.

The ingested amount of starch (Paper I1) through the concentrate DM in the AMS was clearly
insufficient for decreasing CH,4 production compared with the DM consumed through the TMR
portion of the diet. Additionally, the concentrate intake was extremely different between the cows,
depending on their milk production. Supplying diets containing high quantities of starch via grain or
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cereal forages has been proposed as a means of CH, reduction (Beauchemin et al., 2008). The
current study made a parallel effort to mitigate CH,4 release by increasing the starch supply in the
diet. However, evidently, an inappropriate supplementation method was chosen to supply starch
through concentrate in the AMS. Feeding starch through TMR could have been more effective for
visualizing the CH, reduction effect. This recommendation was followed in the subsequent study
(Paper 111), where starch- and sugar-based diets were supplemented through the TMR. In this case
(Paper I11), a significant CH,4 reduction was observed for the starch-based diet compared with the
sugar-based diet.

Table 4.1 Average non-fiber and fibrous carbohydrate intake of the cows in two groups (kg DM/d)

MELK VEM Change in nutrient (%),
VEM to MELK
Total TMR Concentrate Total TMR Concentrate Total Concentrate

Sugar 2.8 2.4 0.4 3.1 2.4 0.7 -10 -43
Starch 6.4 4.7 1.7 5.1 4.7 0.4 +25 +325
NDF 19.8 18.6 12 20.5 18.6 19 -3 -37
Total DM 23.2 235

% Starch in DM 27.5 21.7 +5.8

TMR = total mixed ration; NDF = neutral detergent fiber

Changing carbohydrate composition through diet supplementation should always be
performed while maintaining a proper forage and concentrate (F:C) ratio because the F:C ratio has
an effect on rumen fermentation, which changes the VFA proportion and, consequently, CH,4
production (Moss et al., 2000). Although Johnson and Johnson (1995) reported a CH,4 energy loss
ranging from 2 to 12%, the loss decreased to 2-3% when the animals were fed a high concentrate
diet (>90%). Recently, Hassanat et al. (2013) reported reduced CH,4 emissions with a total corn
silage diet, whereas no effect was found when feeding corn and alfalfa silage at the same
proportions. In addition, (Aguerre et al. (2011)) reported that CH4 emissions increased when the
forage concentrate ratio increased from 47:53 to 68:32.

In the current PhD study, no direct investigation regarding the effect of F:C ratio on CH,4
production was performed. However, Papers Il and 11l investigated the effect of the carbohydrate
composition on CH4 emissions. The results (Paper I1) indicate that although starch displayed a
potential tendency to reduce CHy,, the actual amount ingested by the cows through the concentrate
in the AMS was scarce compared with the TMR portion of the diet. Therefore, no CH,4 reduction
effect was apparent presumably due to the inappropriate F:C ratio. From these results (Paper I1),
choosing an appropriate method of supplementation, in addition to the type and composition of the
concentrate, is equally important so that the F:C ratio can be effectively changed and maintained.
This hypothesis was confirmed by the significant CH,4 reduction observed in Paper 11l with starch
feeding through the TMR.
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4.2. Choice of method for methane measurements

Over the last several decades, different methods have been developed for measuring and
estimating ruminant CH, emissions. All of these methods have a variety of scopes for application,
merits and demerits (Storm et al., 2012b). Ruminants methane production is a biological process
derived from rumen fermentation, which can easily be influenced by changes in the physiological
states of the animals. Specifically, several factors, such as animal handling and confinement, cause
stress. Theses external factors can easily influence feed intake, movement and rumen fermentation.
Therefore, to estimate the actual emissions from the animals, the animals must be kept in their
natural state while measuring CH,. Extremely few methods have considered these issues. The gold
standard chamber method requires total confinement of the animals for a certain time. Therefore,
the animals’ CH,4 release measured in a respiration chamber will not be exactly similar to
measurements in a barn, where the animals are undisturbed. Another example is the SF¢ technique,
which demands that the animals must carry the equipment, which might interfere with normal
behaviour. Moreover, to obtain a snapshot of the global CH, emissions from the ruminants, CH,4
emissions must be estimated from many animals. Considering all of these facts, the CO, method
was developed, which is a non-invasive technique that does not interfere with animal behaviour and
can consider many animals. Additionally, from the method comparison presented in Table 4.2
(Storm et al., 2012b), the CO, method has a wide range of applicability compared with other
methods. Therefore, the CO, method can be used as an extensive tool for ruminant CH, estimation.

4.3. Primary considerations for the CO, method

The use of total CO, emissions from animals as marker is based on knowledge compiled from
more than 100 years of feeding and metabolism experiments. In practice, CO, excretion can be
calculated using animal production and nutritional data (Madsen et al., 2014) or using the animal
data suggested by (CIGR, 2002), as shown in Papers | to IV. The nutritional consideration of CO,
production is that CO, production is closely related to the energy metabolism of the animals. The
heat production per L of CO;, is different, for example, fat = 27.8 kJ/L CO,, protein = 23.1 kJ/L CO;
and carbohydrate = 21.1 kJ/L CO,. This information can be used to estimate the total CO,
emissions under different feeding regimes and production stages. When the feed intake of the
animal is known, then the amount of CO, can be calculated using the metabolizable energy values
used for maintenance and production (Madsen et al., 2014). The data from the air analysis of
livestock buildings indicates a close relation between CO, production and the amount of heat
producing units (HPU) in a barn. Again, this situation indicates the feasibility of using CO, as a
potential marker for quantitative CH, estimation (Madsen et al., 2010a). The CH,4:CO, ratio, which
is measured at regular intervals, can be multiplied by the total amount of CO, to obtain the amount
of CH, emitted. Therefore, the most important consideration should be the accurate estimation of
heat and CO; production while estimating CH,4 production using the CO, method.
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4.4. Key factors that may influence the accuracy of CH,4 estimates using the CO, method

4.4.1. Breath sampling for methane estimation

Breath sample analysis has been shown as a potential diagnostic tool in humans (Turner et al.,
2012). Sampling breath from animals and humans has been used for identifying metabolic end
products, such as hydrogen, CHy, volatile fatty acids (VFAS) and other volatile organic compounds
(Spinhirne et al., 2003). One of the major advantages of breath sampling is that this method is non-
invasive and eliminates handling stress. Non-invasive breath sampling and its chemical analysis
could provide valuable information related to health, well-being and, more importantly, metabolic
indicators of the end products (Spinhirne et al., 2003). Sampling bovine breath has increasingly
become interesting to researchers for estimating greenhouse gas emissions and energy loss from
animals. This PhD project used breath samples for estimating ruminant CH4 gas emissions. The
primary focus was to analyse CH4 and CO; concentrations in the breath samples. The average CO,
concentration in breath samples typically ranges between 30,000 and 50,000 ppm (Smith et al.,
2009). The concentration of the sampled air can vary depending on the position of the nose when
measuring in the AMS and depending on the ambient exposure of the exhaled breaths. The breath
sampling was performed in the AMS during milking in Papers Il and V. However, the breath
sampling method must be modified when measurements are taken from small ruminants (Paper I)
and/or when using an AMS is not an option (Paper IIl). Another important aspect of breath
sampling is the length of the measurements. In a large-scale study with lactating dairy cows,
(Lassen et al., 2012) mentioned that taking 2-3 days of measurements in the AMS can provide
reasonable CH, estimates. In this connection, (Madsen et al., 2010a) mentioned that approximately
2-3% breath samples were sufficient for CH, estimation using the CO, method. In the current
studies, Paper | considered 8 hours and 30 minutes in different measurement periods from lamb
placed in individual pens covered by transparent Plexiglas. Papers Il and 1V measured breath
samples in an AMS for 5 and 7 days, respectively, whereas Paper Ill considered a 24 hour
continuous measurement in a metabolic cage. Because the concentration primarily varies between
the samples, several measurements were considered in all of the studies to obtain a reliable mean
concentration of the gases. Moreover, a certain correction factor (background concentration) for the
standard ambient concentrations of CH, and CO, was followed in all of the studies to obtain an
actual breath concentration from the animals.

4.4.2. Determination of total CO, production of the animals

The accuracy of the CH, estimate determined by the CO, method in a given situation will
depend on the accuracy of the determination heat and, consequently, CO, production. Moreover, the
diurnal variation of the CH4:CO, ratio, followed by the total CO, production and the sampling
situation, will influence the calculated daily airflow (Bjerg et al., 2012). However, this problem was
avoided in the present study by performing several measurements over a day [details in section
4.4.1]. The CH, estimation from individual cows requires all of the information related to animal
production and intake. When the information is available (Papers | and 111), the CH,4 estimation can
be performed with higher precision. However, the precision of the CH, estimation could be
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influenced when the individual animal information is lacking. Under commercial farming
conditions, recording individual animal information, particularly the feed intake, is rare. Obtaining
typical breath concentrations from the animals is difficult; however, as little as a 2-5% breath
concentration is sufficient because the concentration of CO, in the sampled air is much higher than
the atmospheric CO, concentration (Madsen et al., 2014). Abnormal milking and feeding
behaviours of certain cows in a herd can also lead to underestimation of the actual CH4 emissions
from that specific cow, resulting in a lower CH4:COx, ratio; this situation was indicated in Paper 1V.

4.4 3. Levels of intake

Methane production generally increases with increases in DMI (Kirchgessner et al., 1991).
However, the percent of dietary gross energy loss through CH,4 decreases by an average of 1.6%
intake levels (Johnson and Ward, 1996). In one study, Allard (2009) reported a gradual decrease in
the gross energy loss (10.8, 9.3 and 8.2%) through CH,4 with same diet fed at 0.9, 1.7 and 2.3 times
the maintenance requirements. Similarly, Pelchen and Peters (1998) also found that the CH, energy
loss decreased at a higher feeding levels when increasing the dietary energy density, although the
daily CH4 emission increased. Recently, several studies reported that the DMI is the core
determinant of CH,4 release from ruminants (Blaxter and Clapperton, 1965; Johnson and Johnson,
1995; Grainger et al., 2007), which is also determined by the feed digestibility (Blaxter and
Clapperton, 1965; Johnson and Johnson, 1995). The results presented in Paper Il demonstrated the
declining tendency of CH,4 emissions in those cows who received a higher amount of starch-rich
concentrate in the AMS because of the higher DMI of the target component. In contrast, Paper |11
demonstrated a lower DMI in the chamber compared with the intake in the metabolic cage.
However, the CH, reduction in the chamber was not confirmed by the chamber due to instrumental
drift. In addition, Paper IV indicated that the calculated DMI is the prime factor that influences
ruminant methane emissions.  Similarly, Boadi and Wittenberg (2002) mentioned that
approximately 64% variation in CH, production is caused by the DMI. A greater range of variation
(3 - 34%) in CH,4 production is caused by varying levels of the DMI (Ellis et al., 2010).
Furthermore, Grainger et al. (2007) and Garnsworthy et al. (2012b) described similar results where
the DMI was mentioned as the primary determinant of CH,4 production. Methane estimation using
the CO, method is also greatly influenced by the DMI because the breath composition changes with
the feeding levels and, consequently, with the CH,4:CO; ratio. Therefore, the level of animal intake
should be carefully considered when measuring methane.
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Table 4.2. Comparison of different methods for measuring and estimation CH, emission from ruminants.

Method parameters Chamber SF6 Technique In vitro gas the CO,-method IPCC other models
technique

Prerequisites (except for the Access to rumen information required to Information regarding Dependent on the

instruments used) fluid calculate total CO, animals and feeding published information

Aspects of dietary factors that can be investigated

Feeding levels Y Y N Y N Y - Some cases
Physical form of the diet Y Y N Y N N
Chemical composition of diet Y Y Y Y N Y - Some cases
Supplementation ~ of  feed Y Y Y Y N N
additives
Influence on animals
Fixation needed N * Depends on the aim * *
Animal needs to carry N Y * N * *
equipment
Use of automatic milking N N * Y * *
machine
Methods estimates
Individual animals Y Y N Y Y Y
Within animal variation Y Y N Y N N
Between animal variation Y Y N Y N N
Daily variation Y Y N Y N N
Time resolution® Few minutes to 8-24 hours Few minutesto 6  Smaller interval of few minutes * *

hours hours
Output formate
Relative to animal Y Y N Y Y Y
Relative to DMI Y Y Y Y Y Y
Relative to DE Y Y Y Y N Depends on the model
Relative to NDF Y Y Y Y N Y
Relative to milk yield Y Y N Y * Y
Relative to GEI Y Y N Y * Y

*Not relevant for the method; *will depend on the individual settings; Y=yes; N=no; DMI=dry matter intake; DE=digestible energy; NDF=neutral detergent fibre; GEl=gross energy intake; Source: Storm et al.
(2012b)
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4.5. Accuracy and precision of methane estimates using the CO, method

The precision of the estimates is more important than accuracy when comparing the effect of
different diets on groups of animals (Madsen et al., 2014). Similarly, McGinn (2006) stated that
accuracy is less important but precision is critical when validating mitigation strategies using a
particular measurement technique to observe a change in emissions due to a change in management.
In this study, the first 3 experiments (Papers I, Il and 111) were based on comparative diet effects on
CH, emissions. Paper Il discussed the precision of the CH, estimates (in terms of standard errors)
compared with other studies with dairy cows using different methods. The comparative CH,4
estimates and corresponding standard errors are shown in Table 4.3. The CH,4 estimates presented in
Paper Il were consistent with Benchaar et al. (2013) and with Hassanat et al. (2013), where the
reported standard error using the respiration chamber technique was closer to the SE produced in
Paper Il. Danielsson et al. (2012) reported a larger variation in CH4 (g/kg DMI) emissions measured
by SFs techniques. Likewise, Pinares-Patifio et al. (2011) reported that the SFg techniques usually
display higher variation, with more than twice as much variation compared with that for chamber
measurements. The respiration chamber technique is considered the gold standard (Cassandro et al.,
2013), which potentially produces the most precise estimates among the methods in practice. The
most problematic issue for this method is the lower feed intake often experienced in the shielded
respiration chamber. The CO, method for individual animals may not be as precise as the chamber
technique; however, the precision can be improved by either increasing the number of
measurements or using more animals (Paper Il and Ill). The CO, method facilitates both of the
options while measuring the animals’ CH4 emissions. The current study includes 18, 36, 3 and 21
animals with measurement durations of 14, 15, 3 and 7 days (total) in experiments I, 11, 11l and 1V,
respectively. Moreover, the measurements were taken every 15 or 20 seconds, which produced
many measurements per animal, hence, helping to increase the number of repeated measurements
and improving the precision of CH,4 estimation.

The precision in terms of the co-efficient of variation (CV) within and between cows was
discussed in Papers Il and 1V. Apart from dietary factors, CH,4 production can also vary due to the
genetic variation of the animals (Lassen et al., 2012; Pinares-Patino et al., 2013). An earlier study
reported a 7% within-animal variation (coefficients of variation, CV) and 7-8% between-animal
variation (Blaxter and Clapperton, 1965) in CH,4 production. More recently, several authors reported
CV of 4.3% for within-animal and 17.8% for between-animal (Grainger et al., 2007). Between-
animal variation values of 26.6% and 25.3% have been reported for dairy and beef heifers with ad
libitum and restricted feeding, respectively (Boadi and Wittenberg, 2002). A wider range of
variation of CH,4 emissions (3 to 34%) was reported by Ellis et al. (2010). All of the papers included
in this thesis observed substantial individual variation in CH, emissions. The between-animal
variation of CH,4 production was CVy, = 7.4 — 8.0%, as shown in Paper I11. The observed variation in
CH, (L/d) emissions (Paper 1V) was 5.9 — 8.8% for between-cows during two study years. This
variation in CH, emissions in both of the studies is lower than those values reported by Grainger et
al. (2007) and by Ellis et al. (2010) and is greater than the results reported by Vlaming et al. (2008)
and by Garnsworthy et al. (2012b). The observed within-cow variation in CH,4 (L/d) ranged between
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17.3 - 17.4 (Paper I11) and between 8.6 - 15.5% during the two study years (Paper 1V). This range is
considerably narrower than that reported previously (Grainger et al., 2007; Garnsworthy et al.,
2012b). The slightly higher within-cow variation reported in Paper IV might be due to the varying
levels of individual DMI, which is considered the key determinant of CH, production. However,
animal variation remains even after adjustment for feed intake or for ECM (Pinares-Patino et al.,
2013). In a typical feed evaluation study using a respiration chamber, animal variation of CH,
production is minimized by a fixed amount of feed provided to a limited number of animals. When
CH, emissions are measured under herd conditions engaging many animals, animal variation
appears to be important to consider for obtaining better estimates of CH4 emissions.

Repeatability, which is another aspect of precision, accounts for the total variation
reproducible among the repeated measures of the same subject (Nakagawa and Schielzeth, 2010), as
highlighted in Paper V. The reported repeatability (Paper 1V) is consistent with earlier findings for
dairy cows and for sheep (Vlaming et al., 2008), with the repeatability of absolute CH, emissions
(g/d) measurements ranging from 0.55-0.59. The repeatabilities of the CH4:CO, ratio in Holstein
and Jersey cows were 0.37 and 0.33, respectively (Lassen et al.,, 2012), analogous to the
repeatability of the CH4:CO; 0.34-0.41 in the present study (Paper V), which is considered to be a
better measure of CH,4 production than raw CH4 measures.

Table 4.3. Comparative methane estimates in different studies using different methods.

Studies Methods Cows Length CH,, g/kg DMI
(days) (SE)

Aguerre et al. (2011) Chamber 4 25.9 (1.21)

van Zijderveld et al. Chamber 2 7 22.1 - 20.5(0.65)

(2011a)

Benchaar et al. (2013) Chamber 12 3 18.9 - 20.6(0.62)

Hassanat et al. (2013) Chamber 9 32 20.3 - 22.9(0.82)

Danielsson et al. (2012) SFs 5 5 16.9 (2.9)

O'Neill et al. (2011) SFs 48 10 20.28 (0.57)

Grainger et al. (2010) SFs 30 3 25.7

Mc Geough et al. (2010) SFs 90° 5 25.9 - 30.1(0.85)

(Eugene et al. (2011)) SFs 56° 5 32.5-50.8(2.08)

This study

Paper | CO,-method  18' 14 22.2-245"

Paper Il CO,-method 36 10 18.9 - 18.2(0.69)

Paper 11 CO,-method 3" 7 22.9-256

Paper IV CO,-method 21 28 16.9

s=steers; "= bulls; "= heifers; ' = lamb; " = reported only from hay fed group

Furthermore, in a study by Robinson et al. (2010), a repeatability of 0.32 was reported for 1 h
CH4 measurements, which is lower than the value found in the present study (Paper IV). This
repeatability could have been higher if the measurements were performed considering the diurnal
variation of the emission, which was ensured in all of the experiments in the current study.

48



General discussion

Therefore, based on the above discussion, the CO, method can estimate CH, emissions with a
reasonable accuracy, and the precision of this method is acceptable.

4.6. Expression of methane emission

The choice of the units for the expression of methane (CH4) emission depends on the
objective of the study. The present study used gram or litre as the unit to describe the CHy4
emissions from the animals and expressed it per day, per kg DMI, per kg digestible energy intake
(DEI), per kg ECM (Paper | to 1V). Generally raw data are produced as parts per million (ppm) of
CH, volume for volume (v/v) by most of the gas analyser. Therefore, an appropriate conversion is
required based on the molecular weight of CH,4 and the volume of one mole of CH, at standard
temperature and pressure (STP). Eventually the commonly used unit to express CH4 emissions is
gram or Litre of CH, per day. More often it is also expressed as the percent of feed GE (MJ).
Several reports focused on the global agricultural greenhouse gas emissions were used the unit CO,-
equivalent (CO,-eq) (Gerber et al., 2013; Opio et al., 2013). The CO,.eq emission is a standard
expression for comparing emissions of different GHGs (IPCC, 2007). When comparing the CH4
mitigation potential of different diets, the CH,4 emissions can be expressed in gram or Litre per
animal, per kg DMI, and per MJ of GE, DE, ME or even NE. At the animal level the CH4 emission
is expressed per unit of DMI or unit of products (e.g. milk and meat). The global CH4 mitigation
strategies are emphasised to assess the CH, emissions per unit of animal products (Opio et al.,
2013). This is termed as emission intensity (mass of emissions per unit of product).
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5. GENERAL CONCLUSIONS

This study demonstrates that artificial rearing of lambs with an extreme diet (milk replacer and
cream) prohibited CH, release. Switching to a fibrous diet dramatically changed the fermentation
pattern and, consequently, the CH4:CO; ratio in the cream group with few days. The CH, reduction
effects persisted for 50 days, with a lower CH4:CO, ratio. Changing the composition of the
concentrate fed in the AMS to higher starch content and to less fibre and sugar had no effect on the
CH, output. The hypothesised CH,4 reduction was absent most likely due to the small proportion of
starch consumed from the allocated concentrate in the AMS, which was insufficient for CH,
abetment. Changing the composition of the TMR portion of the diet is recommended for CH,4
mitigation. When the starch-based diet was supplemented through the TMR, a significant CH,4
reduction was observed. A substantial variation in CH4 emissions was observed in individual cows.
Diurnal variation in CH4 emissions was most likely primarily influenced by the feeding behaviour
of the cows. A phenotypic correlation of CH, emissions was observed at a standardized ECM
production between the two study years. The estimation of emissions using the CO, method
indicates reasonable accuracy and higher precision. The results from the CO, method illustrate that
higher precision can be obtained by either having more cows in the experiment or measuring for a
longer period.

Future perspectives

1. Breath sampling could essentially be an effective tool for identifying the rumen fermentation
and metabolic indexes, the occurrences of certain metabolic disorders and other health
problems. The analysis of breath concentrations could be a snapshot of healthy rumens and
productive cows. Further detailed investigations are required regarding the sampling
technique, equipment use and identification of a wide variety of volatile compounds that
could represent the metabolic, health and productive statuses of the animals.

2. Similar to the CH4:CO;, ratio, an acetone and CO; ratio, which could most likely be an index
of the levels of acetone production and the identification of sub-acute ketosis in high-yielding
cows, could also be established.

3. The CO, method can be established as a handy technique for CH,4 estimation in a wide range
of circumstances, from feedlot animals to free-range grazing animals.

4. Because the pure breath concentration is relatively constant for the CO, concentration
(approx. 3-4%); the ratio CO, and other substances, such as acetone, can be used without
quantifying the total CO, emissions from the animals.

5. The CH4:CO;ratio can be used for monitoring sufficient feed intake of the individual animals
in a herd as an indicator of heat detection and disease proxy.
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until a daily maximum allocation of 2.5L/d. In addition, rolled maize was fed ad libitum
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Artificial rearing a hay diet. The CH4 and carbon leX}de (CO7) were measured in periods 1-4 (approx. 90,
Breath sample 150, 185 and 235 days of age, respectively). During periods 1 and 2, the measurements were
Carbon dioxide performed on each of the 18 lambs individually for 8 h, equally distributed in three periods
Fibrous diet over a 24-h day. During periods 3 and 4, the measurements were performed on each of
Rumen development the 18 lambs consecutively for 30 min. Twenty-six lambs (out of 70), of which four lambs
from the CH4 measurement group, were slaughtered at the age of 180 days to collect rumen
samples for microbiological study. The dry matter intake (DMI, g/d) was significantly lower
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replacer and cream nearly prevented CH, release. Switching from milk replacer and cream
to a fibrous diet dramatically changed the CH,4:CO,, ratio in the cream group within 4 days.
The CH,4:CO; ratio remained lower for 50 days after the diet alteration.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Enteric fermentation is the second largest source of greenhouse gas emissions, contributing approximately 40% to total
emissions, of which the contribution of small ruminants is 10% (Gerber et al., 2013). Methane (CHg) production from rumi-
nants is a result of the microbial fermentation of feeds in the rumen. Moreover, enteric CH4 production leads to a loss of
productive energy ranging from 2 to 12% of the gross energy intake in ruminants, depending on the level of feed intake and
diet composition (Johnson and Johnson, 1995). Therefore, due to nutritional and environmental considerations, efforts to
mitigate CH4 emissions from ruminants, especially through dietary manipulation, are receiving great attention. The addition
of lipids or fats was recently proven to mitigate CH4 emission while increasing the dietary energy content (Machmuller and
Kreuzer, 1999; Machmuller et al., 2000). The CH4-suppressing mechanism of fats is believed to be induced by the reduction of
organic matter fermentation, fibre digestibility and, consequently, the methanogenic pathway and more importantly by the
direct inhibition of methanogens in the rumen through the hydrogenation of unsaturated fatty acids (Johnson and Johnson,
1995). A strong effect of lipid supplementation on CH4 reduction (up to 73%) has been reported in sheep (Machmuller and
Kreuzer, 1999). Most studies have investigated a short-term CH4 mitigation strategy, and their persistency is still in question.
Therefore, it is crucial to determine a long-term mitigation strategy through dietary manipulation. Such an approach could
be the artificial rearing of young ruminants through liquid feeding to avoid microbial fermentation in the rumen. In newborn
ruminants, CH4 production and energy loss through CH4 are absent due to a non-functional rumen and lack of microbial
fermentation (Eadie, 1962). The establishment of rumen microorganisms and fermentation in neonatal lamb begins at the
age of 3-4 weeks (Wardrop and Coombe, 1960), during which the type of diet is the primary factor that affects the relative
growth of the digestive organs (Wardrop, 1960). Moreover, the metabolic and physical development of the rumen during
the growing phase depends on solid feed consumption (Baldwin et al., 2004). Increased the supply of milk to dairy calves
produced a higher daily weight gain and slower rumen development (Khan et al., 2007). Similarly, Smith (1959) reported
that rumen development will not occur in milk-fed calves for an abnormally prolonged time (up to 32 weeks). The initiation
of fibrous feed consumption and fermentation processes is required to inoculate and establish the anaerobic rumen micro-
bial ecosystem and develop proper rumen function in young ruminants (Baldwin et al., 2004). We hypothesised that feeding
milk replacer for a prolonged period would affect the rumen microbial populations, fermentation rate and gas production,
especially CH,4 production in lambs. We further hypothesised that the prolonged feeding of a liquid fat (dairy cream) would
have a sustained suppressive effect on the enteric CH4 production. Therefore, the objective of this study was to investigate
the rumen fermentation and CH,4 emissions of lambs that were reared on a diet of milk and cream compared to lambs that
were reared on a conventional grass-hay diet.

2. Material and methods
2.1. Animals, housing and feeding

This experiment complied with the guidelines of the Danish Ministry of Justice with respect to animal experimentation
and care of animals under study. This study was part of a larger study with 70 lambs born to twin-pregnant ewes. Only 18
lambs with an average body weight 21 + 3.6 kg (mean + SD) were selected in this study to describe the effects of feeding milk
replacer and cream on CH,4 emissions. Within each twin pair, one lamb was assigned to each of the two treatments, which
were termed the “Hay” and “Cream” groups. The lambs suckled their dams until 3 days of age, after which the ewes were
separated from their lambs. Initially, the lambs were housed in a large barn that was maintained with proper ventilation
and at a temperature of approx. 18-22 °C. The lambs were fed individually in smaller pens (1.5 m x 0.75 m) with sawdust
as a bedding material. When the lambs reached 60 days of age, they were transferred to larger pens (1.5m x 1.5 m). From
3 days until 56 days of age, the “Hay” group was fed milk replacer (180 of milk powder g/L; Elitemilk Lamb, Vilofarm; DLA
Group, Galten, Denmark) from a suckling bucket and received grass hay from 14 days of age. From 57 days of age, the hay
group was fed only hay without any milk replacer (Fig. 1). The daily allowances of milk replacer and hay for the hay group
were adjusted on a weekly basis to achieve moderate daily live weight gains of approx. 225 g/d.

Lambs in the second group, which was termed the “Cream” group, received 50% milk replacer and 50% dairy cream
(Osted Ost og Mejeri ApS, Lejre, Denmark) ad libitum (until the daily predefined maximum of 2.5L/d up to 180 days of age).
Rolled maize (Maize flakes; R2 Feed Partner A/S, Hedensted, Denmark) was fed ad libitum (until the predefined maximum
allowance of 1kg/d). The milk replacer-dairy cream mix was fed from a suckling bucket. From 3 to 7 days of age, the lambs
in both of the groups were fed four times a day and twice daily thereafter at approx. 07:00 h and 16:00 h, respectively. A
small amount of barley straw (approx. 10 g/d) was fed to the both groups, and for cream lambs, this feeding was to prevent
disorders of rumen function. The amount of DM from the ingested barley straw was considered insignificant. Therefore, this
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Fig. 1. Experimental feeding period of the lambs (n=18) in the cream and hay group.

was not added to the total DMI for both of the groups. Water was available ad libitum at all times, and a vitamin-mineral mix
was provided based on requirements (NRC, 2007). The daily amount that was fed to the lambs was recorded daily during
periods 1 and 2. The feed residues and weight of the lambs were recorded once per week. The daily ingested amount was
calculated considering the weekly supply and refusal. The weight gain was calculated considering the differences in the
weekly body weight changes during periods 1 and 2. The feed intake and body weight were not recorded during periods 3
and 4. At 180 days of age, a total of 26 lambs (13 from each treatment) out of 70 were slaughtered for the collection and
analysis of the rumen contents for rumen microbial diversity, of which four lambs (two from each treatment) were from
the CH4 measurement groups. The remaining lambs were thereafter managed together and were fed the hay diet. The CHy4
measurements were performed in four periods at approximately 90, 150, 185 and 235 days of age. Periods 3 and 4 were
held at 4 and 50 days after the transfer of the cream lambs to a normal hay diet, respectively. In order to make a comparable
CH,4 estimation during periods 3 and 4, two lambs were added to each group to make similar the number of animals as in
periods 1 and 2. The added lambs with closer average BW in the respective groups were selected from the flock that was
reared with a same feeding regime as in the cream and hay groups, respectively.

2.2. Sampling and analysis of feed samples

The chemical composition, nutritive value and energy content of the feed that was used during periods 1 and 2 are shown
in Table 1. Feed samples were taken from both of the groups during each of the measurement periods. Immediately after
collection, the samples were stored in a freezer. Before laboratory analysis, the samples were mixed together to create a
composite sample. The samples were dried at 103 °C to determine the dry matter percentage. The crude ash content was
determined according to EU (2009). The aNDFom, ADFom and lignin(sa) were determined according to Van Soest et al.
(1991). Both aNDFom and ADFom were expressed exclusive of residual ash. Lignin(sa) was determined by solubilisation
of cellulose with sulphuric acid. The crude protein content was determined according to Licitra et al. (1996). The crude fat
content was determined following ISO-11085 (2008). The digestibility of the feed ingredients of the hay diet was calculated
according to NRC (2001). The digestibility of the feed ingredients in the diet of the cream group was determined according
to Maller et al. (2000). The digestible energy content was based on the chemical composition of the individual ingredients,
and was calculated according to NRC (2001).

2.3. Sampling and microbial analysis

Both solid and liquid samples were collected from the rumen. Immediately after the collection of the total contents,
the solid part was separated from the liquid by filtering with double-folded cheese cloth. The samples were immediately

Table 1

Chemical composition, digestible nutrients and energy content of the feeds.
Items Grass hay Cream Milk powder Rolled maize
DM (g/kg) 931.0 429.2 956.1 895.0
Ash (g/kg DM) 68.2 8.3 71.0 6.2
aNDFom (g/kg DM) 504.0 41.1
ADFom (g/kg DM) 3234 40.0
Lignin(sa) (g/kg DM) 35.0 9.0
CP (g/kg DM) 208.0 433 225.1 85.0
cFat (g/kg DM) 371 380.0 236.1 19.3
DE (M]/kg DM) 12.7 35.8 20.4 159

DM, dry matter; aNDFom, neutral detergent fibre assessed with heat stable amylase and expressed exclusive of residual ash; ADFom, acid detergent fibre
expressed exclusive of residual ash; Lignin(sa), lignin determined by solubilisation of cellulose with sulphuric acid; CP, crude protein; cFat, crude fat; DE;
digestible energy.

2 Calculated as g/kg of fresh material.
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stored at —40°C after collection. During the analysis phase, the DNA was extracted from 0.5 g of ruminal fluid and solid
content using the Genomic Mini AX Soil Spin Kit (A&A Biotechnology). To study the archaeal composition in the ruminal
samples, the variable regions V3 and V4 of the 16S rRNA gene phylogenetic marker were amplified using the primer 341F (5'-
CCTAYGGGRBGCASCAG-3") and 806R (5'-GGACTACNNGGGTATCTAAT-3’) by the Phusion Hot Start Polymerase 540L (Neefs
etal.,, 1991; Yu et al., 2005). The polymerase reaction (PCR) mixture contained 5 .l of 5x Phusion HF buffer (7.5 mM MgCl,,
Finnzymes, Finland), 0.5 pl of 10 mM dNTP mixture, 0.25 1 of Phusion Hot Start DNA Polymerase (1 unit/pl, Finnzymes),
1.25 pl of each primer (10 wM), and 2 pl of template. The PCR reaction started at 98 °C for 30s, followed by 30 cycles of
98°C for 55, 56°C for 20s and 72°C for 20s. The reaction was finalised with 72°C for 5min. The amplicon fragment of
466 bp was elongated to 526 bp by adding sequencing adaptors and barcodes (Roche FLX) to the PCR product following the
same conditions as for the first PCR with a shortened cycle number of 15. The sequences were generated using 454 GS FLX
Titanium. For methanogen quantification, the sequences were cleaned of low quality reads and split into individual animal
samples using the default settings of Qiime (Caporaso et al., 2010). Chimaera were removed by USEARCH UCHIME (Edgar
et al., 2011). Operational taxonomic units (OTUs) were de novo picked by UCLUST, and the taxonomy was assigned to the
OTUs with the RDP classifier method and Greengenes reference database (Liu et al., 2008).

2.4. Installation and gas measurement

The gas measurements were performed every 15s in the four experimental periods. During periods 1 and 2, each of the
18 lambs was measured individually for 8 h equally distributed in three periods over a 24-h day. During periods 3 and 4, the
measurements were taken on each of the 18 lambs consecutively for 30 min during the day without considering the potential
diurnal variation. Prior to measuring the breath sample, the pens of the lambs were covered by Plexiglas to restrict the air
movement as much as possible. However, the pens were not completely airtight. The glass was transparent to avoid blocking
the views of the lambs from each other. The breath concentrations of CH4 and CO, were measured using a continuous gas
analyser Gasmet DX-4030 (Gasmet™ 2010) based on Fourier Transformed Infrared Radiation. The inlet filter of the Gasmet
was fitted inside the pen to collect concentrated breath samples. After being received in the inlet, the breath sample passes
through the filter and thereafter through the Gasmet analyser to determine the concentrations of CH4 and CO,. Before each
measurement, the equipment was calibrated with known standard gases to verify the accuracy of the measurement. On
each experimental day, the background concentrations of CH4 and CO, were measured. The measurements were remotely
monitored via the internet using TeamViewer (TeamViewer©, 2013).

2.5. Calculation

The CH4 and CO, emissions from the lambs were calculated according to the CO, method (Madsen et al., 2010). The
barn concentrations of CO, (590, ppm) and CHy4 (6.9, ppm) were subtracted from the exhaled concentrations of the lambs
to obtain the actual breath concentration. A ratio between CH4 and CO, (CH4:CO,) was determined. The heat production
(watt) of the lambs was calculated following Eq. (1) as described by CIGR (2002). The excretion of CO, (L/d) was calculated
according to Pedersen et al. (2008) and mentioned in Eq. (2). The amount of CH4 (g/d) was calculated as described by Madsen
et al. (2010) in Eq. (3).

HP(watt) = 6.4 x BW?7> 4 145y (1)
CO, = HPU 180 % 24 (2)
CHy4
CH4_C02*C—O2*0.714 (3)
where

HP = heat production of the animals;

BW?075 = metabolic body weight of the animals;
Y =daily weight gain of the animals;

HPU = heat-producing unit HP/1000;

180=L of CO,/HPU/h.

2.6. Statistical analyses

The raw data were processed to obtain the average emission per lamb per day. The day average data were then fitted
with a linear model using the statistical software R version 3.0.0 (R Development Core Team, 2013). The primary model for
periods 1 and 2 was fitted with all of the possible influential variables of interest {body weight, weight gain (WG), groups,
periods and dry matter intake}. The final model in Eq. (4) for periods 1 and 2 was selected by the stepwise elimination of the
non-significant variables. The model (Eq. 5) for periods 3 and 4 was fitted with groups and periods. The model was validated
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Table 2
Least square means (LSM) of the body weight, weight gain and nutrient intake of the lambs (n=18) of hay and cream group during periods 1 and 2.
Parameters Hay Cream RSE R? Significance
Period 1 Period 2 Period 1 Period 2
BW (kg) 20.9? 33.7° 21.82 34.7b 5.33 0.59 <0.001
WG (g/d) 151.22 204.1° 197.3° 250.1¢ 58.53 0.24 0.004
'DMI (g/d) 650.9° 1096.5¢ 237.12 682.7¢ 176.60 0.75 <0.001
NDFI (g/d) 147.7¢ 341.6¢ 0.92 2.8b 56.81 0.84 <0.001
FI(g/d) 12.72 36.22 197.7° 221.2° 60.47 0.70 <0.001
DEI (M]/d) 8.0% 14.2¢ 8.8> 15.1¢ 2.87 0.56 <0.001

1 DMI, dry matter intake excluding the amount from barley straw; NDFI, neutral detergent fibre intake; FI, fat intake; RSE, residual standard error; R?,
goodness of fit of the linear model; Significance indicates the model P value; 3¢ superscripts indicate differences (P<0.05) followed by multiple comparison
within group and between the same period across the groups.

using an analysis of variance (ANOVA) on the Akaike Information Criterion. The model residuals were checked for normality
and homoscedasticity by visual inspection, producing qqgplots.

Vi = m o+ B + Xy + & (4)
Vi = 1+ + B + & (5)

where yj; is the response variable, y={CH4 g/d, CH4 g/kg WG, CH,4 g/kg DMI, CH,4 g/M] DEI and CH4:CO; ratio for periods
1 and 2; and only the CH4:CO2 ratio for periods 3 and 4} of group i, and period j, . = overall mean, «; = group (cream and
hay), B =measurement period {1 and 2 (Eq. 4), and 3 and 4 (Eq. 5)}, Xy;; = total dry matter intake of group i, and period j,
and ¢;; is the model residuals. Although the period as a fixed variable was not significant, this was included in the model to
determine the trend of CH4 production over the time. The least square means (LSM) were extracted from the model using the
package Ismeans as described by Russell (2013). A multiple comparison was performed using Tukey’s pairwise comparisons
using the function glht from the multcomp package (Hothorn et al., 2008). For microbiological analysis, the rarified relative
sequence counts of the methanogens were checked for normal distribution using the Shapiro Wilk test. Due to the non-
normal distribution of the dataset (Shapiro Wilk; W=0.703, P<0.001), the non-parametric two-sample Wilcoxon Rank Sum
test (cut-off p-value, P<0.05) was used to evaluate the diet-induced differences in methanogen abundance between the
variables.

3. Results
3.1. Body weight and dry matter intake

The body weight, daily weight gain and feed intake of the experimental lambs are shown in Table 2. The body weight (BW,
kg) was not different in the two groups within the periods. During period 2, a significant increase in the BW was observed in
both of the groups (P<0.001) compared to that in period 1. The average daily weight gain was 30% and 22% higher (P=0.02)
in the cream compared to the hay group during periods 1 and 2, respectively. In the cream group during periods 1 and 2, the
mixture of milk replacer and cream intake was 280 and 317 (DM, g/d), whereas the rolled maize intake was 80 and 241 (DM,
g/d), respectively. The total dry matter intake (DMI, g/d) was significantly lower in the cream compared to the hay group
(P<0.001). However, there was a period effect on the DMI for both of the groups, resulting in a greater intake (P<0.001) during
period 2. The neutral detergent fibre (NDF, g/d) intake was extremely low, and the total dietary fat intake was much higher
(P<0.001) in the cream compared to the hay group. The digestible energy intake (DEI, M]/d) during period 1 was different
between the groups (P=0.016). However, no difference (P>0.05) was found in DEI (M]/d) between the groups during period
2, although there was a tremendous increase compared to the amount that was observed during period 1 (Table 2).

3.2. Methane production

The CHy4 output (g/d) was significantly (P<0.001) lower in the cream compared to the hay group (Table 3). Feeding milk
replacer and cream resulted in 84% less CH4 output compared to the hay group (P<0.001) during period 1. The reduction
in the same group was greater (87%) during the 2nd period (P<0.001). However, the CH4 (g/d) yield in each group was not
different between periods 1 and 2.

The CHy4 release (g/kg WG) was significantly lower in the cream group (P<0.001) compared to that of the hay group
between the periods. The same results were observed (P<0.001) for CH4 expressed in terms of dry matter intake (DMI, g/d)
and digestible energy intake (DEI, M]/d) (Table 3). A regression analysis of CH4 output (g/d) according to the body weight (kg)
explained this difference more clearly (Fig. 2). This figure illustrates an increasing trend of CH,4 (g/d) in the hay group with
increased BW over time. However, in the cream group, the CHy4 (g/d) yield was almost steady across time, with increased
body weight.
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Table 3
Least square means (LSM) of the CH4 production from the lambs (n=18) fed a hay- or cream-based diet at two time points during periods 1 and 2.
Parameters Hay Cream RSE R? Significance
Period 1 Period 2 Period 1 Period 2
CH,4 (g/d) 19.94¢ 19.1¢ 3.2 242 239 0.96 <0.001
CH,4 (g/kg WG) 116.3¢ 113.9¢ 11.5% 9.12 14.05 0.95 <0.001
CH,4 (g/kg DMI) 31.1¢ 34.3cd 4.3 1.12 4.02 0.93 <0.001
CH4 (g/M] DEI) 2.5¢ 2.6% 0.4 0.2% 0.29 0.94 <0.001

WG, weight gain; DMI, dry matter intake; MJ, megajoule; DEI, digestible energy intake; RSE, residual standard error; R?, goodness of fit of the linear model;
Significance indicates the model P value; 2°d superscripts indicate differences (P<0.05) followed by multiple comparison within group and between the
same period across the groups.

®—— Cream

A— Hay

g — Confidence -
- - - Prediction - g

CH, (g/d)

| T | | | | |
15 20 25 30 35 40 45
Body weight (kg)

Fig. 2. Daily CH4 production of individual lambs (n=18) as affected by the body weight (kg) in the cream and hay group during periods 1 and 2.

The CH4 output (g/d) was positively correlated (r=0.74 and 0.71) with the digestible energy intake (DEI, MJ/d) in both of
the groups during periods 1 and 2 (Fig. 3a). In case of cream group the correlation between CH4 release (g/d) and DEI (M]/d)
was negative (r=-0.12 and -0.32, respectively) during periods 1 and 2. The CH4 emission (g/M] DEI) was very different in
the two groups (P<0.001), even though a similar CH4 (g/M] DEI) output was observed in the cream group during periods 1
and 2. The DMI (g/d) was strongly correlated (r=0.73 and 0.72) with the CH4 (g/d) in the hay group during periods 1 and 2
(Fig. 3b). However, a negative correlation (r=-0.25 and -0.58) was observed between CH,4 (g/d) and DMI (g/d) in the cream
group during period 2. This result indicates that the CH4 (g/d) emission was steady in the cream group, although the DMI
increased over time.
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Fig. 3. Methane production (g/d) of individual lambs (n=18) in relation to the digestible energy intake (M]/d) and DMI (g/d) in two groups during periods
1and 2.
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Fig. 4. The CH4:CO; ratio of the lambs (n=18) in two groups during periods 1, 2, 3 and 4 at the age of 90, 150, 185 and 235 days, respectively. The error
bar indicates the standard error of the mean (SE). The values above the bars indicate the average per period.

3.3. CH4 and CO, ratio (CH4:CO, ) after changing the diet

An extremely quick response was observed in the CH4 emission change in the 180-day-old cream-fed lambs after the
lambs were transferred to a normal hay diet. Within four days of changing the diet (period 3), the CH4:CO, ratio of the
ex-cream-fed lambs was 0.035+0.0011 (mean + SE), which was much higher than 0.0022 +0.00036 (mean + SE) in the
same lambs during period 1 at 90 days of age (P<0.001). Fifty days after the diet alteration (period 4), the ratio increased
(P<0.001) further to 0.039 +0.0015 (mean + SE) compared to the ratio that was recorded during period 1 (Fig. 4). However,
no difference in the CH,4:CO5 ratio was found in the cream group between periods 1 and 2 (P> 0.05). Similar results of the
CH4:CO,, ratios were also observed in the same group after the diet alteration during periods 3 and 4.

The CH4:CO, ratios in the hay group were 0.069 £ 0.0013, 0.067 £ 0.0008, 0.070 - 0.0014 and 0.046 & 0.0013 (mean =+ SE)
in periods 1, 2, 3 and 4, respectively (Fig. 4). A multiple comparison of the CH,4:CO; ratio from the 4 measurement periods
within the hay group showed no significant difference (P>0.05) between the ratios during periods 1, 2 and 3. However, the
CH,4:CO4, ratio in the same group was significantly lower (P<0.001) during period 4 compared to that during period 1. When
comparing the CH4:CO,, ratio between the groups during periods 3 and 4, the cream group had a significantly lower CH4:CO,
ratio (P<0.001) compared to that of the hay group (Fig. 4).

3.4. Methanogens and morphology of rumen wall

The 16S rRNA gene was amplified with universal primers to study the archaeal community (further details in Section
2.3). The amplicon libraries were further processed using high-throughput sequencing and were quality trimmed according
to the recommendations of the default settings of Qiime (Caporaso et al., 2010). After the basic data treatment, de novo
OTU picking and taxonomy assignment, 4680 archaeal sequences (75 OTUs) were received for downstream analysis. The
full data describing the bacteria will be presented in a separate publication. The majority of the generated sequences (3704)
belong to the Methanobacteriaceae family, which includes most of the known methanogenic prokaryotes. In hay-fed lambs,
the methanogens were composed of Methanobrevibacter (93.85%), Methanosphaera (1.5%), Methanocorpusculum (4.5%) and
unassigned Methanobacteriaceae (0.15%) sequences. The cream-fed group was composed of only Methanobrevibacter. To
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Fig. 5. Relative sequence counts of methanogens of the lambs (n=26) in cream and hay groups. The ruminal solid and fluid phases of the diet groups are
distinguished.

compare the relative abundances between both of the diet groups, the sequences were randomly and evenly subsampled,
and the sequencing-induced differences were eliminated.

A small but significant increase in the methanogens count was observed in the solid phase of the rumen digesta in the
cream compared to that in the hay-fed lambs (Wilcoxon-Rank-Sum test, P=0.036) (Fig. 5). In contrast, higher counts were
found in the hay-fed lambs when looking at the ruminal fluid phase. The cream-fed lambs barely carried any methanogenic
sequences in the rumen fluid (Wilcoxon Rank-Sum test P=0.013).

Avisual inspection of rumen wall clearly demonstrate a poor development of rumen mucosa, with little papillary growth
and light yellow colouration that were considered to be associated with a lack of microbial fermentation in the cream group
(Fig. 6a). In contrast, in the hay group, excellent mucosal development and distinctive papillary growth were observed
(Fig. 6b).

4. Discussion
4.1. Feed intake and daily weight gain

The diet of the cream group contained 50% dairy cream along with milk replacer and produced a very high total fat
content. In addition, rolled maize is rich in starch and is a source of readily fermentable carbohydrate. These two components
produced a diet with a high energy concentration and reduced the DMI (g/d) in cream group. Haddad and Younis (2004)
reported a reduced DMI in lambs with 5% fat added to a high concentrate fattening diet. Similar results have been declared
in lambs from 15 to 180 days by supplementing 25-75 g (per kg of concentrate) of coconut oil (Bhatt et al., 2011). Moreover,
Machmuller and Kreuzer (1999) described that the DMI was not affected by feeding a ration with 30-35 g/kg coconut oil,
whereas feeding 70 g/kg coconut oil reduced the DMI in adult sheep. The diet in this study was completely different from
those that were mentioned earlier, but the markedly lower DMI in the cream group was due to a higher energy content in
the diet. Although the DMI was lower in the cream group, the total digestible energy intake (M]/d) was very similar in the
cream and hay group, indicating that the reduction in the DMI was due to the higher digestible energy content in the milk
replacer and cream diet. This result confirms that ruminants can be reared on a diet of milk and other liquids for a longer
period without an adverse effect on the daily DE intake and the occurrence of digestive disorders. It should be noted that a

Fig. 6. (a) Photograph of the rumen wall from a lamb from the cream group at 180 days of age showing a poor development of rumen mucosa, with little
papillary growth and light yellow colouration associated with a lack of microbial fermentation in the rumen. (b). Photograph of the rumen wall from a
lamb from the hay group at 180 days of age showing excellent mucosal development with dark colouration due to microbial fermentation in the rumen.
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negligible amount of barley straw was provided to the lambs that were fed the liquid diet to avoid digestive disturbances.
The lambs in the cream group were fed the milk replacer and cream diet from birth. Therefore, these lambs were considered
well adapted to the diet. The rate of daily weight gain (g/d) was higher in the cream group presumably reflecting better
energy utilisation compared to that of the hay group. This difference in the daily weight gain between two groups might
have caused by the moderate growth rate in the hay at a restricted feed intake. However, the gross body weight was not
different between the groups presumably because of the low protein content, which restricted their lean growth to some
extent.

4.2. Breath sampling and methane estimation

The estimation of CH4 by the CO,-method makes it possible to conduct measurements while keeping the animals in their
natural environment (Madsen et al., 2010). However, in this study, we slightly modified the measurement technique. The
individual pens were covered with transparent Plexiglas to restrict air movement, but the normal behaviour and movements
of the lambs were confirmed by periodic inspection throughout the entire duration of the experiment. Therefore, the breath
samples are assumed to be from the normal metabolism of the lambs. Another important aspect should be considered is
the length of the measurement because the concentrations of the breaths are not always constant. During the development
phase of the CO, method, Madsen et al. (2010) found that approx. 2-3% of the breath sample is enough to estimate CH4 with
the CO, method. Another study of dairy cows demonstrated that 2-3 days of measurement in the automatic milking system
(AMS) is enough for CH4 estimation (Lassen et al., 2012). In this study, we used 8 h of measurement during the first two
periods and 30 min during periods 3 and 4. The length of the measurements is longer than in the previous study of Haque
et al. (2014), who measured dairy cows for 5 days during milking in AMS with an average of 6 min, and the number of visits
to the AMS was 2.6 per day, producing a measurement time of approx. 15.6 min per day per animal, which is less than the
30 min in this study during periods 3 and 4. Moreover, the variation in the concentration of CH4 and CO, as measured in the
pens is much less compared to those in the AMS (Madsen and Bertelsen, 2012). Therefore, the shorter measurements during
the last two periods are considered reasonable.

4.3. Long-term dietary impact on methane emission

Highly significant differences in CH4 production (g/d) were observed between the two experimental groups. It was
expected that the CH4 emission from the cream lambs would be markedly lower than that of the hay fed lambs because of
the extremely high level of total fat and almost no fibre in the cream diet. Moreover, it can be assumed that the continuous
feeding of milk and cream in liquid form may have influenced the significantly lower CH,4 release in cream group. The very
different feeding in the cream group up to 180 days of age probably retarded the normal development of the rumen, and
very negligible microbial fermentation occurred in lambs as evidenced by the extremely low CH,4 (g/d) emission. Yurtseven
and Ozturk (2009) found that feeding a corn-based diet to adult sheep greatly increased the proportion of propionate,
whereas the proportion of acetate decreased. Feeding milk replacer and cream along with rolled maize in this study may
have enhanced the proportion of propionic acid production by reducing the proportion of acetate, thereby reducing the
levels of CH,4 output. Several studies of adult sheep and lambs have reported remarkable reductions of up to 73% in the CHy
emissions by supplementing coconut oil (Machmuller and Kreuzer, 1999; Machmuller et al., 2000). In this study, the CHy4
release was 84-87% lower in the cream group, which is fairly consistent with the results of (Machmuller and Kreuzer, 1999),
who reported a 73% reduction by the addition of 3.5-7% coconut oil to the diet. The same author in another study reported
a 43-57% CH4 reduction by supplementing 3 and 6% coconut oil (Machmuller, 2006). Although a different fat source was
used in this study, cream is also characterised by high levels of medium-chain fatty acids, similar to coconut oil products. In
fact, coconut oil is one of the only other fat sources except for milk fat from ruminants that contains very large amounts of
medium-chain (Cq3:Cy) fatty acids. Furthermore, Czerkawski et al. (1966) found that a momentarily high concentration of
fatty acid in the rumen fluid might be more important to suppress CH, release. In this study, the remarkable CH,4 suppression
in the cream group was probably linked to an accumulation of medium-chain saturated fatty acids in the rumen fluid, which
reduced the supply of organic matter and had inhibitory effects against the methanogens. This result is also supported by
the result of the microbial analysis in this study, in which almost no methanogens were found in the fluid portion in the
cream-fed group (Fig. 5). Moreover, very little solid contents were found in the cream group compared to the hay group,
indicating that the total abundance of methanogens in the cream group was lower.

4.4. Rumen morphology and ruminal microbial biodiversity

The rumen wall was collected at slaughter. No histomorphological measurement was performed. Photographs of the
rumen wall (Fig. 6) clearly demonstrate the visible differences in the morphological structure. It is possible that the limited
roughage diet and supply of liquid milk in the cream group for a prolonged period suppressed the morphological development
of the rumen wall, the growth of rumen papillae and, more importantly, the growth of the rumen microbial population. The
same argument was mentioned by Jasper and Weary (2002) in dairy calves. Similarly, Baldwin et al. (2004 ) found that fibrous
feed consumption and fermentation are crucial for rumen development and for the establishment of rumen microbes. In
this study, although the cream group received rolled maize and a small amount of barley straw, the ingested amount was
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too low to initiate rumen development. In the hay group, the proper development of the rumen was obvious because of the
presence of a sufficient amount fibre in the diet. Similarly, Khan et al. (2011) reported that the provision of hay to calves
promotes rumen development.

Methanogenic archaea do not directly assimilate cellulose and are dependent of the fibrolytic bacteria, which provide car-
bon dioxide and hydrogen during fermentation (Liu and Whitman, 2008). Previous studies have demonstrated that fatty acids
supplied to the diet are toxic for fibrolytic bacteria and protozoa and consequently resulted in CH4 depletion (Machmuller
et al., 2003; Hook et al., 2010). Thus, it was expected that the relative numbers of methanogens would significantly be
reduced in the cream-fed group. The results suggest that the extreme cream diet feeding did not eliminate the archaea but
rather reduced the diversity of the methanogens to the genus Methanobrevibacter. The methanogens appeared to be adapted
to the solid substrate in the cream group. A significant shift of the methanogens from the ruminal fluid to the solid material
was observed in the cream group compared to the hay group, indicating an adaptation of the microbial community to the
dietary conditions. The rolled maize that was added to sustain crucial microbial metabolic activities in the rumen system of
the cream group certainly enhanced the possibility of survival of the methanogenic archaea in the solid phase of the rumen
contents. However, the level of CHy4 release decreased probably due to the increased production of propionate as described
by Yurtseven and Ozturk (2009), suggesting possible interactions of the methanogens with other microorganisms in the
solid rumen material and their adaptation to the diet, which needs to be confirmed by future studies.

4.5. Response of lambs to the fibrous feed

The intense response of the CH4:CO, ratio in the cream group within 4 days of changing the diet indicates that feeding a
fibrous diet would quickly initiate the rumen fermentation, which appears to be independent of the feeding regime earlier
in life. The significantly lower CH,4:CO5 ratio in the cream group 50 days after the diet alteration attributes an important
assumption, i.e., although the cream group responded very quickly to the fibrous diet, we assume that artificially reared
ruminants will take longer to emit an equal amount gas (CH4 and CO;) as from the ruminants reared under normal feeding
regime. The effect of artificial feeding would last for an extended period, presumably because of the possibility of residual
effects. Therefore, the result in the ex-cream-fed group does not necessarily imply that the CH4 suppressing effect of an
extreme diet is transitory. Further studies are required to confirm this hypothesis. It should be acknowledged that the
CH4:CO5, ratio in the hay group during period 4 was slightly lower, which might not be a representative gas emission from
normal metabolism, presumably because the lambs were free in the barn, and some handling was involved to get the lambs
into the measurement pens. In addition, a 30-min measurement time was followed during this period. The situation again
demonstrates that to obtain a normal breath sample for accurate CH4 estimation, it is important to maintain the animals in
their normal movement.

5. Conclusions

The artificial rearing of lambs with milk replacer and cream nearly prevented CH,4 release. The abundance of rumen
methanogens was lower in the fluid portion of the cream group, and the rumen archaea were mostly adapted in the solid
phase of the rumen content. Switching from milk replacer and cream to a fibrous diet dramatically changed the fermentation
pattern and, consequently, the CH,4:CO, ratio in the cream group within 4 days. The CH4:CO, ratio remained lower for 50
days after the diet alteration. Feeding milk replacer and cream to the lambs up to 180 days reduced the CH4 emissions for
an extended period. However, it cannot be excluded that the effect is long-lasting.
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Received in revised form
4 March 2014
Accepted 6 March 2014

study were to estimate the effect of the concentrates on CH, emission from dairy cows and to
investigate the precision of the CO,-method when measuring in an AMS for different length of
time. Holstein cows (n=36) were used with mean body weight of 660 kg (SD=75.13) and
average milk production of 31.7 kg (SD=8.98), mixed parity and mixed lactation. Cows were
Keywords: allocated in two groups (n=18). After an adaptation period (period 1), each group received

Breath hod either 100% MELK (More Energy Lactating Cows; a newly introduced feeding system) or 100%
CM%&]TSE 0 VEM (Feed Value System for milk production) during periods 2 and 3. Besides, both groups
Production were fed the same Total Mixed Ration (TMR) ad libitum in the stable. Air samples in the AMS

Total mixed ration from a point near the cows head were analysed every 20 s using the Gasmet equipment based
on Fourier Transform Infrared (FTIR) Spectroscopy Technique. The equipment ran continuously
for 15 days over the three measurement periods (5 days x 3 periods) with a 14 days waiting
time in between the periods. Individual records of the CH4 and CO, concentrations in the cows
breath was calculated after subtracting the CH4 and CO, concentrations in the stable air from
the measured concentrations. The CH,4:CO, ratio was then multiplied with the calculated total
CO, production by the individual cows to get the quantitative CH4 production. Milk production
and total dry matter intake (DMI, kg/day) were very similar in the two groups. The
supplemented concentrate was allocated according to the individual milk yield and the intake
ranged from 1.60 to 7.30 kg/day in MELK cows and from 2.06 to 7.20 kg/day in VEM cows. No
significant difference was found for CH,4 production in MELK and VEM groups over the three
periods. A linear positive relation between the CH, (g/day) and energy corrected milk (ECM,
kg/day) production and the feed intake (DM, kg/day) was observed for the entire period. The
calculated CO, and CH4 production were very similar in the two groups throughout the entire
measurement period. The analysis of the precision of the CO,-method, using a 95% significance
level, indicated that showing a difference of 9 or 5% in methane production requires a
measuring period of 5 or 15 days, respectively, when using 18 cows per group. The study shows
no effect of a limited change in supplementation of starch and sugar on CH,4 production
through feeding concentrates MELK or VEM in the AMS. To obtain an effect of changing the

* Corresponding author. Tel.: +45 35 33 28 68.
** Corresponding author. Tel.: +45 35 33 30 92.
E-mail addresses: naha@sund.ku.dk (M.N. Haque), jom@sund.ku.dk (J. Madsen).

http://dx.doi.org/10.1016/].livsci.2014.03.004
1871-1413/© 2014 Elsevier B.V. All rights reserved.


www.sciencedirect.com/science/journal/18711413
www.elsevier.com/locate/livsci
http://dx.doi.org/10.1016/j.livsci.2014.03.004
http://dx.doi.org/10.1016/j.livsci.2014.03.004
http://dx.doi.org/10.1016/j.livsci.2014.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2014.03.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2014.03.004&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.livsci.2014.03.004&domain=pdf
mailto:naha@sund.ku.dk
mailto:jom@sund.ku.dk
http://dx.doi.org/10.1016/j.livsci.2014.03.004

58 M.N. Haque et al. / Livestock Science 164 (2014) 57-66

carbohydrate composition of the diet on the CH, production, it is likely that a larger change in
the diet is necessary. This can only efficiently be done by changing the TMR part of the diet.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Methane emissions by the ruminant animals are not
only an environmental hazard but represent also a loss of
energy from the animal. Globally, 287 Mt of CH, are
annually released from anthropogenic sources, about 50%
of which is from agriculture, and the largest biogenic
source of CHy is enteric fermentation from ruminant live-
stock (EPA, 2008). Methane is a natural end product of
rumen fermentation. It arises as a result of anaerobic
digestion of feed and the removal of hydrogen from the
rumen by methanogens. Methane emission from ruminant
depends on the diet composition and quantity of feed
consumed (Johnson and Johnson, 1995). In dairy cows, the
CH4 energy loss (% of gross energy intake) is about 5.3-
6.1% (Benchaar et al., 2013; Hassanat et al., 2013). Efficient
dairy production is characterized by high milk production
per cow and aims at efficient conversion of feed energy
and nutrients to human-edible food, such as milk and
meat. This includes efforts to reduce the loss of energy by
CH4 release. Recently, several authors have reviewed a
number of strategies to mitigate enteric CH, production
such as the use of nutritional strategies and genetic
modifications in order to change the rumen microbial
biodiversity (Martin et al, 2008; Beauchemin et al,
2009; Gerber et al., 2013). At the time being, it seems that
the most promising approach for reducing methane emis-
sions from ruminants is by improving productivity and
efficiency through better nutritional management
(Steinfeld et al., 2006; Gerber et al., 2013). Among nutri-
tional strategies, high concentrate and lipid supplementa-
tion is considered most effective in lowering CH,4
production per unit of energy intake (Johannes et al.,
2011). The biological mechanism is to shift rumen fermen-
tation towards propionogenesis, whereas fibrous diets
result in a preferential production of acetate, butyrate,
and CHy. Feeding of high yielding dairy cows aiming at
maximizing milk production often results in high-starch
diet. Rapidly degradable starch supplementation leads to a
drop in acetate-to-propionate ratio with an ultimate result
of reduced methane (Plaizier et al., 2008). Several studies
have investigated the effect of different sources of carbo-
hydrate on methane emission (Hristov et al., 2013), but
few have examined the possible effect of changing the
composition of concentrate allocated to cows in the Auto-
matic Milking System (AMS) where only limited amount of
concentrate can be fed. It is hypothesized that feeding
starch rich concentrate in the AMS would be effective to
reduce methane. A new feed planning system for dairy
cows (MELK) has been developed in The Netherlands to
substitute the old system (VEM). The new system should
favour propionate production, thereby reducing the
methane production in the rumen. In addition, there are
now a number of methods in focus to estimate the CH,

production from ruminants e.g. traditional respiration
chamber method (Blaxter and Clappert, 1965) and SF6
tracer technique (Johnson et al., 1994). These methods
have different pros and cons. Some methods, for instance
respiration chamber, can measure with high accuracy but
only on few animals and not in their natural environment.
Other methods as the CO,-method newly developed by
Madsen et al. (2010) can measure on many animals and
give the opportunity to evaluate the variation between
animals and differences between diets in practice with a
reasonable precision. The CO,-method is a pertinent
technique for measuring on many animals and evaluating
differences between feeds. Therefore, the objectives of this
study are (i) to investigate the effect of changing the
starch, sugar and fibre content on methane emission and
milk production using two concentrates MELK and VEM
fed in an AMS and (ii) to investigate the precision of the
CO,-method when measuring in an AMS for different
lengths of time.

2. Materials and methods
2.1. Experimental design, animals and housing

Holstein-Friesian dairy cows (n=36) with an average
body weight of 660 (SD=75.13) kg and an average milk
yield of 31.7 (SD=8.98) kg/day were selected from a
private dairy farm (Dalfsen, The Netherlands) for this
study. The cows were initially selected as 18 pairs based
on age, parity, daily milk production, body condition and
average methane excretion per day. Cows from each pair
were randomly assigned into two groups. During a first
period, each group received 50% of each concentrate. From
day 18™ one group was fed MELK concentrate; the other
was fed VEM concentrate. Animals were housed in a closed
housing system fitted with one AMS.

2.2. Diets, experimental period and feeding

Both groups were fed the same Total Mixed Ration
(TMR) ad libitum in the stable and two different concen-
trate mixtures in AMS named MELK and VEM (Tables 1
and 2). MELK stands for “More Energy Lactating Cows”
and is a new feeding system for high yielding dairy cow in
the Netherlands. VEM is the “Feed Value System”, con-
sidered to be a traditional feeding system which has been
used in the Netherlands in the last few decades. TMR was
supplied to all cows in the stable two times a day. The
concentrates MELK and VEM were automatically supplied
during the milking in AMS. The amount of fed concen-
trates was based on the daily milk yield of individual cows
controlled by “The dynamic feeding system” developed by
Agrovision®. The experiment was divided into three per-
iods, each of 5 days duration, with 14 days waiting time in
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Table 1
Ingredients of Total Mixed Ration (TMR) and the concentrates MELK
and VEM.

Table 2
Chemical composition and nutritive values of TMR the concentrates
MELK and VEM.

TMR (% of dry matter) Concentrates (% of DM)

Ingredients Ingredients MELK VEM
Grass silage 43,02  Sugar beet pulp - 314
Maize silage 39.85 Palm kernel expeller - 174
Grass seed hay 2.80  Citrus molasses 10.0 10.0
Brewery grain 730  Rapeseed expeller - 9.1
Unimix 922° 6.64  Soya hulls 14.8 8.1
Univit Mobiel” 0.26  Wheat 6.3 5.7
Calcium carbonate  0.13  Rapeseed meal 16.1 5.1
Cane molasses 10.0 5.0
Rapeseed meal 9.0 3.5
Soya meal - 2.6
Premix 23 1.6
Urea 0.3 0.3
Vegetable oil 0.2 0.2
Maize 311 -

? Rapeseed meal and soya meal (1/2% each).
P Minerals and vitamins mix.

between each period. During period 1, all cows were
supplied both of the concentrates MELK and VEM (50%
of each), whereas in periods 2 and 3, 100% MELK or VEM
were allocated separately according to the groups.

2.3. Gas measurement

Methane and CO, from the cows were analysed using
a continuous gas analyser Gasmet DX-4030 (Gasmet ', 2010)
based on Fourier Transformed Infrared Radiation. Three days
prior to each measurement period, Gasmet was installed to
the Delaval AMS to ensure the correctness of measurements.
The inlet filter of the Gasmet was fitted on the feeding pen of
AMS in order to get concentrated breath sample from cows.
The breath sample passes through the filter and thereafter
through Gasmet analyser to determine the concentrations of
CH4 and CO,. The measurements were performed every 20 s
over 24 h for the entire 5 days experimental periods. The
methane production for the individual cows was based on
the methane-carbon dioxide ratio (CH4:CO,) when the
specific cow was in the AMS. Each cow was visiting the
AMS at least two times a day (2.6 times in average), with an
average milking time of 6 min. The individual methane
production was calculated based on 294 + 106, 236 + 74
and 266 + 88 (mean+ SD) observations per cow during
period 1, 2 and 3, respectively. Before the first measurement
in each periods, Gasmet was calibrated with standard gas to
check the accuracy of the measurement. During period 1,
Gasmet was stopped for 10 min each day to get the stable
concentration of CH4 and CO,. This concentration of CH, and
CO, was subtracted from the measured concentration to get
the real breath concentration of CH, and CO,. Remote
monitoring of the measurements was performed via internet
using TeamViewer (TeamViewer®, 2013).

2.4. Sampling and analysis of feed samples

One sample of the TMR and of the concentrates was
taken during each of the measurement periods. Immediately

Chemical composition TMR (% of dry Concentrates
matter) (% of dry
matter)
MELK VEM
Dry matter (% of fresh feed) 473 86.3 85.8
Crude protein 121 17 171
Crude fat 2.8 3.7 39
Crude fibre 253 1.2 144
Ash 6.2 6.5 6.9
Sugar 5.8 7.6 11.9
Starch 11.48 29.66 6.27
ADF 26 16 22
NDF 45.1 20.7 30.8
Lignine 24 3.2 3.9
Calcium 0.48 0.84 0.81
Phosphorus 0.31 0.39 037
Nutritive values
EFOS (% of organic matter) 71.4 94 91.7
Buffer solubility (% of crude 51.2 210 255
protein)
Digestible energy®, MJ/kg DM 13.42 16,5 16.2
Metabolizable energy®, Mj/kg ~ 10.74 132 13.0
DM
Scandinavian Feed Units®, 0.87 122 119
SFU/kg DM

ADF=acid detergent fibre.

NDF=Neutral detergent fibre.

DM =dry matter.

EFOS=enzyme solubility of organic matter.

2 Digestible energy=24.237 x digestible crude protein (kg/kg DM)-+
34.116 x digestible crude fat (kg/kg DM)+17.300 x digestible carbohy-
drate (kg/kg DM)—0.766 x sugar (kg/kg DM).

where

Digestible organic matter for TMR (%)=0.204+0.727 EFOS.
Digestible organic matter for concentrate (%)=5.38+0.867 EFOS.
(Weisbjerg et al., 2007).

Digestible crude protein (kg/kg DM)=(0.93 x % crude protein in
DM - 3)/100.

Digestible crude fat (kg/kg DM)=(0.96 x % crude fat in DM —1)/100.
Digestible carbohydrate (kg/kg DM))=(% digestibility of organic
matter/100) x (100 —% crude ash in DM)/100 —digestible crude
protein — digestible crude fat.

b Metabolizable energy=Digestible energy x 0.80.
¢ Scandinavian Feed Units=—0.369+0.0989 x Digestible energy—
0.347crude fibre (kg/kg DM).

after collection, the samples were stored in a freezer. Before
laboratory analysis, the three fractions of the same sample
were mixed together to make a composite sample. All of the
TMR samples were dried at 65 °C and the concentrates at
103 °C to determine the dry matter percentage. Crude fibre
was determined according to EU (2009b) and crude ash at
550 °C according to EU (2009a). Neutral detergent fibre
(NDF) was determined following I1SO-16472 (2006) where
heat stable amylase and ash correction were considered and
EFOS through FO-19 (2005). Acid detergent fibre and acid
detergent lignin was determined according to ISO-13906
(2008). Crude protein and rate of degradation of protein
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through buffer solubility test was determined according to
Licitra et al. (1996). Crude fat was determined following ISO-
11085 (2008) using petroleum ether. Enzymatic method
(ISO-15914, 2004) was followed to determine the amount
of starch whereas the titration method (EU, 2009c) was
followed to determine the amount of sugar.

2.5. Calculations

The data for air composition was matched with the cow
identification numbers and data for entrance and exit
times of the individual cows into the AMS by using the
time recorded in a computer connected to the AMS. All
calculations regarding CH, and CO, emissions from cows
were done according to the CO,-method (Madsen et al.,
2010). The stable concentrations of CO, (605 + 88.3 ppm)
and CH,4 (26 + 10.3 ppm) (mean + SD) obtained from per-
iod 1 were subtracted from the exhaled concentration of
the cows to get the corrected breath concentration of each
sample. After correction, all values of corrected CO, below
400 ppm were removed in order to avoid the influence of
samples containing a very low concentration of breath. The
ratio between CH,; and CO, (CH4:CO,) was thereafter
determined. This ratio represents an index of feed gross
energy loss in CH, as well as a factor for quantifying CH,4
from the animals (Madsen and Bertelsen, 2012).

The body weight (BW) (kg) of the animals was deter-
mined according to Remmelink et al. (2011), as shown in
Eq. (1). The dry matter intake (DMI) kg/day of concentrate
was set to the amount allocated on individual and daily
basis. The average TMR intake for the cows in the two
groups was set as the herd average. The individual TMR
intake of the cows was calculated following Eq. (2)
described by Kristensen and Ingvartsen (2003), where
the intake is corrected according to the amount of con-
centrate allocated and the parity of the individual cows.
The individual total dry matter intake (TDMI) was calcu-
lated by adding the individually allocated concentrate dry
matter intake (CDMI) to individually calculated TMR dry
matter intake (TMRDMI). The heat production (HP) watt of
the cows was calculated following Eq. (3), described by
CIGR (2002). The excretion of CO, (L/day) was calculated
according to Pedersen et al. (2008), as shown in Eq. (4).
The amount of methane (g/day) was calculated as
described by Madsen et al. (2010) using Eq. (5). Energy
corrected milk (ECM) (kg) was calculated following the
Eq. (6) described by Sjaunja et al. (1991).

BW(kg) = 0.000275 x Breast size in cm?’® 1)
TMROMI( X&) —a10.5(b—c)+d 2
day/ — :

HP(watt) =5.6

x BWO?® +{(Y x 22)+(1.6 x 107> x P*)} 3)
CO,(L/day) = HPU x 180 x 24 )
CHa(g/day) = CO, x 4 0.714 5)

o,

ECM (kg)=Y
x (0.383 x milk fat+0.242
x milk protein+0.7832)/3.14 (6)

where

a is the measured average TMR intake;

b is the measured average concentrate intake;

c is the allocated concentrate intake of the individual
cows during the experimental periods;

d is the correction factor for the lactation number:
d=—1.61 was considered for first lactation and d=0.39
for the second and subsequent lactations;

HP is heat production from the animals;

BW?7> is metabolic body weight of the animals;

Y is Milk yield of cow kg/day

P is days of pregnancy

HPU=Heat producing unit (HP/1000);

180=L of CO,/HPU/h;

ECM =Energy corrected milk.

2.6. Statistical analyses

Statistical analyses were performed using the software
R (R Development Core Team, 2013). The data were fitted
using mixed models using the Ime function from the
package nlme (Bates and Sarkar, 2009).

The analyses focused on making inference about the
effect of the concentrates (MELK and VEM) and about the
length of the treatment for changes in levels of CH4
(g/day), CH4:CO,, CHy (g/kg DMI) and CH4 (g/kg ECM).
Therefore all periods 1, 2 and 3 were included in the
analysis. For all of the response variables an average data
per cow and per day were used. Group, period of measure-
ment, the interaction group x period, BW, DMI, ECM and
lactation numbers were included as fixed effects in the
primary model. Both cow number and day of measure-
ment were included as random effects. Different serial
correlation structures were tested for the effect of day. The
final model was confirmed by stepwise removing of the
non-significant variables. Model validation was performed
using analysis of variance (ANOVA) on the Akaike Informa-
tion Criterion. Model residuals were checked for normality
and homoscedasticity by visual inspection, qqplots and
Bartlett test. The final model was:

Yiik = p+ i+ P+ Xy + YO + C + ek (7

where yjy; is the response variable y={CH, g/day, CH,:
CO,, CH4 g/kg DMI, CH4 g/kg ECM} of i group, for period
j and cow k and y is the overall mean. The fixed effects are
the group «; with i={MELK, VEM}, the period g; with j=
{period 1, period 2, period 3}, the ECM (kg) for cow k, Xy;;,
and the BW for cow k, Y6jj; Cy is the random effect of cow
k and ¢ is the residual errors. Even though only ECM was
significant, BW was included since it has a direct influence
on CO, production. Group and period were also included
since both of them are of interest for this study. The least
square means (LSM) were extracted from the model by
using the package Ismeans as described by Russell (2013).
Multiple comparison was done using Tukey's pairwise
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Table 3
Average body weight, milk production (corrected and uncorrected), TMR
and concentrate intake of cows per day; n is the number of observations.

Parameters MELK [mean (SE)] VEM [mean (SE)] n

BW (kg) 647 (19.2) 674 (15.9) 18
Milk production 31.8 (0.56) 31.6 (0.54) 270

(kg/day)

ECM (kg/day) 33.1(0.48) 33.7 (0.51) 270
TMRDMI (kg/day)  18.7 (0.06) 18.7 (0.06) 270
CDMI (kg/day) 4.5 (0.12) 4.8 (0.12) 270
TDMI (kg/day) 23.2 (0.14) 23.5(0.14) 270

SE=standard error.

BW =body weight.

ECM=energy-corrected milk.

TMRDMI=total mixed ration dry matter intake.
CDMI=concentrate dry matter intake.
TDMI=total dry matter intake.

comparisons using the function glht from the multcomp
package (Hothorn et al., 2008). One way ANOVA were
carried out to get the model P values. Finally, using the
information from this study, precision based power calcu-
lation was performed in order to estimate the minimum
mean difference that indicates a significant effect between
groups, according to the number of observations (Pandis et
al., 2011).

3. Results
3.1. Dry matter intake and milk production

Data for BW, milk production, DMI for TMR and con-
centrates are shown in Table 3. Total DMI were 23.2
(SE=0.08) and 23.5 (SE=0.08) kg/day in MELK and VEM
respectively, with individual cows values ranging from
21.5 to 25.6 kg/day. There was a large variation among
the cows in milk production and consequently concentrate
dry matter intake, as the amount of concentrate was
supplied according to individual milk production.

3.2. CH4CO, ratio and methane emission

Measurements of air composition were performed in
the AMS every 20 s throughout the entire experimental
period. The frequent air analysis was done in order to get
ample data for the best possible estimation of CH,4 produc-
tion as the individual observations of breath sample
analysis show large variation from each other. Fig. 1
illustrates the variation in concentration of breath in the
analysed air sample by showing the concentration of CO,
in 52 measurements of air for a single cow during three
visits. Likewise the variation in the corrected CH,4:CO, ratio
for the same 52 observations is shown in Fig. 2. There is
still a variation between samples and this can be ascribed
to the different concentrations of CH, in the breath. All
exhaled air from the cows contains CH4 and the high
values of more than 0.2 indicate that the CH,4:CO, ratio can
get close to the ratio in the rumen.

CO2, in ppm

16400
15200
14000
12800
11600
10400

9200

8000

6800
5600
4400
3200 | |
2000
800 I [

visit 1 visit 2 visit 3

Fig. 1. Individual observations of CO, (ppm) concentration in analysed air
from three visits of a cow from group VEM during period 1.

CH4:C02

0.24
0.22

0.2
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0.16
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0.12

0.1
0.08

0.06 §
0.02
2 1L I

visit 1 visit 2 visit 3

Fig. 2. Individual values of the calculated CH,4:CO, ratio corresponding to
the measurements from Fig. 1.

Results of the mixed models (Table 4) indicate that
there was no significant difference in the effect of supple-
mentation of the two concentrates on the CH,4 production
(P=0.97). The difference between the three periods was
also non-significant (P=0.49). In addition, about 43% of
the random variation in CH, (g/day) production is due to
the individual cow effect, the rest being due to the
variation between measurements. Results for the ratio
CH4:CO,, also indicate that both the effects of the group
(P=0.75) and period (P=0.62) are non-significant. In order
to visualize the day to day variation, the arithmetic mean
of CH4:CO, and of CH4 production (g/day) in the two
groups and over the three periods are shown in Fig. 3.

The methane production per cow increased with
increased ECM as a result of the higher DM intake with
increased milk production. The coefficient for ECM
(P<0.001) from the mixed model indicates an incremen-
tal emission of methane of 6.1 g/kg increase in ECM. As the
concentrate is fed according to milk yield, the difference of
ingested starch content is smaller for low yielding cows
and larger for high yielding cows. Therefore, a different
effect on low and high yielding cows could be expected in
the current study.

Scatterplots of CH4 production (g/day) according to
ECM is shown in Fig. 4. A simple linear regression using
average CH, release (g/day) showed very similar slopes in
two groups during period 1, where both groups got the
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Table 4

Least square means (LSM) of CH,4:CO, and CH,4 production g/day, g/kg DMI and g/kg ECM.

CH4:CO5, ratio [LSM (SE)]

CH,4 g/day [LSM (SE)]

CH4 g/kg feed DMI [LSM (SE)] CH4 g/kg ECM [LSM (SE)]

MELK
Period 1 0.0993 (0.00435) 444 (19.5)
Period 2 0.1001 (0.00436) 449 (19.5)
Period 3 0.0997 (0.00436) 450 (19.5)
Mean® 0.1000 (0.00405) 447 (18.2)

VEM
Period 1 0.0987 (0.00436) 436 (19.6)
Period 2 0.0995 (0.00436) 442 (19.5)
Period 3 0.0991 (0.00436) 442 (19.5)
Mean® 0.0993 (0.00405) 438 (18.2)

19.0 (0.98) 13.8 (0.78)
19.9 (0.98) 14.0 (0.78)
19.6 (0.98) 141 (0.78)
19.6 (0.98) 14.2 (0.70)
18.1 (0.84) 13.5 (0.78)
19.0 (0.98) 13.7 (0.78)
18.7 (0.98) 13.8 (0.78)
18.7 (0.84) 13.9 (0.70)

SE=standard error.
ECM=energy corrected milk.
DMI=dry matter intake.

@ Mean values considering both periods 2 and 3.

same diet consisting of MELK and VEM (50% of each).
Based on the linear regression, in periods 2 and 3 when
two groups were either MELK or VEM (100%), a tendency is
shown between the groups (P=0.07 for both subsets of
period 2 and 3). The VEM group tended to show a sharper
slope than the MELK group. This supports the hypothe-
sized highest effect of a high starch concentration in the
concentrate on lowering CH, when feeding the highest
amount of concentrate.

3.3. Precision of the CH, estimates

Table 5 reports the results of precision based power
calculations for CH,4 production (g/day) using the results
SD=74 based on the mean values per cow per day from
the present experimental conditions. The results indicate
that in order to get a significant difference at 5% level, the
minimum mean difference of CH4 (g/day) between the
groups should be at least + 40, 28 and 23 equivalent to a 9,
6 and 5% for 5, 10 and 15 days of measurement, respec-
tively, with 18 cows per group.

4. Discussion
4.1. Breath sample measurement

The air samples analysed are influenced by the con-
centration of breath in the air samples as the position of
the nose of the cows in relation to the inlet filter varies.
Most samples have a CO, concentration of between 5000
and 10,000 ppm which shows that samples contain
between 10 and 30% of breath considering that the average
concentration of CO, in breath typically ranges between
30,000 and 50,000 ppm (Elliott-Martin et al., 1997; Smith
et al.,, 2009). When calculating the corrected CH4:CO; ratio
after subtracting the concentration of CH4 and CO, in the
surrounding air, the variation due to the position of
the nose in relation to the inlet filter is removed. Part of
the variation in the CH4:CO, ratio is also caused by the
proportion of the ruminal fermentation gases and gases
from normal breathing. This variation requires several

measurements to obtain a reliable mean value. A recent
large scale study for breeding purposes describes that
more than 3 days measurement is expensive and imprac-
tical for getting better estimation of the CH,4:CO, ratio
(Lassen et al., 2012). Furthermore, Madsen et al. (2010)
mentioned that about 2-3% of breath in the analysed air
sample is sufficient to get a precise estimation of CH4
production. The latter also indicate that it is sufficient to
get a relative diluted breath to get a reliable determination
of the CH,4:CO, ratio.

4.2. Methane production

As described by Hindrichsen et al. (2004), the mode of
fermentation of starch and sugar and their end products
indicate that there should be a lower CH4 production in
the MELK group. In the current study, there was a
tendency observed that the cows receiving the highest
amount of MELK concentrate (high starch) produced less
CH,4 (g/day). Nevertheless, no significant differences were
found in CH4 output between the groups. The reason for
the absence of reduced CH,4 production in the MELK group
is probably due to the very limited change in the total
carbohydrate composition of the diet. As seen in Table 6
the starch content that was expected to be lowered the
CH4 output was four times as high in the MELK concen-
trate as in the VEM concentrate. When calculated on the
total diet basis (concentrate+TMR) the total starch con-
tent increases only with 25%. The starch proportion of the
total potential digestible carbohydrates (sugar, starch and
NDF) is 21.7% in VEM to 27.5% in MELK. It can therefore be
assumed that only 5.8% increase in the starch content of
the total diet has not been enough to change the CH4
emission. Similar effects have been presented by Aguerre
et al. (2011) where dietary starch content was reduced by
increasing fibre concentration in the diet of dairy cows. Mc
Geough et al. (2010) reported a decreased CH,4 (g/kg DMI)
emission in beef cows with increased amount of starch
feeding through whole-crop wheat silages. In the same
line, Hassanat et al. (2013) reported a reduced methane
emission in dairy cows by supplementing 30% starch
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Fig. 3. Daily averages ( + SE) of CH4:CO, ratio and CH,4 production (g/day) for the MELK and VEM groups for the 15 days measurement period. Each period
has a different shade of grey and average per period is indicated in brackets. The horizontal axis indicates the experimental day.

through 100% corn silage, whereas no effect on CH4 has
found by increasing starch from 17-27% starch through
supplementation of 0-50% corn silage. As mentioned ear-
lier, in the current study only 25% increase in starch (on
total ration basis) resulted in no effect on CH, (g/day)
reduction, which is in accordance with Hassanat et al.
(2013). The latter suggested that the methane reduction
effect of starch is linked with acidic ruminal environment
due to low pH ( <6.0) and with the shift of the volatile
fatty acid pattern toward proportionally more propionate
and less acetate and butyrate. Furthermore, Fahey and
Berger (1988) pointed out starch as the most propionate
producer in rumen fermentation than any other carbohy-
drates. In the present study, the supplemented amount of
starch through concentrate in AMS was certainly too low
to show a response on changing rumen environment with
increase propionate proportion and consequently CH4
reduction. Besides, supplying diet containing high quan-
tities of starch via grain or cereal forages has been
proposed as a mean of methane reduction (Beauchemin
et al., 2008). The current study made a similar effort to
reduce methane by increasing the amount of starch.
However, it appears that an inapt way was chosen to
supplement starch through concentrate in AMS. Feeding
starch through TMR could have been more effective to
visualize the methane reduction effect.

4.3. Precision of the CH, estimates

The CO,-method used in the experiment is relatively
newly developed (Madsen et al, 2010). It offers

opportunities to get measurements from many animals
within
a short time, which is an advantage in many situations.
A large number of animals is typically required for breed-
ing experiments (Lassen et al, 2012). Furthermore,
increasing the number of individuals can improve the
precision of CH; measurement for feeding experiments.
When comparing the effect of different diets on groups
of cows, it is of uttermost importance that the precision of
the estimates are high whereas the level (or accuracy) is of
less importance to validate the effect of diets or treatments.
Danielsson et al. (2012) showed a large individual
variation between cows using the SFg method. The varia-
tion of CH,4 ranges from 12.3 to 21.8 for one diet, and from
11.8 to 25.7 (g/kg DMI) for another diet, for averages based
on a five days measurement period. To reduce this varia-
tion would require increasing the number of animals or
days of measurement. In this study, the individual cow
variation of CH, (g/kg DMI), based on the 15 days experi-
mental period ranged from 17.0 to 23.0 in the MELK group
and from 14.0 to 21.6 for VEM group. The individual
variation of CH, production was highlighted as most
important by Grainger et al. (2007) and has also been seen
in own experiment (Haque et. al., 2014, unpublished data).
The shown variation in the CH4:CO, ratio and the
estimated daily CH4 output are assumed to be related to
the time of the day the cows visit the AMS. Moreover, the
time of the day when they have eaten TMR may influence
the actual CH4 production.
In this study, the resulted least square means difference
of CH4 (g/day) between groups (Table 4) was about 8,
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Table 5

Expected mean difference in methane production (g/day) according to
the number of observations (cows x days) per group in order to get a
significant difference between the groups at a 0.05 level of significance
and a power of 95%.

Number  Days of Expected mean
of cows measurement difference®

Expected mean
difference” (%)

18 1 89 20
18 5 40 9
18 10 28 6
18 15 23 5

10 20 30 40 50
ECM (kg/day)

Period 2
700 .
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Fig. 4. Linear regression of CH4 production (g/day) for cows of MELK and
VEM groups in the three periods of measurement.

7 and 8 for period 1, 2 and 3 respectively, and 9 when
considering both period 2 and 3 (10 days in total). At the
light of the findings of precision-based power calculation,
the results show no significant difference was obtained
between groups. In order to improve the precision of CH,
quantification, more individuals or measurements for a
longer period of time is needed.

4.4. Accuracy of the methane production

For an experiment as the present, another aspect is
whether the estimates are accurate, i.e. whether they give
values of the right magnitude. The accuracy is also influ-
enced by the accuracy of the calculated CO, production.

@ Calculated from d=/f(a,p) {2 x SDZ}/n. Where a=significance
level, p=Power, f(a,$)=13.0 at 5% level of significance for a power of
95%. SD=standard deviation of the response (74) and n=number of
observations per group.

b Calculated considering a mean values 442, for periods 2 and 3 (see
Table 4).

The formula used is based on the work of an international
commission of agriculture (CIGR, 2002) and of Pedersen
et al. (2008), and is considered reasonably accurate and
the best available. Comparing the results of this experi-
ment with recently published studies using the SFg (O'Neill
et al.,, 2011; Danielsson et al., 2012) and chambers methods
(Aguerre et al., 2011; van Zijderveld et al., 2011) indicate
comparable magnitude and associated precision of CH4
emission (g/kg DMI). In this study, the emissions range
from 18.7-19.6 (MELK-VEM), whereas the other studies
report values ranging from 16.9 (Danielsson et al., 2012) to
25.9 (Aguerre et al., 2011) g/kg DMI. The corresponding
SEM for CH,4 (g/kg DMI) reported for the chamber experi-
ments are 0.65 (van Zijderveld et al., 2011) and 1.21
(Aguerre et al.,, 2011); for the SF6, the values are 0.57
(O'Neill et al., 2011) and 2.9 (Danielsson et al., 2012; only
SED was reported). The value reported in the present study
(0.84 for 10 days measurement) indicates that the CO,-
method is as precise as the other methods and produces
results of the same magnitude. In O'Neill et al. (2011), for
which the SEM is the lowest, it should be noted that the
number of individuals per group (n=24; 10 days measure-
ments) was larger than in the present study (n=18; 10
days measurements).

As high yielding cows have a lower emission of CH,4 per
kg milk, lowering the marginal emission may also be an
objective in itself. Tamminga et al. (2007) made a predic-
tion of the expected CH, production per kg milk at
different levels of milk production. At the milk production
level corresponding to the cows of this study (33.5 kg/day)
the predicted CH4 production was 12.8 g/kg ECM. In this
respect, the CH4 production reported in this study, ranging
from 13.9 to 14.2 g/lkg ECM (Table 4) can be considered
estimated with an acceptable accuracy.

5. Conclusions

This study showed no effect of changing the composi-
tion of concentrate fed in AMS to higher starch content
and less fibre and sugar on the methane output. The
absence of hypothesized reduction in the CH, (g/day)
release is most likely due to the small proportion of dry
matter consumed from the allocated concentrate in the AMS,
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Table 6
Average carbohydrate intake of the diets, kg DM/cow/day.

MELK VEM Change (%) in nutrient, VEM to MELK
Total TMR Concentrate Total TMR Concentrate Total Concentrate
Sugar 2.8 24 04 3.1 2.4 0.7 -10 —43
Starch 6.4 4.7 1.7 5.1 4.7 04 +25 +325
NDF 19.8 18.6 1.2 20.5 18.6 19 -3 -37
Total DM 232 235
% Starch in DM 27.5 21.7 +5.8

TMR=total mixed ration.
NDF=neutral detergent fibre.

which is scanty in relation to the dry matter intake from the
TMR. To obtain an effect on CH, yield by dietary manipula-
tion with carbohydrate composition, it is recommended to
change the composition of the TMR part of the diet, as this
can result in a greater change in the composition of the total
carbohydrate intake. The results from the used CO,-method
illustrate that higher precision can be obtained by either
having more cows in the experiment or by measuring for a
longer period.
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ABSTRACT

The objectives of this study were to estimate the effect of different source of carbohydrate
supplements on the CH, emission and compare the precision of the CO, method with respiration
chamber and in vitro gas production technique. The present study was conducted as a 3x3 Latin
Square design where three Dexter heifers were allocated to the balance cages and subsequently in
the respiration chamber (RC;) over 3 periods consist of two weeks of adaptation period followed by
one week of measurement. The average body weight (BW) of the heifers was 226+11 kg
(mean+SD) and the dry matter intake (DMI) was 5.1+£0.3 kg/d (mean+SD). The heifers were fed ad
libitum a total mixed ration (TMR) consisted (on DM basis) of 49% grass-clover silage, 14%
soybean meal along with 35% of one of three supplements: wheat (W), molasses (M), and molasses
+ sodium bicarbonate (Mbic). Breath samples of the heifers were continuously analyzed in the
metabolic cage every 20 seconds to determine the concentrations of CH, and CO,. The calculations
regarding the CH4 and CO, emissions from the heifers were done according to the CO, method
(CO,T). The dry matter intake (DMI, kg/d) was significantly higher (P<0.001) in the metabolic
cage compared to the intake in the respiration chamber. The absolute CH,4 (L/d) production
estimated by CO,T was significantly different (P<0.05) between three diets. The wheat based diet
"W" produced significantly lower CH, compared to the molasses based "M" and "Mbic" diets. The
ranking of the diets based on the absolute CH,4 (L/d) production were W<M<Mbic. The emissions
of CH, (L/kg DMI) followed the same ranking (P<0.05). The absolute CH4 (L/d) emissions
obtained by the CO,T and RC; were strongly correlated (r = 0.83). Positive correlation was also
found between the estimated CH4 by the CO,T and IPCC recommended prediction model. The
daily CH,4 (L/kg DMI) emission was lower in the CO,T compared to the respiration chamber (RC,)
technique with Holstein cows. A substantial animal variation of the daily average CH4 production
was observed within the same diet. The coefficient of variation of CH,4 production between animals
(CVyp) was 7.4-8.0% and lower than the within animal variation (CV,,) 17.3-17.4% estimated by the
CO,T. The measured CO; in the RC, and the calculated CO, according to the CO,T was strongly (r
= 0.85) correlated. In conclusions, the DMI was lower in the respiration chamber. The wheat based
diet showed significantly lower CH, emission (L/d and L/kg DMI) compared to the Molasses based
diets. All three diets showed a numerically lower CH,4 (L/kg DMI) estimated by the CO,T than the
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study with RC,. The CO,T can predict CH4 emission with a reasonable accuracy and precision
compared to the chamber technique.
Keywords: CO,-method, Dexter cattle, Methane, Respiration chamber, Precision

1. Introduction

Methane (CHy,) is an undesirable by-product of rumen fermentation. This is produced in the rumen
by a particular group of microbes, the methanogenic archaea (Baldwin and Allison, 1983).
Methanogens use hydrogen (H>) to reduce carbon dioxide to CH4, thus keeps H, partial pressure
low and favours rumen fermentation. Among the ruminants cattle are the main contributor to the
CH,4 emissions with about 4.6 gigatonnes CO, equivalent, represents 65% emissions from the
livestock sector (Gerber et al., 2013). This particular greenhouse gas has received a great deal of
attention in the recent years because it is not only responsible for environmental pollution but also
associated with feed energy loss from the animals (Hongmin Dong et al., 2006). Typically,
methane emission associated about 2 to 12% gross energy loss (Johnson and Johnson, 1995), a
portion of energy that can potentially be used by the animals. The amount of CH, release depends
on the level of feed intake, diet composition, use of feed supplements and additives (Johnson and
Johnson, 1995). Enteric CH, production in ruminants is the process very closely related to the
amount of volatile fatty acids production as the end product of rumen fermentation (Hungate, 1982;
Johnson and Johnson, 1995). The primary substrate for methanogenesis is H,, which is produced
during fermentation of structural carbohydrates to acetate and butyrate (Moss et al., 2000). In
contrast, the fermentation of starch and other non-structural carbohydrates favour propionate
production, which serves as a competitive pathway for H, use in the rumen (Benchaar et al., 2001).
It is well established that feeding more starch to ruminants reduces enteric CH, production and
energy losses from the animals (Benchaar et al., 2001; Beauchemin et al., 2009). The underlying
mechanism is that fermentation of starch lower the ruminal pH and favors the production of
propionate instead of acetate in the rumen, ultimately results in decreased CH,4 production (Hassanat
et al., 2013). Furthermore, feeding high-starch diets may result in decrease rumen protozoa, which
reduce H, transfer from protozoa to methanogens, thereby contribute to reduce CH,4 production
(Wolin and Miller, 1988; Hegarty, 1999). A recent study indicated a significant reduction of CH,4
emissions in dairy cows fed higher amount of starch through a 100% corn silage (Hassanat et al.,
2013). Unlike starch, feeding sugar has been reported to increase CH,4 production (Hindrichsen et
al., 2004). Fermentation of sugar leads to a preferential production of butyrate instead of propionate
(Friggens et al., 1998). Butyrate formation provides free H, and facilitates methanogenesis.
Moreover, van Kessel and Russell (1996) reported that the methanogenic effect of sugars will
increase only at a high ruminal pH, because both the producers (fibrolytic bacteria and protozoa)
and the consumers (methanogens) of H, are highly susceptible at a lower pH. A number of methods
have been developed to estimate the actual emissions from the livestock. They are based on
different principles and have a wide range of applicability (Storm et al., 2012b). A new techniques
called the CO, method (CO,T) has recently been described for the estimation of CH4 emission from
ruminants (Madsen et al., 2010). The hypothesis of this study was that the CO,T is suitable for the
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investigation of the CH,4 mitigation potential of different diets. We further hypothesized that the
precision of the CH, estimates are comparable with other methods. Therefore, the present study was
designed to estimate the effects of different source of carbohydrate supplements on CH,4 emissions
measured by the CO,T and compare the precision of the CO,T with the respiration chamber and in
vitro gas production technique.

2. Materials and methods
2.1. Experimental design, animals and feeding

This study is one of the three separate experiments that conducted with the same three feeds. The
CO; method (CO,T), in vitro gas production technique (Storm et al., 2012a) and respiration
chamber technique (Hellwing et al., 2012) using Holstein dairy cows. The present study was
conducted as a 3x3 Latin Square design, where three Dexter heifers were allocated to the balance
cages and subsequently in the respiration chamber over 3 periods consist of two weeks of
adaptation period followed by one day each in cage 1, cage 2, respiration chamber 1 and 2. A spare
heifer was kept and data was recorded. From this heifer only the feed intake data was used for each
diet. The average body weight (BW) of the heifers was 226+11 kg (mean+SD) and dry matter
intake (DMI) was 5.1+0.3 kg/d (mean+SD). The heifers were fed ad libitum a total mixed ration
(TMR) consist of (on DM basis) 49% grass-clover silage, 14% soybean meal along with 35% of
one of three supplements: wheat (W), molasses (M), and molasses + sodium bicarbonate (Mbic).
All diets for the entire experiment were prepared once from the same batch of ingredients. The
TMRs were immediately vacuum-packed in portions for 1 day and frozen. Each portion was thawed
at room temperature over night before being fed ad libitum with one daily feeding. The chemical
compositions of the three supplements is shown in Table 1, were analyzed in the study conducted
by Hellwing et al. (2012). The daily feed intake was measured by the difference between the
amounts of supply and the refusal. The weight gain of the heifers was not determined. However,
daily weight gain of 0.5 kg/d was considered for calculation of heat production.

2.2. Methane and carbon dioxide measurement

Breath concentrations of CH; and CO, from the heifers were continuously analyzed in the
metabolic cage in every 20 seconds. A portable continuous gas analyser GASMET DX-4030
(Gasmet Technologies Oy, Helsinki, Finland) was used for the analysis based on Fourier
Transformed Infrared detection. The sampling inlet was fitted in the balance cage, at the nose level
of the animals (Figure 1) in order to get concentrated breaths. The record of the breath
concentrations were stored in a data logger connected with computer. All gas volumes are reported
at 0°C and 100 KPa. The measurements were performed for approximately 22 hours after which the
heifers were moved to the respiration chamber (RC;) to measure the CH; and CO, emissions.
However, the CH, measurements in the chamber were not recorded due to human error. Therefore,
these data were excluded from the analysis. In order to get the background concentration of the air
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in the barn, the sampling inlet was disconnected from the Gasmet for 10 minutes during each
experimental day.

2.3. Calculations

The calculations for CH4 and CO, emissions from heifers were done according to the CO,-method
named as CO,T (Madsen et al., 2010). The average barn concentrations of CO; (705+88.3 ppm) and
CH,4 26+10.3 ppm (mean+SD) were subtracted from the exhaled air concentrations to get the actual
breath concentration of each sample. After the corrections, all values of corrected CO, below 400
ppm were removed in order to avoid the influence of the samples that contained very low
concentration of CH,; and CO,. The ratio between CH,; and CO, (CH4:CO,) was thereafter
determined. The heat production (HP, watt) of the heifers were calculated following Equation 1,
described by CIGR (2002). The excretion of CO, (L/d) was calculated according to Pedersen et al.
(2008), as shown in Equation 2. The amount of methane (L/d) was calculated as described by
Madsen et al. (2010) using Equation 3. The CH,4 emissions of the heifers were further calculated
using the measured CO; in the respiration chamber (RC;) and the CH,4:CO, ration from the breath
sample analyses using Gasmet. Data for the CH, emission (L/kg DMI) from the respiration chamber
(RC,) study with Holstein cows (Hellwing et al., 2012) and in vitro gas production technique
(IVGT) (Storm et al., 2012a) were used to compare the precision of the CO,T.

HP (watt) = 7.64+ BW®® +y |2 — 1| [FZE222F0] 4 4 64105 « P (1)
M 1-0.171Y

CO, = HPU = 180 * 24 (2)

CH, = CO, » 2 3)

cO,

Where,

HP = heat production of the animals;

BW = body weight of the animals;

M = energy contents of the diet;

Y = daily weight gain set as 0.5 kg/d;

P = days of pregnancy of the heifers;

HPU = heat producing unit considered as %;

180 = L of CO,/HPU/h;

% = CH, and COx, ration of the breath sample analysis.
2

2.4. Statistical analysis

The raw data were reduced to make an average values per hour for the individual heifer. This data
were fitted with a linear mixed model using the Imer function from the package "Ime4" (Bates and
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Sarkar, 2009) with the software R (R Development Core Team, 2013). An extension package
"ImerTest" was used to get the P values directly from the model (Kuznetsova et al., 2012). The
primary model was fitted by maximum likelihood including the body weight, diets [3 levels] and
DMI as the fixed variables and the heifers as the random variable. The final model in Equation (4)
was selected by the stepwise elimination of the non-significant variables. The estimates of the
responses were obtained by fitting the final model with Restricted Maximum Likelihood (REML).
The model was validated using an analysis of variance (ANOVA) based on the Akaike Information
Criterion. The model residuals were checked for normality and homoscedasticity by visual
inspection of ggplots.

Where y;; is the response variable, y = [CH4 L/d, CH4 L/kg DMI, CH4 L/MJ DEI and CH4:CO,
ratio] of dieti, and heiferj, wu = overall mean, a;=diets (wheat, molasses and
molasses+bicarnonate), Xy;; = dry matter intake of heifer j, for diet i and ¢;; is the model residuals.

3. Results
3.1. Feed intake

The dry matter intake (DMI, kg/d) was significantly higher (P<0.001) in the metabolic cage
compared to the intake in the respiration (RC;) chamber (Figure 2). There were no difference
(P>0.1) in DMI of different diets. However, there was a difference (P<0.05) in the DMI between
the RC; and the CO;, method (CO,T).

The CH, estimates following the four different methods (CO,T, RCy, RC, and IVGT) are presented
in Table 2. The absolute CH4 (L/d) production estimated by CO,T was significantly different
(P<0.05) between three diets. The wheat based diet "W" produced significantly lower emission
compared to the molasses based "M" and "Mbic" diets. The ranking of the diets based on the
absolute CH,4 (L/d) production were W< M< Mbic. Likewise, the emissions of CH,4 (L/kg DMI)
followed the similar ranking (P<0.05). The W diet emitted significantly lower CH, (L/MJ DEI/d)
compared to the M and Mbic diet. However, no difference was found in CH4 (L/MJ DEI/d) between
the molasses based M and Mbic diet. When comparing the absolute values of CH, (L/d) obtained by
the CO,T and RC;, a strong correlation (r=0.83) was found between the two measurement
techniques (Figure 3). Moreover, regression analysis showed a strong positive correlation of CH,4
(L/d) production estimated by the CO,T and RC; compared with the recommended prediction
model by IPCC (2006) (Figure 4).

When comparing the daily CH,4 (L/kg DMI) emissions between the respiration chamber technique
(RC,) with Holstein cows (Hellwing et al., 2012), the estimates were numerically lower for the
CO,T compared to the RC; (Table 2). However, the CH, (L/kg DMI) using the RC; was extremely
higher compared to the values obtained by the CO,T. Furthermore, comparative values of CH,4
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(L/kg DMI) between the CO,T and the IVGT indicated a higher emissions obtained by the CO,T. A
substantial animal variation of CH, production (L/d and L/kg DMI) was observed within the diet
(Figure 5) on the basis of hourly mean emissions. The coefficient of variation of CH4 emission (L/d
and L/kg DMI) between animals (CV}) was 7.4-8.0% whereas the within animal variation (CVy,)
was 17.4 % using the CO,T (Table 2).

The measured CO; (L/d) production in the RC; was 1784+£193.5 (mean+SD), numerically higher
than the calculated CO; production 1709+52.1 (mean+SD) according to the CO,T. The measured
and calculated CO, production was strongly (r=0.85) correlated (Figure 6). Moreover, the CO,
emissions according to the body weight of the animals showed a linear positive correlation between
the CO,T and the RC; (Figure 7).

4. Discussion
4.1. Diet effect on methane emissions

Among the diets the lowest methane emission was observed in wheat-based diet "W" compared
to the molasses based "M" and "Mbic" diets. The CH, reduction effect was probably due to the
higher propionate production instead of acetate. Beauchemin et al. (2008) proposed that supplying
diets containing high quantities of starch via grain or cereal forages would be an effective mean for
CH, reduction. All carbohydrate fractions contribute to the CH,4 production of which starch results
in the least emission (Fahey and Berger, 1988). The core mechanism is that the starch is the most
efficient propionate producing carbohydrate, which probably lower the rumen pH and reduce the
proportion of acetate and butyrate (Hassanat et al., 2013), thus, reduce CHy release from the rumen.
Moreover, Lechartier and Peyraud (2011) described that feeding starch reduce fibrolytic activity
and change in the VFA proportion, which might lead to a lower CH,4 emission. The CH,4 reduction
effect of wheat based diet in the current study is in the line with Hassanat et al. (2013), who found a
significant methane reduction in dairy cows by feeding 30% of starch through 100% of corn silage.
In the same line Benchaar et al. (2013) reported that methane production linearly decreased with an
increased levels of corn dried distillers grain at the rate of 0, 10, 20 and 30%. In contrast, decreased
proportion of starch in the diet with increased level of forage increased the CH4 emissions in dairy
cows (Aguerre et al., 2011).

Unlike starch, sugar was reported to have a higher methanogenic potential (Hindrichsen et al.,
2005). In vitro study showed a higher CH, emission per unit of OM from sucrose instead of starch
(Hindrichsen et al., 2004). The same author describe that the higher methanogenic potential of sugar
is probably related to the higher production of butyrate. Likewise, in the present study the molasses
based diet (M) showed a higher CH, emission compared to the wheat based diet. On the other hand
molasses based diet with sodium bicarbonate showed the highest CH, yield among the diets. This is
probably due to the fact that sugar contents in Mbic diet together with bicarbonate helped to
maintain a neutral rumen pH approximately 7 and enhance the activity of the fibrolytic bacteria.
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4.2. Method comparison

Respiration chamber is the oldest method in the metabolic study and CH, estimation. It accounts for
the total emissions from the animals. In contrast, the CO,T is a newly developed technique where
the total CO, emission is used as a marker to quantify the CH,4 emission by taking into account the
quantitative CH4:CO, ratio from breath of the animals. Most of the CH4 produced in the rumen are
emitted through the eructation (Place and Mitloehner, 2010) and negligible fermentation (up to
13%) occur in the hind gut (Ellis et al., 2008). Therefore, the CO,T considers majority of the
emissions through the breath sample analysis. As shown in Figure 3, the estimated amount of CH4
(L/d) is strongly correlated between the two techniques (CO,T and RC;). However, the high values
for CH,4 (L/kg DMI) for the RC, (Table 2) is misleading as the CH,4:CO, was observed in the cages
where the DMI was higher than in the respiration chamber. The calculated CH,4 was divided by the
low DMI in the chamber caused a very high CH, (L/kg DMI). In the same line, an earlier study
reported a lower DMI during the CH4 measurement in the respiration chamber (Pinares-Patino and
Clark, 2008). Furthermore, Thorbek (1980) found that animals fed ad libitum in the barn showed a
significantly lower DMI when moved into the chamber. The absolute daily emissions in the
chamber are varies due to the difference in DMI compare to the normal condition. Therefore, the
absolute daily CH4 production is not suitable for comparison of the methods. However, the amount
of CH4 per unit of DMI is comparable between the methods. In this study the CH4 (L/kg DMI) was
18% lower in the CO,T compared to the measured CH,4 (L/kg DMI) in RC,. The in vitro method
was also showing 12% lower CH,4 (L/kg DMI) compared to the RC,. The estimated CH,4 (L/kg
DMI) using CO,T is within the same range of the results described by Aguerre et al. (2011).
Therefore, it can be ascribed that the CO,T is able to estimate CH,4 with a reasonable accuracy.

4.3. Calculation of Carbon dioxide production and methane estimation

The total CO, production of the animals can be calculated using either animal's body mass, growth
rate and milk production or using the nutrients intake and utilization of the animals. The calculation
of CO, from the animals is based on knowledge from 100 years of metabolism experiments. The
CO; production of the animals is determined by the type of diet and nutrient concentration, levels of
intake and body activity. This is very closely related to the nutrient metabolism or heat production
of the animals (CIGR, 2002). The accuracy of CH,4 estimation using the CO,T depends on the
accuracy of CO; production (Madsen et al., 2014). The calculated (using CO,T) and measured CO,
(using RC,) in this study showed a strongly correlated (r=0.85) with a deviation (53 L/d) between
the techniques. Therefore, it can be stated that the CO,T precise enough to predict the total CO,
production with a reasonable accuracy that is comparable with the gold standard respiration
chamber. In the CO,T, the total CO, emission is multiplied with the CH4:CO; ratio from the breath
samples in order to get the daily CH,4 emission. The CH4 estimation can be influenced by the diurnal
variation of the CH4:CO, ration (Bjerg et al., 2012), which might have an influence on the CH,4
estimation. However, the diurnal variation was considered in the present study by analysing breath
samples over several hours a day. From the comparative values of CH, (L/d) and CH, (L/kg DMI)
estimated the CO,T, RC; and RC,, it appears that the CO,T is able to estimate CH4 emission with a
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reasonable accuracy and precision. A previous study using CO,T justified the accuracy and
precision of the CH,4 estimates (Haque et al., 2014), in agreement with the present results.

4.4. Animal variation and precision of the methods

Apart from the dietary factors, the genetics of the animals has an influence on the CH4 emission.
Even after correction for the daily feed intake the variation in CH4 emission remains which referred
to the genetic variation or heritability of that trait (Pinares-Patino et al., 2013; Bell et al., 2014).
Using respiration chamber, data from sheep were analysed based on 2500 determinations of the 24-
h CH,4 production (Blaxter and Clapperton, 1965). This study produced a day to day variation (CV)
of CH,4 emissions 7% within animals and 7-8% between animals. Sixteen calorimetric studies with
dairy cows showed a wider range of CV (3 to 34 %) for the CH,4 output (Ellis et al., 2010). In a
comparative study using SFg and chamber technique, Grainger et al. (2007) reported a within
animal variation of CH, production of 19.6% for SFg techniques and 17.8 % for the chamber
techniques. The observed between animal variations in this study is analogous to the earlier study
by Blaxter and Clapperton (1965) using respiration chamber. The within animal variation of CH,4
emission was in the same line of those reported earlier Grainger et al. (2007) and Ellis et al. (2010).
The animal variation of CH4 emission of this study was in the similar range of the results in a
previous study with lactating dairy cows using the same technique (unpublished data). Therefore, it
can be stated that the CO,T is able to estimate CH,4 production from the animals with a reasonable
accuracy that is comparable to the chamber technique.

5. Conclusions

The results showed a lower DMI in the respiration chamber (RC;). The wheat based diet showed
significantly lower CH,4 emission (L/d and L/kg DMI). All three diets displayed a lower CH,4 (L/kg
DMI) estimated by the CO,T than the study with respiration chamber (RC,). Comparable animal
variations of CH,4 production were obtained using the CO,T. Compared to the chamber technique
the CO,T can predict CH, emission with a reasonable accuracy and precision. The precision can be
improved either by using more animals or longer measurement period.
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Table 1. Ingredients and chemical composition of three diets

Components W M Mbic
Composition of the ration (g/kg DM)

Grass-clover silage 494 494 490
wheat 353

Sugar beet molasses 353 350
NaHCO; 9.3
Soybean meal 141 141 140
Mineral and vitamins 12 12 12
Chemical composition (g/kg DM)

Ash 60.6 97.5 103
Protein’ 172 177 175
Fat 25.8 16.5 16.7
Starch 243 7.6 3.8
Sugar 34.2 241 238
NDF 318 280 277
Energy concentration in diet (MJ/kg DM)

Gross energy? 18.8 18.0 17.9

W = diet with ground wheat; M = diet with sugar beet molasses; MBic: diet with sugar beet molasses and bicarbonate; *
Feed Table value; 2 Calculated according to Volden and Nielsen (2011).

Table 2. Methane production and ratio between CH, and CO, for three diets

Parameters Systematic effect Random effect
W M Mbic CVic CVue

CH, (L/d) 126.7° 144.8° 154.0° 8.0 17.4
'CH, (L/d) 142.9% 148.6° 151.5 5.7 18.0
CH4 (L/kgDMI) 2512 28.2° 30.2° 7.4 17.4
YCH, (L/kgDMI)  43.7° 44.6° 46.6" 5.3 18.9
’CH,4 (L/kgDMI) 321 33.0 35.9 - -
*CH, (L/kg DMI)  29.6 29.0 29.6 - -
CH, (LUMJ DEl/d) 1.7 2.0° 2.1° 7.6 17.3
CH4:CO; 0.072 0.085° 0.091° 8.5 17.6

'Calculated absolute CH, using CO, production measured in the respiration Chamber (RC,); "Methane per kg of DMI
followed by the absolute CH, in the RCy; *Measured in the respiration chamber (RC,) study with Holstein cows
(Hellwing et al., 2012); *Estimated by in vitro gas production technique (IVGT) (Storm et al., 2012a); W = wheat; M =
Molasses; Mbic = Molasses + bicarbonate; CV,. = coefficient of variation between cows; CV,. = coefficient of

variation within cows.
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Figure 1. Methane measurement in the metabolic cage

8,00 A Chambers M metabolic cages

DMI (kg/day)
“p, "
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Measurement Periods

Figure 2. Dry matter intake in the metabolic cages and respiration chambers (RC,). The DMI values
were considered from two days in cage and two days in respiration chamber for each heifer. In
addition to the three heifers, the DMI for one extra animal were included.
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Figure 3. Regression analysis of CH, emissions (L/d) from the heifers obtained by the CO,T
(calculated) and RC; (measured).
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Figure 4. Regression analysis of CH,; (L/d) emissions from the heifers followed by the CO,T
(calculated) and RC; (measured). The regression line is fitted for the calculated CH,4 according to
IPCC recommendation.
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Figure 5. Diet effects on CH,4 output from the experimental heifers. The bars indicate mean+SE.
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Figure 6. Regression of the daily average CO, (calculated by the CO,T) and the measured CO; in
the RC,.
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Figure 7. Calculated and measured CO, obtained by the CO,T and RC; compared with the
respiration chamber (Thorbek, 1980) results at low and high feeding levels.
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ABSTRACT

The objective of this study was to investigate the individual variation, repeatability and phenotypic
correlation of methane (CH,4) emission from dairy cows measured in two different years. A total of
21 cows were used with an average body weight of 621 + 14.0 and 640 + 8.0 kg (mean + s.d.), and
milk production of 29.1 + 6.54 and 33.4 + 6.00 kg/day (mean * s.d.) during the 1% and 2" vear,
respectively. The cows were housed in a loose housing system fitted with automatic milking system
(AMS). The total mixed ration (TMR) was fed to the cows ad libitum in both of the years. In
addition, they were offered concentrate in the AMS based on their milk yield. The CH4 and CO,
production from the cows were analysed using gas analyser "Gasmet DX-4030". The dry matter
intake (DMI) was 19.8 + 0.96 and 23.1 + 0.78 kg/day (mean * s.d.) and the energy corrected milk
(ECM) production was 30.8 + 8.03 and 33.7 + 5.25 kg/day (mean + s.d.) during the 1% and 2" year,
respectively. The DMI and ECM had a significant influence (P < 0.001) on the CH,4 (l/day) yield
during both of the years. The daily CH, emission was significantly higher (P < 0.05) during the 2"
year compared to the 1% year. The DMI (described by the ECM production) appeared to be the key
factor of the variation in CH, release. A fair correlation (r = 0.54) of the CH,4 productions was
observed between the years. A strong positive phenotypic correlation (r = 0.70) was found in the
CH, emission between the years when it was standardized using the ECM production (30 I/day).
The diurnal variation of CH,4 (I/h) output showed a significantly lower (P < 0.05) emission during
the night (0000 to 0800 h). The between cows variations of the CH,4 (l/day, I/lkg DMI and 1/kg
ECM) were lower compared to the within cow variation for the 1% and 2" year, respectively. The
repeatability of CH, yield (I/day) was 0.36 and 0.41 in the 1% and 2" vear, respectively. In
conclusion, the herd average CH, (I/day) was significantly lower in the second years due to higher
DMI (kg/day). The between cow variation of CH,4 (l/day) was lower than the within cow variation.
A strong positive phenotypic correlation of CH, (I/day) was found between the years at a
standardized ECM production.

Keywords: breath, diurnal variation, methane, phenotypic correlation, dairy cows
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Implications

Methane (CH,) production between cows is always variable. The interference of the animal's
behaviour can easily influence this variation. The variation of CH,4 production remained even after
standardization of the feed intake and milk yield. When selecting cows with low CH, output for
long term CH,4 mitigation, it is necessary to consider the animal variations. The yearly relation of
CH, production could also be an indicator to select low emitter cows. The result of this study
regarding animal variation and yearly correlation of CH, emission will provide valuable
information for CH,4 mitigation through animal breeding.

Introduction

The livestock sector represents a significant source of greenhouse gas (GHG) emissions worldwide,
generating carbon dioxide (CO,), methane (CH4) and nitrous oxide (N.O) throughout the
production process. This sector often comes in focus because of its greater impact on the
environment. A recent report by Gerber et al. (2013) described that the majority of the CH,4
emissions occurred from the livestock sector due to enteric fermentation and feed production. In the
livestock sector, cattle are the highest contributor of greenhouse gas (GHG) emission, which
account for 65% (4.6 gt CO2 eq). Out of the total emission, cattle emit most of the enteric CHy, i.e.
about 77%, followed by the other domesticated species (Gerber et al., 2013). Another consideration
beside environmental pollution is that between 2 and 12% of the ingested gross energy is loss
through CH,4 emission (Johnson and Johnson, 1995); a loss of energy that could potentially be used
by the animals. The CH, emissions from the animals vary according to the level of feed intake, type
of carbohydrate, feed processing, addition of lipids, alteration of rumenal microflora (Johnson and
Johnson, 1995) and measurement techniques (Vlaming et al., 2008). Besides, it can also vary due to
the genetic variation of the animals (Pinares-Patino et al., 2013). One of the earlier study using
standard respiration chamber reported a coefficient of variation (CV) of 7% for within-animal
variation in the CH,4 production and of 7-8% for between-animal variation (Blaxter and Clapperton,
1965). More recently, several authors reported a CV of 4.3% for within-animal and 17.8% for
between-animal using open-circuit calorimetry (Grainger et al., 2007). Using the SFg technique,
Vlaming et al. (2008) mentioned a wider range of variation in CH, emission for two different diets
(6.91 - 10.09 within cow and 6.23 - 27.79% between cow, respectively). Moreover, in grazing
condition, Lassey et al. (1997), Boadi et al. (2002) and McNaughton et al. (2005) reported a
between-animal variation of, respectively, 11.5, 15.5 and 25% of CV, using the SFs technique. In a
comparative study using two different techniques, Grainger et al. (2007) mentioned a higher within
cow variation (CV = 19.6%) for SFs techniques compared to the chamber technique (CV = 17.8%).
Till date, most of the studies estimated the animal variation in CH, production either by using the
traditional chamber technique or the SFg techniques, where handling and confinement of the
animals is required. A drawback of these methods is that they might have an influence on the
normal metabolism of the animals. In this study, we assume that the animal should be free from any
influential factors in order to get a real feature of the individual variability in CH4 emission. We
hypothesize that the animal variation in CH4 emission would be lower if the measurements are taken
from their natural environment. In dairy industry, the automatic milking systems (AMS) reduce
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human’s involvement and interaction with the cows, and thus allows the cows free movements.
Therefore, under this condition, normal feeding and milking behaviour as well as rumen
metabolism and gas production can be expected. The "CO,-method", a newly developed technique
for CH,4 estimation, was used in this study. This method is non-invasive and measures the CHy4
emissions from the cows by keeping them in their natural environment. The objectives of this study
were i) to investigate the individual variation and the repeatability of CH, production measured in
the AMS and ii) to investigate the phenotypic correlation of CH4 emission of the individual cows in
two different years.

Materials and method
Animals, experimental design and feeding

A total of 21 dairy cows with an average body weight of 619 £ 14.2 and 640 * 8.0 kg (mean % s.d.)
and milk production of 29.1 + 6.5 and 33.4 + 6.0 kg/day (mean + s.d.) were used in the 1% and 2™
year, respectively. The cows were housed in a loose housing system with adequate ventilation and
automatic milking system (AMS). The study was conducted without interfering with the feeding
and management planned by the farm. During both years, the measurements were taken from the
same cows and in the same AMS. For the seven days experimental period, the temperature in the
barn followed the outside temperature (15 and 22°C). The cows were offered a total mixed ration
(TMR) ad libitum (Table 1) in both of the years. In addition to the TMR, cows were offered
concentrate in the AMS based on their daily average milk production. A total of 57 cows were
milked in the AMS, out of which 23 cows were common in both of the years. Among the common
cows, two cows showed abnormal milking behaviour. One cow had just calved and only visited the
AMS for 3 days out of the 7 days measurements. The other cow was visited the AMS once per day
and were treated with lameness. These two cows were therefore excluded from the analysis, which
resulted in 21 studied cows.

Gas measurement

The CH,4 and CO, emissions from the cows were analysed using a continuous gas analyser "Gasmet
DX-4030" based on the Fourier Transformed Infrared Radiation. The inlet filter of the Gasmet was
fitted on the feeding pen of the AMS in order to get the concentrated breath samples from the
individual cows. The breath samples pass through the inlet filter and thereafter through the Gasmet
to determine the concentrations of the CH4 and CO,. The measurements were performed every 15
seconds over 24 hours and 7 consecutive days during milking in the AMS. Each cow was visiting
the AMS at least two times a day (ranging from 1 to 4, average 2.54). Before the first measurement,
the Gasmet was calibrated with standard gases to check the accuracy of the measurements. During
each measurement day, the Gasmet was disconnected from the sampling inlet for 10 minutes to get
the barn concentration of CH; and CO,. This concentration of CH, and CO, was used as a
correction factor for the entire experimental period to get the actual breath concentration of CH, and
CO,. The measurements were remotely monitored via the internet using TeamViewer.
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Calculations

Identification numbers, entrance and exit times of each individual cow were recorded in a computer
connected to the AMS. These data were matched with the breath analysis data from the Gasmet. All
calculations regarding the CH, and CO, emissions from the cows were done according to the CO,-
method (Madsen et al., 2010). The barn concentrations of CO, (495.8 and 625.5 ppm) and CH,4
(23.2 and 25.8 ppm) were obtained during the measurements in 1% and 2™ year, respectively. These
concentrations were subtracted from the exhaled air concentrations of the cows to get the actual
breath concentration of each sample. All values of the corrected CO, below 400 ppm were removed
in order to avoid the influence of the samples containing a very low concentration of CH, and CO..
The ratio between CH, and CO, (CH,4:CO,) was thereafter calculated.

The concentrate intake in the AMS was measured individually on a daily basis while the TMR
intake was considered as herd average. The individual total DMI was calculated by adding the
individually recorded concentrate DMI to the corrected TMR dry matter intake (TMRDMI) using
Equation (1) according to Kristensen and Ingvartsen (2003). The heat production (HP) (watt) of the
cows was calculated following Equation (2), described by CIGR (2002). The excretion of CO,
(I/day) was calculated according to Pedersen et al. (2008), shown in Equation (3). The amount of
CH, (l/day) was calculated as described by Madsen et al. (2010) using Equation (4). Energy
corrected milk (ECM) (kg) was calculated following Equation (5), according to Sjaunja et al.
(1991).

TMRDMI =a+05(b—-c)+d (1)
HP = 5.6 * BW%75 + [(Y *22) + (1.6 * 107> = P3)] 2)
€O, = HPU * 180 * 24 (3)
CHy = COp » ot 4
ECM = Y % (0.383 * milk fat + 0.242 * milk protein + 0.7832)/3.14 (5)
where:

a = average TMR intake;

b = average concentrate intake;

¢ = concentrate intake of the individual cows during the experimental periods;

d = correction factor for the lactation number: d = -1.61 was considered for first lactation and d =
0.39 for the second and subsequent lactations

HP = heat production of the animals

BW?"® = metabolic body weight of the animals

Y =milk yield of the cows
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P = days of pregnancy of the cows

HPU = heat producing unit il
1000

180 = L of CO,/HPU/h

ECM = energy corrected milk

Statistical analyses

Data were analysed with linear mixed models using the Imer function fitted by Restricted maximum
likelihood (REML) from the package "Ime4" (Bates and Sarkar, 2009) using the software R (R
Development Core Team, 2013). An extension package "ImerTest" was used to get the P value
directly from the function Imer (Kuznetsova et al., 2012). Individual daily mean emissions were
considered for the interpretation of the results. The analyses focused on making inference on the
individual variation and repeatability of CH4 production (l/day), CH,4 (I/kg DMI) and CH4 (I/kg
ECM). Models were fitted on yearly subsets of the data. The body weight (BW), dry matter intake
(DMI), energy corrected milk (ECM), parity and days of pregnancy were included as fixed effects
in the primary model fitted with maximum likelihood method (ML). Cow and number of visits to
the AMS were included as random effects. The final model (Equation 6) was confirmed by stepwise
removal of the non-significant variables. The significance of the fixed effects was assessed by F-
ratio test and the random effects by likelihood-ratio tests. The model validations were performed
with analysis of variance (ANOVA) based on the Akaike Information Criterion. The model
residuals were checked for normality by visual inspection of ggplots. The final model is:

yj=,u+X,8j+ij+6j+Cj+£j (6)

Where, y; is the response variable y = [CH,4 I/day, CH,4 I/kg DMI, CH,4 I/kg ECM and CHy4: CO»
ratio] of cows j and p is the overall mean. The fixed effects are the X3; = DMI (kg/day) of cow j;
Yy; = ECM (kg/day) of cow j; §; = parity of cow j; C;= random effect of cow j and ¢; are the
residual errors. Model estimates were extracted using the glht function from the "multcomp”
package (Hothorn et al., 2008). Coefficients of variation of CH4 emissions between-cows (CVpc)
and within cow (CV,,) were calculated from the variance components of the model (Equation 6)
using Equations 7 and 8. The variance components were defined as the individual random effects
(02) and the variance of the random error (c2).

CVpe = 2=*100 (7)
X

CVye = %* 100 (8)

The same model (Equation 6) was fitted to obtain the repeatability (R), calculated as the proportion
of between animals variance with respect to the total variance as:
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&

R = (9)

2 2
oxtog

In order to investigate the phenotypic correlation of individual cows, the differences of CH,
emissions in the two successive years were assessed by using the following model:

yl-j=u+7\i+Xﬁij+Xyij+5j+Cj+eij (10)

Where, 2; is the year of measurement with i = (1:2 years); Xg;; = DMI (kg/day) of year i and cow
J; Yy; = ECM (kg/day) of year i and cow j; §; = parity of for cow j; C;= random effect of cow and
g;; are the residual errors.

Yearly data subsets of the daily mean emissions during milking were considered for visualization of
the diurnal variation of CH,4 production following:

yij=,u+6i+X,8j+ij+5j+Cj+£ij, (11)

where, u is the overall mean; d; = hours of measurements in a day with i = (1:24 hours); Xg; = DMI
(kg/day) of cow j; Yy; = ECM (kg/day) of cow j; &; = parity of cow j; C;= random effect of cow j
and g;; are the residual errors.

Results
Feed intake, milk production and CH4 emission in two years

Means and standard deviations from the 1% and 2" year are shown in Table 2. The body weight
(BW, kg), milk production (kg/day), energy corrected milk (ECM, kg/day) and dry matter intake
(DM, kg/day) was higher during the 2" year compared to the 1% year. The dry matter intake was
19.8 + 0.96 kg/day (mean + s.d.) with a range of 17.5 to 20.6 kg/day during the 1 year, whereas
DMI (kg/day) in the 2™ year was higher 23.1 + 0.78 (mean # s.d.) with a range of 22.5 to 25.3
kg/day. The ECM production during the 1% year was 30.8 + 8.00 kg/day (mean + s.d.), ranged from
18.1 to 48.6, and was lower than the production in the 2" year 33.3+5.33 (mean = s.d.) that ranged
from 25.2 to 47.0 kg/day. A positive correlation was found when the CH, output (I/day) was plotted
according to the ECM (kg/day) (Figure 1a). Moreover, the correlation between the CH,4 outputs
(I/day) and the DMI (kg/day) was positive (Figure 1b). A clear difference of CH4 emission, ECM
production and DMI was observed between the two years. When the CH,4 emissions were expressed
per unit of ECM production, a negative correlation was found between the CH,4 outputs (I/kg ECM)
and the ECM kg/day (Figure 1c). When the amount of CH, (I/kg DMI) was plotted against the DMI
kg (Figure 1d), a positive correlation was observed for the 1* year, whereas the observed correlation
was negative for the 2" year.
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Phenotypic correlation of CH4 emission between two years

When data from the two years are plotted against each other, a fair correlation (r = 0.54) was
observed in the CH,4 emissions between the years (Figure 2a). This correlation was higher (r = 0.70)
when calculated at a standardized ECM production (30 I/day) (Figure 2b). This correlation can be
referred to the phenotypic trait of CH,4 (I/day). A similar correlation was observed for the CH,: CO;
ratio between the years (Figure 2 ¢ and d). The values of the response variables (CH,4 I/day, CH4
I/kg ECM and CH, : CO,) were significantly lower (P < 0.05) in the 1% year compared to the 2"
year. However, the CH,4 (I/kg DMI) was similar in both of the years.

Variation and repeatability of CH, production in two years

The CH,4 emissions along with its variability and repeatability were obtained from the fitted model
(6) using the yearly data subsets (Table 3). The daily emission of CH,4 (l/day, I/kg DMI and I/kg
ECM) were significantly lower (P < 0.05) during the 1% year compared to that of the 2™ year. The
between cows variation of the CH4 emission (l/day, I/kg DMI and I/kg ECM) was lower (CVy,. = 8.8
- 9.1%) than the within cow variation (CVy. = 15.7 - 16.4) during the 1% year. The range of the
variation during the 2" year was narrower (CVpc = 5.9 - 6.1 and CVyc = 8.6 - 9.1) as compared to
the 1% year. Similarly, the variation of the CH4: CO, ratio was lower during the 2" year (CV. = 6.2
and CV,,c = 8.8) as compared to the variation during the 1% year (CVyc = 8.4 and CVy = 15.9).

The repeatability (R) for CH4 emission (I/day, I/kg DMI and I/kg ECM) was lower (0.35 - 0.37)
during the 1% year than during the 2" year (0.40 - 0.41). Likewise, the CH, : CO, ratio was more
repeatable in the 2" year (0.41), as compared to the observed repeatability during the 1% year
(0.34).

Diurnal variation of CH,4 emission

The diurnal variation of CH,4 (I/h) during the two years is shown in Figure 3. During the 2" year,
the diurnal variation indicated a declining emission between 0000 h 0800 h with the lowest
emission at 0800 h. The emission suddenly reached a peak level at 0900 h and continued with the
same magnitude up to 1600 h. The CH,4 output at this time ranged from 24-27 1/h. After 1600 h the
emission rate declined. During the 1% year, a similar pattern was found with a more variable
emission over the time.

When the CH, emission rate (I/h) was aggregated into time intervals (0000 — 0600 h = night; 0601 -
1200 h = morning; 1201 - 1800 h = afternoon, and 1801 - 2359 h = evening), a significant
difference (data were not shown) was found over the 6 hours intervals (P = 0.01) during 2" year.
However, during the 1% year the CH, (I/h) emission rate was not different except for the lower
emission at night (P = 0.02).
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Discussion

The results of this study have an implication in the selection of cows with low CH4 emission for
breeding purpose. For the first time, the CH, emission has been quantified from two different years
for the same cows in a large scale dairy farm providing a similar diet in both years. Data from the
same cows in two years were used to test different aspects of variability in CH4 emission over the
time.

Key source of variation for CH, emission

Concentration of breath samples

The estimation of CH4 emission using breath samples of cows indicates a considerable variation in
the total CH4 emissions. The concentration of the breaths collected by the inlet filter of the
GASMET™ depends on the position of the nose of the animals. More importantly, the
concentration of CH4 depends on whether or not the breaths are coming from the rumen. This study
showed a higher CV of the individual breath concentration (Figure 4a). The same evidence was
described by Haque et al. (2014) in a previous study. The substantial variation in the individual
breath concentrations are the reflection of the normal biological rhythm. In this connection,
Garnsworthy et al. (2012a) stated a certain variation in eructation frequency and that the CH,4
concentration in eructation is correlated with the differences in daily CH4 emissions. Unlike the
respiration chamber technique, the non-invasive methods considered samples which have an
ambient exposure. Hence, some changes in the concentration might occur. The average
concentration of the CO; in breath typically ranges between 30,000 and 50,000 ppm. To get a
typical breath concentration through sampling inlet filter is very rare and is mostly influenced by
the physiology of the animals and the exposure of the breath samples to the ambient air. However,
trapping 2 to 3% of breath samples through the sampling device was mentioned to be sufficient for
a precise estimation of CH,4 emission in animals (Madsen et al., 2010). In terms of variation, the
individual breath concentration shows very large fluctuations, which make it improper for CH,
estimation. As shown in Figure 4, the coefficient of variation gradually decreased when the visit
average (Figure 4b) or day average (Figure 4c) was considered. Therefore, in order to be precise in
the CH, estimation through the breath sample analysis, it is important to consider the mean of
several individual samples such as emission rate per visit or per day.

Dry matter intake and ECM production

Most of the studies agreed that DMI is the key factor of daily CH,4 output (Blaxter and Clapperton,
1965, Johnson and Johnson, 1995, Grainger et al., 2007) which is secondly being determined by the
diet digestibility (Blaxter and Clapperton, 1965, Johnson and Johnson, 1995) and the amount of
concentrate or lipid supplement (Beauchemin, 2009). In this study, the DMI and ECM had a
significant influence on CH, yield during both years. The effect was very likely because the
increased amount of DMI was mediated with the increased of body mass and ECM production.
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Therefore, under a commercial farming situation, where recording individual DMI is rare, the ECM
can be used to explain the variation of CH4 production. Higher ECM production and DMI in the 2™
year resulted in significantly (P < 0.05) higher CH, (l/day). The CH, (I/kg DMI) was similar in both
years, which supports the fact that more CHy, is released at a higher DMI. In this connection, Boadi
and Wittenberg (2002) also mentioned that 64% of the variation in CH,4 production is explained by
the DMI. The results of this study are also in line with several recent findings where the diet effects
were investigated on the CH,4 emissions (Beauchemin, 2009, Doreau et al., 2011). In addition,
Grainger et al. (2007) and Garnsworthy et al. (2012b) described similar results where DMI was
mentioned as the primary determinant of CH, production. Moreover, the negative correlation
between CH,4 (I/lkg ECM) and amount of ECM (kg/day) in this study supports previously described
results (Tamminga et al., 2007).

Levels of variation

In a typical feed evaluation study using a respiration chamber, the animal variation of CHy,
production is minimized by a fixed amount of feed provided to the animals. Nevertheless, a
significant variation between the animals remained. A large scale on farm CH, measurement study
(Garnsworthy et al., 2012b) indicated a within cow variation of 23% (CV), which is well above the
between cow variation of 6%. Based on the same data and using a mixed effect, the latter showed a
larger within cow variation (15%) compared to between cow variations (8%). Between animals
variation of 26.6% and 25.3% have been reported for dairy and beef heifers with an ad libitum and
restricted feeding, respectively (Boadi and Wittenberg, 2002).

Blaxter and Clapperton (1965) analysed the results of 23 investigations in which sheep were offered
the same amount of the same diet and of other 30 investigations in which the intake was scaled
according to the BW. In both analyses the reported CV in CH4 emission were 7 to 8% between-
animal and 5 to 7% within-animal. A wider range of between animals variability in CH4 output was
reported in some studies where feed was offered ad libitum. Results of 16 calorimetric studies in
dairy cows showed a wider range of coefficients of variation (3 to 34 %) for the CH, output. The
large range of DMI was put forward as the main reason for the large variation in CH4 emissions
(Ellis et al., 2010). Using respiration chamber and SFe tracer technique to measure the CH, output
from lactation dairy cows fed ad libitum, Grainger et al. (2007) reported variability of 19.6% for
SFe techniques and of 17.8 % for the chamber techniques. A study conducted by Vlaming et al.
(2008) with four non-lactating dairy cows fed two different diets, which used the SFs technique
indicated a variance within and between cows of 6.91 and 6.23% in one diet and of 10.09 and
27.79% in another diet, respectively.

In the current study, the observed variation in the CH, (I/day) emissions between cows (5.9 — 8.8%)
in two years is much lower than those reported by Bell et al. (2014), Grainger et al. (2007) and Ellis
et al. (2010), and greater than those reported by Vlaming et al. (2008) and Garnsworthy et al.
(2012b). In the present study, the within cow variation in CH,4 (l/day) ranged between 8.6 - 15.5%
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in two years. This is considerably narrower than what has been reported earlier (Grainger et al.,
2007, Garnsworthy et al., 2012b).

Compared to the standard respiration chamber (Blaxter and Clapperton, 1965), the current study
resulted in similar levels of variations between cows and slightly higher variation within cow.
Moreover, the variation in the CH,4 emissions observed in this study was less than the variation
reported using the SFg technique (Grainger et al., 2007). The slightly wider range of within cow
variation reported in this study might be linked to the greater range of individual DMI and ECM
production, which are assumed to be the key determinant of CH, production.

Repeatability and phenotypic relation of CH, output in two years

Repeatability expresses the total variation that is reproducible among the repeated measures of the
same subject (Nakagawa and Schielzeth, 2010). In this study, the repeatability of CH,4 (l/day)
emission was 0.36 and 0.41 during the 1* and 2nd years, respectively. During the 1% year, the
repeatability of CH, emission was slightly lower presumably because of the higher within cow
variation. This is in line with earlier findings for dairy cows and sheep (Vlaming et al., 2008,
Pinares-Patino et al., 2013). The repeatability of the CH,4 : CO, ratio in Holstein and Jersey cows
was 0.37 and 0.33, respectively, which is considered to be a better measure of the CH,4 production
than raw measures of CH,4 (Lassen et al., 2012). Contrary to the present study, Pinares-Patifio et al.
(2011) reported a very low repeatability (0.16) in sheep where the CH,; was measured using
chamber technique to rank the animals according to their emission rate. The repeatability was
mentioned to be the upper boundary of the heritability of a particular trait (Lassen et al., 2012). In
this connection, it can be presumed that, the level of repeatability in this study would be a better
indicator for selecting animals with low CH4 emission.

A substantial variation in CH4 (I/day) emission was observed among the individual cows over the
two years. This variation was probably caused by the difference in the DMI and ECM between the
two years. However, at a standardized ECM production, the CH, emission was strongly correlated
between two years. This correlation can be referred to the phenotypic trait of CH,4 (l/day) which is
probably related with genetic variation, i.e. the heritability of CH,4 production of the animals,
previously been mentioned by Pinares-Patino et al. (2013). The same author stated that even after
adjustment for feed intake or ECM the trait will be repeatable. The observed phenotypic correlation
of CH4 emission of the individual cows in the current study could be considered in CH4 mitigation
strategies, by selecting cows with low CH,4 emission during the breeding process. Finally, it should
be acknowledged that when dealing with large number of animals for CH, measurements, there will
always be some individuals (Figure 2b) different from others due to oestrus, lameness or any other
problems which affect the normal feed intake physiology, body activity and metabolism and
consequently the gas emission. This should therefore always be taken into consideration.
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Diurnal variation

The variation of CH,4 emission (I/h) showed a very distinct diurnal pattern that is identical to the
results described by Garnsworthy et al. (2012b). Moreover, the diurnal variation using chamber
technique at the individual cow level was similar to Grainger et al. (2007). Some other methods of
CH, estimation such as poly-tunnels grazing animals (Lockyer, 1997) and point source dispersion in
grazing animals (McGinn et al., 2011) showed a comparable diurnal pattern. The diurnal variation
is most likely linked with the animal behaviour, digestive physiology and ambient condition
(Garnsworthy et al., 2012b), especially feeding behaviour. In the current study, although feed was
always available to the cows, the daily allocation of feed was done at around 0700 h, which might
lead to a synchronized feeding behaviour at a specific time. However, the milking time was very
different for every cow in automatic milking system where milking was done throughout 24 - h for
all cows. Therefore, the diurnal pattern might be more correlated with the time of feeding than with
the milking time. The influence of milking time could be considered for other methods where
milking is performed e.g. twice a day at a fixed time.

Conclusions

On herd average basis the daily CH,4 emission was significantly higher the second year due to a
higher DM intake. The CH, emission per kg DMI was similar in the two years. The study indicates
that the key factor of the variation in CH,4 output is the DMI which can also be described by the
ECM production. When measuring for short period of time as, e.g. a visit in the AMS or a single
day, the variation in CH,4 (I/day) emission between cows was lower than within cow. The diurnal
pattern of CH, (I/h) production was probably influenced by the feeding behaviour of the cows and
was lowest from 0000 to 0800 h. The repeatability of daily CH,4 output (I/day) ranged from 0.36 -
0.41 in the two years. Individual cow variation in seven days average shows a strong positive
phenotypic relation, especially when the CH,4 production is standardized using ECM in both years.
This between years phenotypic relation for individual cows show a potential opportunity for
selection of cows with low CH4 emission.
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Table 1 Feed allocation per cow and nutrient composition of the diet in two years.

Ingredients 1% year 2" year
Total mixed ration (TMR, DM, Kg/day)
Rapeseed cake 1.6 1.3
Soybean decorticated 1.4 1.0
Clover grass silage 3.4 2.9
Maize silage 9.0 10.7
Ryegrass straw 0.6 1.4
Urea - 0.1
Beet pulp - 0.9
Vitamin mineral premix 0.2 0.2
Concentrate supplied in AMS (DM, Kg/day)
Concentrate 4.0 4.2
Nutrient Intake
Energy (MJ/kg DM) 7.6 6.3
NE (MJ/d) 153.0 146.0
AAT (g/MJ) 13.0 16.0
PBV (g/kg DM) 5.0 8.0
Fatty acid (g/kg DM) 35.0 28.0
NDF (g/kg DM) - 342.1
Starch (g/kg DM) 212.3 199.1
Calcium total (g/d) 147.0 143.0
Total phosphorus (g/d) 84.6 78.3
Magnesium total (g/d) 58.2 56.0

"Nutrient and energy value was calculated using the Danish feed stuffs table (Mgller et al., 2000);
“Calculated according to The Nordic feed evaluation system (NorFor, 2011).
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Table 2 Body weight, milk production and feed intake of the cows during two years of

measurement.

Parameters 1% year 2" year
BW (kg) 619.9+14.2 640.0£8.0
Milk yield (kg/day) 29.1+6.5 33.416.0
ECM (kg/day) 30.848.0 33.745.3
TMRI (DM, kg/day) 15.8+0.5 18.9+0.5
Cl (DM, kg/day) 4.0£1.0 4.2+1.6
DMI (kg/day) 19.8+1.0 23.1+0.8

Values indicated arithmetic means and standard deviation [mean + s.d.]

BW = body weight;

ECM = energy corrected milk;
TMRI = total mixed ration intake;
CI = concentrate intake;

DMI = dry matter intake.

Table 3 Variation and repeatability of the CH,4 production of the cows during two years.

Parameters 1% year 2" year
Estimates’  CVic CVwe R  Estimates’ CVi,c CVue R
(%) (%) (%) (%)
CH, (I/day) 445.50 8.80 15.67 0.36 569.88 5.88 8.60 0.41
CH, (I/kg DMI)  23.73 9.12 1570 037  23.70 6.01 857 041
CH, (/kg ECM) 14.86 896 1636 035  17.10 6.10 9.05  0.40
Ratio 0.08 8.38 1594 0.34 0.09 6.22 8.78 0.41

L estimates from the model:

CVy. = coefficient of variation between cow variation;

CV..c = coefficient of variation within cow variation;
R = Repeatability.
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Figure. 1 Regression analysis of CH4 emission based on ECM and DMI of individual cows in two
years.
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CHy (Lid) during 2nd year
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Figure. 2 Methane production and CH,4:CO; ratio of the individual cows in two years. The
Figures shown on the right hand side (b and d) use the data corrected for ECM and
expressed at a standardized ECM production (30 L/d).
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Figure. 3 Diurnal variation of CH, release (L/h) during the two years of measurements.

123



Chapter 7

2000 CHsLid Indi\:ridual observation

- U

1500 4

L]
q-“'-
3.

1000 1

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420
No. of chservations

1200

000 gx:cc:: 1220'_'?‘ ?; Average per visit (b)
500 -
500 -
400 -
200
o
oo 1 2 3 4 5 5] T 8 9 10 N 12 13 14 15 16 AiA7 N‘g. ﬂ?%ﬂ% M
CVgc=7.3%
1000 CVuwc=86% Average per day (c)
500
500 -
400 -
200 -
0
1200 — ! : 3 4 s Days of g‘leasuremeﬂ?s
1000 — CV=10.2 % Average per period for individual cow (d)

1 2 3 4 5 B 7 B 9 10 1 12 13 14 15 16 17 18 19 20 2
Cows

Figure. 4 Sources of variation during the breath samples measurements.(a) Individual
breath concentration of CH, for a single cow, where the broken lines separate the visits to
the AMS; (b) Average per visit of a single cow; (c) Average per day of a single cow; (d)
Average emission of the 21 cows for the experimental period (7 days). The error bars
indicate the standard error (£SE). .

124



	Lamb article_Najmul_2014.pdf
	Development of methane emission from lambs fed milk replacer and cream for a prolonged period
	1 Introduction
	2 Material and methods
	2.1 Animals, housing and feeding
	2.2 Sampling and analysis of feed samples
	2.3 Sampling and microbial analysis
	2.4 Installation and gas measurement
	2.5 Calculation
	2.6 Statistical analyses

	3 Results
	3.1 Body weight and dry matter intake
	3.2 Methane production
	3.3 CH4 and CO2 ratio (CH4:CO2) after changing the diet
	3.4 Methanogens and morphology of rumen wall

	4 Discussion
	4.1 Feed intake and daily weight gain
	4.2 Breath sampling and methane estimation
	4.3 Long-term dietary impact on methane emission
	4.4 Rumen morphology and ruminal microbial biodiversity
	4.5 Response of lambs to the fibrous feed

	5 Conclusions
	Conflict of interest
	Acknowledgements
	References


	Paper II_Thesis.pdf
	Estimation of methane emission using the CO2 method from dairy cows fed concentrate with different carbohydrate...
	Introduction
	Materials and methods
	Experimental design, animals and housing
	Diets, experimental period and feeding
	Gas measurement
	Sampling and analysis of feed samples
	Calculations
	Statistical analyses

	Results
	Dry matter intake and milk production
	CH4:CO2 ratio and methane emission
	Precision of the CH4 estimates

	Discussion
	Breath sample measurement
	Methane production
	Precision of the CH4 estimates
	Accuracy of the methane production

	Conclusions
	Conflict of interest statement
	Acknowledgements
	References





