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ABSTRACT

Pinares Patiiio, César S. 2000. Methane emission from forage-fed sheep, a study of
variation between animals. PhD Thesis, Institute of Veterinary, Animal and

Biomedical Sciences, Massey University, Palmerston North, New Zealand.

Rumen methanogenesis represents a loss of between 2 to 15% of the energy intake by the
animal, and methane (CH,) has a role in the global warming phenomenon. Thus, any
reduction of ruminant CH, emission would have both environmental and nutritional benefits.
The development of cost-effective strategies to mitigate ruminant CH, without causing a
negative impact on animal production, especially for systems based on forages, is a major
challenge. Large between-sheep (within a breed) variations in CH, emission, under controlled
and grazing conditions, have been described in the literature (Chapter 1). This thesis studied
the nature and causes of the between-sheep variation in CH4 emission, with the objective of
using it as a tool to reduce CH4 emission. The sulphur hexafluoride (SFs) tracer technique was
used to measure CH4 emission throughout this study, therefore three trials were conducted
with penned sheep in order to evaluate this technique against the standard respiration chamber
(Chapter 2). Poor ventilation in the building and prolonged in rumen deployment of the SF
permeation tubes were identified as reasons for poor agreement between the techniques in the
initial trials. However, when these problems had been overcome, good agreement (r=0.79,
p=0.02) between the techniques was found, with the tracer CH, values being 10% lower than
the chamber values. The tracer technique was then used to screen grazing sheep for their rates
of CH, emission, and three groups of sheep (8, 10 and 8 animals), each comprising sheep with
low or high CH, emissions, were selected, and their CH,4 emissions were monitored during 12,
12 and 5 months, respectively (Chapter 3). This study showed that sheep did not maintain
their rankings with respect to CH, emission when they were brought from pasture to restricted
indoor feeding conditions. However, they did maintain their rankings under generous grazing
conditions, although the persistence of rankings weakened with time. A detailed study of
rumen digestion (Chapter 4) was carried out with sheep fed indoors on luceme hay at a
restricted level (1.2 maintenance). This study revealed that particulate fractional outflow rate
from the rumen (particulate FOR, % h') explained a large proportion (R>=0.57) of the
between-animal variation in CH, emission (%GEI). In addition to the negative relationship to
CH, emission (%GEI), particulate FOR was negatively correlated with rumen fill (g) (r=-
0.69, p=0.03) and with digestibility of cellulose (r=-0.65, p=0.04). Based on the latter results,
a simple field index for screening grazing sheep for rumen particulate FOR or rumen volume,
based on changes in liveweight, was tested (Experiment 1, Chapter 5). LW change during

short-term grazing, following ovemight fasting, was strongly correlated with maximum
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rumen fill (determined at the end of evening grazing). This index was used to screen sheep
and to select 10 sheep with ‘small’ rumen volumes and 10 sheep with ‘large’ rumen volumes.
However, this index was not repeatable in subsequent measurements (Experiment 2, Chapter
5). In a later study (Chapter 6), sheep (6 animals) and alpaca (6 animals), two animal species
with known differences in forestomach particulate FOR (lower in alpaca), were successively
fed ad libitum on three different forages: (1) indoors on chaffed luceme hay, (2) grazed on
ryegrass/white clover pasture (RG/WC), and (3) grazed on Lotus corniculatus pasture (Lotus).
In general, the quality of diets selected by the sheep, their voluntary feed intakes (per kg
metabolic liveweight) and their CH, emissions (g d') were higher than those of alpaca, but
their CH, emissions per unit of intake (%GEI) were lower than those of alpaca. On lucemne
hay, the digestibility of cell walls was higher and the urinary energy loss lower in alpaca than
in sheep. The sheep produced much less CH4 (%GEI) while grazing on Lotus than on the
other feeds, whereas alpaca grazing Lotus showed low values for apparent digestion of cell

walls.

In conclusion, this thesis showed that particulate FOR, an animal-related factor, was a major
contributor to the between-sheep variation in CH, emission (%GEI) and particulate FOR was
also suggested to be the underlying mechanism by which alpaca and sheep differed in their
rates of CHy4 emission (%GEI). Sheep ranked initially low or high for CH, emission rates
(%GEI) persisted in their rankings only under generous grazing conditions and this
persistence weakened with time. Changes in diet selection or particulate FOR in response to
the seasonal changes in pasture quality and composition may have been the reasons for the
weakened persistence in CH, emission. Future developments in techniques which can
measure between-sheep differences in particulate FOR or rumen volume with large numbers
of animals under grazing will be useful in the assessment of the benefits of these animal
factors for CH, mitigation. The depressing effect of Lotus corniculatus on CH4 emissions by
sheep shown in this study represents another benefit of condensed tannin-containing

temperate legumes for sustainable pastoral production systems.



iti
ACKNOWLEDGEMENTS

I would like to express my especial thanks to Professor Colin Holmes and Professor
Tom Barry, my supervisors in the Institute of Veterinary, Animal and Biomedical
Sciences, College of Sciences, Massey University. Their guidance, patience and
constant encouragement throughout this study are greatly appreciated.

I am deeply grateful to Dr. Marc Ulyatt, my supervisor at AgResearch Grasslands,
Palmerston North, for his guidance and support during my studies.

I would like to express my sincere gratitude to Dr. Garry Waghorn, AgResearch
Grasslands, Palmerston North, for his friendship and constant help in the logistic and
technical problems encountered during my studies.

The prompt attention of Dr. Keith Lassey from the National Institute of Water and
Atmospheric Research (NIWA), Wellington, in the matters related to the SF¢ tracer
technique is acknowledged. I would like to thank Dr. M. Tavendale (AgResearch
Grasslands) for his time devoted to the analysis of gas samples.

I also give my thanks to Drs. Keith Joblin, Warren McNabb, Julian Lee and Terry
Knight from AgResearch Grasslands, for their support and encouragement.

Mr. D. Corson, Ms. W. Martin and Mr. G. Naylor (AgResearch Grasslands) assisted
in the wet chemistry analysis, NIRS and protozoa counting, respectively. The
assistance of Mr. J. Peters (AgResearch Grasslands) in providing laboratory facilities
1s thanked.

The assistance of Mr. J. Purchas (Massey University) and Mr. D. Shelton
(AgResearch Grasslands) in the handling of the experimental animals are appreciated.

I am very grateful to AgResearch Grasslands, Palmerston North, for the research
facilities provided for most of this study. I extend my acknowledgements to all the
staff who assisted me in various ways.

The personnel of Nutrition and Physiology Laboratories, Massey University are
acknowledged for their assistance in the analysis of volatile fatty acids and purine
derivatives.

[ am deeply grateful to our friends from the Catholic community of Palmerston North
for their constant support for the wellbeing of my family.

Joyce and Arthur Worboys, our tireless friends are thanked for their enormous
support.

The New Zealand Overseas Development Assistance (NZODA) Programme provided
a scholarship to support my PhD studies. I am very grateful for that.



iv

AGRADECIMIENTOS

Esta tesis es dedicada a la memoria de mis queridos padres, Emilio Pinares y Aurelia
Patifio, quienes dado sus limitados recursos econdmicos, hicieron un enorme
sacrificio para brindarmos a sus hijos las necesidades basicas e inculcarnos las buenas
modales y la unidad familiar. En vida, ellos estaban orgullosos de que al menos uno
de sus tantos hijos (7) habia alcanzado la universidad y estarian mucho mas

orgullosos ahora con este nuevo grado.

Doy mi sinceras gracias a mis hermanos Martha, Zoraida, Agustin, Flora, Moisés y
Heriberto, quienes siempre estuvieron preocupados por el bienestar de mi familia y el
mio. Tambien extiendo mis agradecimientos para los miembros de sus familias y

deseo que siempre estemos unidos.

Mientras estuve fuera de Peru siempre vivi con los recuerdos de mi nifiez en mi
pequefio pueblo, Pairaca (Chalhuanca, Peru). Alli aprendi el idioma quechua y conoci
el sofistificado y eficiente sistema agrario. Gracias mi querido pueblo y queridos
paisanos (la mayoria ya no en vida) por este privilegio. Debo de agradecer a las
personas con quienes comparti mas mis vivencias en este pueblo, en especial a mis
primeros maestros: Luisa Cabrera de Molina, Maximo Jimenez y mi padrino César
Roman. De igual modo, mi gratitud a mis primos Alexander Mesias Pinares, Rafaél
Segovia y Pedro Pinares, por su nobleza y don de servicio. Muchas gracias a mi

hermana Zoraida por hacernos sentir mucho mas felices cuando visitamos Pairaca.

Aprovecho estas lineas para agradecer a mis amigos y ex-colegas de la Universidad
Nacional Agraria La Molina (Lima, Peru), en especial a los Ings. Alberto Pumayalla

(Q.E.P.D.) y Guillermo Aguirre por su sinceridad y gran amistad.

Finalmente, esta tesis es dedicada a lo mas preciado que tengo, mi esposa Alicia y
mis hijos Paulo César, Shaina y Sumak Milagro. Mucho de este tiempo en Nueva

Zelandia no estuve en casa con ellos. Les pido disculpas y comprension por ello.



TABLE OF CONTENTS

Page
INTRODUCTION 1
REFERENCES 3
Chapter 1
Review of Literature 5
1.1 INTRODUCTION 6
1.2 METHANE EMISSION FROM RUMINANTS AND GLOBAL WARMING 6
1.2.1 Global warming, greenhouse gases and New Zealand’s share 6

1.3 METHANOGENESIS; AN INTEGRATED PART IN THE DIGESTION PROCESS 11

1.3.1 Feed digestion in the rumen, methanogenesis the last step 11
1.3.1.1 The process of microbial fermentation 11
1.3.1.2 Stoichiometry of VFA production 14
1.3.1.3 Microbial growth and fermentation 15
1.3.2 Methanogens and rumen methanogenesis 18
1.3.2.1 Evolution of methanogenesis and taxonomy of methanogens 18
1.3.2.1.1 Evolution of methanogenesis 18
1.3.2.1.2 Major characteristics and taxonomy of methanogens 18
1.3.2.2 The H, + CO, pathway of methane production 20

1.3.2.3 The inter-species H; transfer and role of H, in methanogenesis control 22

1.3.2.3.1 Inter-species hydrogen transfer 22
1.3.2.3.2 Role of H; in control of rumen methanogenesis 24
1.3.3 Fermentation in the hindgut and methanogenesis 25
1.4 CONTROL OF METHANOGENESIS IN THE RUMEN 26
1.4.1 Interventions by ration manipulation 26
1.4.1.1 Level of feeding, forage to concentrate ratio and type of concentrate 26
1.4.1.2 Forage species and type of forages 29
1.4.1.3 Physical treatment of forages 30
1.4.1.4 Chemical treatment of forages 30
1.4.2 Interventions by the use of additives with feed 31

1.4.2.1 Halogenated methane analogues and other compounds 31



1.4.2.2 Ionophores

1.4.2.3 Organic and inorganic subtances as alternative H; acceptors
1.4.2.4 Lipids

1.4.3 Biotechnological interventions

1.4.3.1 Microbial feed additives

1.4.3.2 Defaunation

1.4.3 3 Introduction of reductive acetogenesis in the rumen

1.4.3.4 Reducing animal’s maintenance energy requirements

1.4.4 Production system interventions

1.4.4.1 Feeding intensity

1.4.4.2 Strategic supplementation of ruminants fed on poor quality forages
1.4.4.3 Matching ruminant species to agro-ecological niches
1.4.4.4 Environment control

1.4.4.5 Using the between- and within-species variation in methanogenesis

1.5 TECHNIQUES FOR MEASUREMENT OF METHANE PRODUCTION ON
INDIVIDUAL ANIMALS

1.5.1 Enclosure techniques

1.5.1.1 Total enclosure of animal
1.5.1.2 Masks and hoods

1.5.2 Tracer techniques

1.5.2.1 Isotopic methods

1.5.2.2 Non-isotopic methods
1.5.2.2.1 The SF¢ bolus technique
1.5.2.2.2 The C,H, infusion technique
1.5.3 Indirect methods

1.5.3.1 From VFA production

1.5.3.2 From feed characteristcs

1.6 CONCLUSIONS AND NEEDS FOR RESEARCH
1.7 REFERENCES

31
32
33
34
34
35
37
38
38
39
40
41
42
42

44
44
44
45
47
47
48
48
50
51
51
52
53
55

vi



vil

Chapter 2

Evaluation of the sulphur hexafluoride (SF) tracer technique for the

measurement of methane emission from sheep 72
2.1 ABSTRACT 73
2.2 INTRODUCTION 74
2.3 MATERIALS AND METHODS 75
2.3.1 Experimental design and animals 75
2.3.2 Feeds and feeding 76
2.3.3 The CH,; measurements 79
2.3.3.1 By open-circuit respiration chambers (‘calorimetric’) 79
2.3.3.2 By the SF tracer technique (‘tracer’) 79

2.3.3.3 By application of the SF¢ technique’s principles on gases collected from
calorimetry chambers (‘modified-tracer’) 81
2.3.4 Data calculation and analysis 83
2.4 RESULTS 84
2.4.1 ‘Tracer’ versus ‘calorimetric’ CH, emission values 84

2.4.2 ‘Calorimetric’ versus ‘modified-tracer’ (‘mod.-tracer, known PR’ and
‘mod.-tracer, measured PR’) CH, emission values 87

2.4.3 Permeation rates (PR) of SF¢ from permeation tubes: relationships between

the ‘known’, in chamber ‘measured’ and the ‘post-recovery’ PR. 89
2.5 DISCUSSION 92
2.6 REFERENCES 96
2.7 APPENDICES 98
Chapter 3
Persistence of the between-sheep variation in methane emission 101
3.1 ABSTRACT 102
3.2 INTRODUCTION 103
3.3 MATERIALS AND METHODS 104
3.3.1 Experimental design and animals 104
3.3.2 Feeds and feeding 109
3.3.3 The methane measurements 109
3.3.3.1 The SF tracer technique 109
3.3.3.2 The open-circuit respiration chambers 110

3.3.4 Feed intake, feed digestibility and laboratory analysis 110



viit

3.3.5 Statistical analyses 112

3.4 RESULTS 113
3.4.1 Feed quality, feed intake and sheep liveweight 113
3.4.2 Between-sheep variation in CH4 emission 116
3.4.3 CH, emission and pattern of persistence 116

3.4.4 The acetate/propionate (A/P) ratio in rumen fluid and CH,4 emission in sheep

group 3 122
3.5 DISCUSSION 122
3.6 REFERENCES 124

Chapter 4
Some rumen digestion characteristics related to methane emission in sheep 127
4.1 ABSTRACT 128
4.2 INTRODUCTION 129
4.3 MATERIALS AND METHODS 130
4.3.1 Experimental design 130
4.3.2 Animals 130
4.3.3 Feed and feeding 130
4.3.4 Fluid marker infusion procedure 132
4.3.5 Sample collection procedures 132
4.3.5.1 Balance period 132
4.3.5.2 Bailing of rumen contents 132
4.3.5.3 CH, measurements 133
4.3.6 Laboratory methods 133
4.3.7 Calculations 135
4.3.7.1 The fractional outflow rate (FOR) and mean retention time (MRT) in the
rumen 135
4.3.7.2 Apparent mean retention time (AMRT) in the rumen 136
4.3.7.3 Rumen fill 136
4.3.7.4 Digesta particle size distribution and modulus of fineness 136
4.3.7.5 Microbial nitrogen supply 136
4 .3.8 Statistical analysis 137
4.4 RESULTS 138

4.4.1 Daily feed intake and apparent digestibility 138



4.4.2 Energy and nitrogen balances, and microbial N yield

4.4.3 Rumen ferentation parameters and protozoa count.

4.4.4 Rumen fill, pool sizes and particle size distribution

4.4.5 Rumen digestion kinetics

4.4.6 CH,4 emission rates

4.4.7 Relationships between the CH, emission and the rumen digestion variables
4.5 DISCUSSION
4.6 REFERENCES

Chapter 5

Validity of liveweight change under short-term grazing as an index of rumen
volume, and a study of its effect upon methane emission in sheep

5.1 ABSTRACT
5.2 INTRODUCTION
5.3 MATERIALS AND METHODS
5.3.1 Experimental design
5.3.2 Methodology
5.3.2.1 Experiment 1
5.3.2.2 Experiment 2
5.3.2.2.1 Grazing trials and repeatability of ALwGraz measurements
5.3.2.2.2 The indoors trial
5.3.3 Statistical analysis
5.3.3.1 Experiment 1
5.3.3.2 Experiment 2
5.4 RESULTS
5.4.1 Experiment 1
5.4.2 Experiment 2
5.4.2.1 Repeatability of the ALwGraz measurements
5.4.2.2 Indoors trial
5.5 DISCUSSION
5.6 REFERENCES

ix

138
139
140
141
142
143
145
149

153
154
155
156
156
159
159
160
160
161
163
163
163
164
164
167
167
168
171
174



Chapter 6
Methane emission by alpaca and sheep fed on lucerne hay or grazed on pastures
of ryegrass/white clover or birdsfoot trefoil 176
6.1 ABSTRACT 177
6.2 INTRODUCTION 178
6.3 MATERIALS AND METHODS 178
6.3.1 Experimental design 178
6.3.2 Animals 179
6.3.3 Forages and feeding management 181
6.3.3.1 Experiment 1: Fed indoors on luceme hay 181
6.3.3.2 Experiment 2: Grazing on ryegrass/white clover pasture (RG/WC) 181
6.3.3.3 Experiment 3: Grazing on birdsfoot trefoil pasture (Lotus) 181
6.3.4 Measurements and sample collection procedures 182
6.3.4.1 Experiment 1: Fed indoors on lucerne hay 182
6.3.4.2 Experiments 2 (grazing on RG/WC) and 3 (grazing on Lotus) 183
6.3.5 Laboratory methods 184
6.3.6 Data calculation and statistical analysis 185
6.4 RESULTS 186
6.4.1 Experiment 1: Fed indoors on lucerne hay 186
6.4.2 Experiment 2: Grazing on ryegrass/white clover pasture (RG/WC) 190
6.4.3 Experiment 3: Grazing on birdsfoot trefoil pasture (Lotus) 192
6.5 DISCUSSION 193
6.5.1 Diet selection 193
6.5.2 Voluntary feed intake (VFI) 194
6.5.3 CH, emission, volatile fatty acid (VFA) and protozoa concentrations 196

6.5.4 Feed digestibility, water intake, energy and N balances, and microbial yield,
measured only in Experiment 1 (indoors on luceme hay) 201

6.6 REFERENCES 202



Chapter 7
General Discussion
7.1 INTRODUCTION

7.2 THE SULPHUR HEXAFLUORIDE (SF¢) TRACER TECHNIQUE FOR CH,4
MEASUREMENT IN SHEEP

7.3 BETWEEN-SHEEP VARIATION IN CH, EMISSION AND PERSISTENCE OF
RANKINGS FOR RATE OF CH, EMISSION

7.4 THE EFFECT OF RUMEN PARTICULATE FRACTIONAL OUTFLOW RATE
(Particulate FOR) ON BETWEEN-SHEEP VARIATION IN CH, EMISSION AND
ROLE IN CH4 MITIGATION

7.5 THE ROLE OF Lotus corniculatus IN CHy MITIGATION
7.6 REFERENCES

X1

208
209

210

214

215

219
221



X1l

LIST OF TABLES
Page

Table 1.1 Atmospheric concentration and its current annual growth rates, lifetime, radiative
forcing and global warming potential (GWP) of the major greenhouse gases and

other group's representative gases (from: IPPC, 1996). .........cccccvviriiiriinicinenncne. 8
Table 1.2 Anthropogenic CH, emission (Gg = gigagrams, 10° g) in New Zealand, 1990-1996
(Source: UNFCCGC, 1999). ..ottt e 11
Table 2.1 Animal and experimental conditions during the trials (T3, T;; and Tj3)................. 77

Table 2.2 Definition of keywords used in the explanation of methodology of CH,
ITICASUTEITIETIES. ...ceiiteeiiiiiitieittee ettt et e e eeeeesaaiatb s be sttt e eaaateesaabaeeeeeeeanbteenasbbeeeaeesansnenes 83

Table 2.3 Mean (+ standard error) and coefficient of variation (CV’) of daily CH, emission (g
animal” and g kg' DMI) as measured by the SF¢ tracer technique (‘tracer’, in
digestibility crates) and by the calorimetry chamber (‘calorimetric’) and test of the
difference of their means. (n=total number of observations). ..............ccccceeeveeeunne... 85

Table 2.4 Correlation coefficients’ between mean’ CH, emissions (g animal” or g kg DMI)
measured by the SF tracer technique (‘tracer’), the calorimetry chamber technique
(‘calorimetric’) and by the ‘modified-tracer’ procedures’ (‘mod.-tracer, known PR’
and ‘mod.-tracer, measured PR’) (blank cells, not determined®)..................cocc..... 86

Table 2.5 Mean (+ standard error) and coefficient of variation (CV’) of CH, emission (g
animal") determined by the ‘modified-tracer’ procedures’ (‘mod.-tracer, known
PR’ and ‘mod.-tracer, measured PR’) and by the calorimetry chamber technique
(‘calorimetric’), and tests of difference of their mean values. (n= total number of
ODSEIVALIONS). ..euviiiieeiieeeiitee ettt e etaetetee e eae seeteeeeasaeeeeeeseesseeessnnaesssaeesssaees sennaeeeennns 88

Table 2.6 Mean (+ standard error) values of the ‘known’, the in chamber ‘measured’ and the
‘post-recovery’ permeation rates (PR) of SFe from permeation tubes’ used in each
trial and tests of difference between their means. All values (except column (2)-(3))
expressed as percent of the ‘known’ PR (100%). (n=number of permeation tubes).

Table 2.7 Correlation coefficients’ between the ‘known’, the in chamber ‘measured’ and the
‘post-recovery’ permeation rates (PRs) of SF¢ from permeation tubes deployed in
trials?. Cells in blank, not determNed. ...........covevevreeeeeeeeeeeeeeeeeeeeeeeseeseresereeeeeeas 91

Table 2.8 Expected (from Blaxter and Clapperton, 1965) and measured CH,4 emission values
(% gross energy intake, 0GEI). .........ccocoiiiiiiiiii e 93

Table 2.9 Features of the ‘old’ permeation tubes existing in sheep at 08/01/97 (a day before
the ‘new’ tubes’ insertion) when one-day exhaled gases were sampled at grazing for
SF¢ and CH4 concentrations measurement, and the CH4 emission (g/kg DMI) in
trial T;; by sheep No. 116 and 125, which ‘old’ tubes were dead (i.e. zero SF¢ at
OB/01/97). ettt sttt ettt 99

Table 3.1 Animal and feeding conditions and the number of days and techniques involved in
the methane measurements in each trial (T) with the three groups of sheep (1, 2 and
K ) TSP 107

Table 3.2 Chemical composition (g kg' DM) of sheep’s diet during each trial as determined
by near-infrared reflectance (NIR). ........cccooieiiiiiiiiiiiiiieie e 113



xiii

Table 3.3 Mean’ (x s.e.) liveweight (LW, kg head™), daily feed gross energy intake (MJ GE
kg®”®) and apparent digestibility of energy (%) for CH, emission subgroups (low
and high) and trials (T) within each of the three groups of sheep. (n=number of
ODSETVALIONS®). ..ottt et s e eee e eeseseeseseesen s s seesaseeesseseeaseneeees 115

Table 3.4 Between-sheep variation (% of the total variation) in CH, (g d”' and % GEI). .....116

Table 3.5 Sheep Group 1: Mean (+ s.e.) daily CH, emission (g d', % GEI and % DEI) for
emission subgroups (low and high) and trials (T,;, T}, T3). (n=143 observations;
on average=number of replications within sheep within trial x 8 sheep x 3 trials).
............................................................................................................................... 117

Table 3.6 Sheep Group 2: Mean (= s.e.) daily CH, emission (g d"', % GEI and % DEI) for
emission subgroups (low and high) and trials (T,;, T}, T)3). (n=160 observations;
on average = number of replications within sheep within trial x 10 sheep x 3 trials).
............................................................................................................................... 118

Table 3.7 Sheep Group 3: Mean daily CH, emission (g d”', % GEI and % DEI) for emission
subgroups (low and high) and tnials (T3, Ts;, Tss, T3s4). (n=78 observations; on
average = number of replications within sheep within trial x 7 sheep x 4 trials).. 119

Table 3.8 Rank order correlation coefficients’ between trials for methane emission (g d', %
GEI and % DEI) for the three groups of sheep..........ccooeviiiiiiieiiiieeeeeeee 121

Table 3.9 Sheep group 3: Mean acetate/propionate ratio (A/P) for CH, emission subgroups
and trials (n=28 observations, 7 per trial)..........cccccooeeiiiieiiieiie e 122

Table 4.1 Mean (#s.d.) daily feed intake (per head and per kg metabolic liveweight, kg””)

and apparent digestiDIlItIES. .........c.ueiiiiiiiiieeiie e 138

Table 4.2 Mean (+s.d.) daily balances and partitioning (% of intake) of energy (MJ) and
nitrogen (g) and microbial nitrogen yield (g d”' and g kg’ DOMR)...................... 139

Table 4.3 Mean (+s.d.) values for rumen fermentation parameters (pH, NHs, VFA), buffering
capacity of rumen fluid and protozoa count. ...........c.cccceervecieeciresrieniere e 140

Table 4.4 Mean (+ s.d.) rumen fill, pool sizes and particle size distribution.

Table 4.5 Mean (+ s.d.) values for liquid and particulate fractional outflow rates (FOR), liquid
and particulate mean retention times (MRT) and apparent mean retention times
(AMRT) of some digesta CONSHIUENLS. ........cceeervrerireieeieieeiieeeieeesie s eeeesneeae e ns 142

Table 4.6 Mean (+ s.d.) daily CH4 emission and between-sheep variation (as a % of total
variation) in CH, emission. (n=50 observations; 5 per sheep). .........cccceeverveennnen. 142

Table 4.7 Coefficients of correlation’ between the CH, emission (g d’ and %GEI) and the
Other ruminal MEASUTEIMENTS’. ........c.oveoveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeeseeseseseeees 144

Table 5.1 Experiment 1: Mean (+ s.d.) liveweight (kg head™) and rumen fill (g, wet and DM
contents) at the start of fasting (T,, maximum fill), end of fasting (T,) and end of
grazing (T,) and their changes’ during fasting (T,-T),, a decrease) and grazing (T-
T}, an increase). (N=8 ShEEP). ..ovvevvieriieiieieie e e 165

Table 5.2 Experiment 1: Coefficients of correlation’ between the rumen fill (g, wet and DM)
at the start of fasting (T,, maximum fill) and changes in rumen fill (g, wet or DM)
during the overnight fasting (T,-T}, loss in fill) or short-term grazing (T,-T,, gain in
f111). (N8 SHEEP). ...vvieeiiiiecie ettt e et e eeneaen 166



X1v

Table 5.3 Experiment 1: Coefficients of correlation’ of the changes in liveweight (LW) during
fasting (ALwFast) or subsequent short-term grazing (ALwGraz) with the rumen fill
variables’ (maximum fill and changes in DM fills at fasting or grazing). (n=8
sheep) (blank cells, not determined because of lack of relevance to this study). .. 167

Table 5.4 Experiment 2 (grazing trials): Between-trials (F/G-1, F/G-2, F/G-3 and F/G-4; for
details see Figure 5.2a) coefficients of correlation’ for ALwGraz’ measurements.
(P AUE 111 o) TSP SRRPUPPP 168

Table 5.5 Experiment 2 (indoors trial): Voluntary feed intake (VFI, per day and per kg
metabolic liveweight, kg””®) of dry matter (DMI), organic matter (OMI) and gross
energy (GEI) by sheep re-ranked ‘small’ or ‘large’ for their ALwGraz’ after F/G-3.
(n=number of observations; 5 per Sheep). ........cccerveeririiriiniieneiieeceeeee e, 169

Table 5.6 Experiment 2 (indoors trial): Apparent digestibilities (% of intakes) of dry matter
(DM), organic matter (OM) and energy, intake rate (IR, %), and protozoa count
(10° ml™") for sheep re-ranked ‘small’ or ‘large’ for their ALwGraz' after F/G-3. All
measured at restricted (maintenance) feeding level. (n=number of observations: 1, 4
and 2 per sheep for digestibility, IR and protozoa count, respectively). ............... 169

Table 5.7 Experiment 2: CH, emission (g d’, and per unit of gross or digestible feed intake)
by sheep re-ranked ‘small’ or ‘large’ for their ALwGraz’ after F/G-3. All measured
atrestricted (maintenance) feeding. (n=number of observations; 4 per sheep)..... 170

Table 5.8 Experiment 2. Coefficients of correlation’ between the ALwGraz’ (as measured at
F/G-3, grazing), and the indoors measured variables: voluntary feed intake (VFI, g
OM d"'), CH, emission (g d'), intake rate (IR, %), apparent OM digestibility
(OMD, %) and protozoa count (10° ml™). (n=20 Sheep). .........ccceeveveeuerrererrrrnnn. 171

Table 6.1 Chemical composition (g kg DM) and apparent in vitro organic matter digestibility
(OMD, %) of the forage on offer and of the diet selected by alpaca and sheep
during lucerme hay feeding or grazing on ryegrass/white clover pasture (RG/WC) or
birdsfoot trefoil pasture (Lotus). (n=1, but n=6 for diets in Experiment 1). 187

Table 6.2 Experiment 1: Fed indoors on lucene hay. Liveweight (LW), voluntary feed intake
(VFI'), CH, emission’, volatile fatty acid (VFA) concentrations and protozoa
counts for alpaca and sheep. (error degrees of freedom=10)..............cccoevveerinnnnnns 188

Table 6.3 Experiment 1: Fed indoors on lucerne hay. Apparent in vivo digestibilities (%) and
water intakes by alpaca and sheep. (error degrees of freedom=10). ..................... 189

Table 6.4 Experiment 1: Fed indoors on lucerne hay. Energy and nitrogen (N) balances, and
microbial N yield by alpaca and sheep. (error degrees of freedom=10). .............. 190

Table 6.5 Experiment 2: Grazing on RG/WC pasture. Liveweight (LW), voluntary feed intake
(VFI'), CH, emission’, volatile fatty acid (VFA) concentrations and protozoa
counts for alpaca and sheep. (error degrees of freedom=10)...........c..cccoevvvrrirennenns 191

Table 6.6 Experiment 3: Grazing on Lotus pasture. Liveweight (LW), voluntary feed intake
(VFI'), CH, emission’, volatile fatty acids (VFA) concentrations and protozoa
counts for alpaca and sheep. (error degrees of freedom=10)............cccceerennene. 193

Table 7.1 CH, emissions (% gross energy intake, %GEI) measured by the SF¢ tracer or
respiration chamber methods and between-animal variation (% of total variation)
for grazing or penned sheep. (DMD; dry matter digestibility, %). (Blank cells, not
L] 010) (=« ) TR SRS 212



XV

LIST OF FIGURES
Page

Figure 1.1 A schematic representation of the major patways of carbohydrate metabolism in
the rumen (adapted from France and Siddons, 1993 and Immig, 1996). .............. 13

Figure 1.2 The relationship between Yatp and the proportion of rumen digestible energy (DE)
entering microbial cells, VFA, CH, and heat (from Leng, 1982 by Van Houtert,
L DD B) N cciivie e iven e ssvvassersnenassssen esassnesnsensens o DG aeTonn s e senatisensunsstsnnnnnseeivvens 0L, OO0, 17

Figure 1.3 Pathway for the reduction of CO, to CH, (from Rouviere and Wolfe, 1988 by
MILLET, 1995). .. ettt sttt e e s e s enee e e nnnens 21

Figure 2.1 Experimental design for the trials, showing the location, days and main activities
involved. Digestion dynamics (T33) is described in Chapter4............ccccoccveennee. 78

Figure 2.2 Pre-insertion (‘known’) and ‘post-recovery’ rates of SF¢ permeation from Tube
344 deployed in Sheep No. 2 during trial T,3;. The daily ‘post-recovery’ PR was
only 0.007 mg less than the pre-insertion PR (0.733 vs 0.744 mg/day)................. 91

Figure 2.3 Pre-insertion (‘known’), ‘post-recovery’ and apparent whole life permeation rates
of Tube 344, existing in sheep 125 at an apparently dead stage in T);. | indicates
8 OO 100

Figure 3.1 Experimental design for the trials (T) with the three groups of sheep (1, 2 and 3),
showing the location, days and main activities involved. ...........cccccceveiviiiieenenn. 108

Figure 3.2 CH,4 emission (% GEI) during the trials by low (l—M) and high (A---A) emission
subgroups of sheep belonging to three experimental groups (1, 2 and 3). (levels of
significance for differences between the emission subgroups in each trial: ++s
P<0.001; 46, p<0.01; ¢, P<O.05). oeoeeiiiieieeee e s 120

Figure 4.1 Experimental design showing the periods, days and the main activities involve. 131

Figure 5.1 Experiment 1: (a) Preliminary observation of liveweight (LW) changes during
fasting (ALwFast) and during subsequent short-term grazing (ALwGraz), and (b)
Test of adequacy of ALwFast and ALwGraz as an index of rumen particulate FOR
and rumen volume, reSPECtIVELY. ......c.ooiiiiiiiiiiiee et 157

Figure 5.2 Experiment 2: (a) Experimental designs for the initial (F/G-1, after which 20 sheep
were selected) and subsequent (F/G-2, F/G-3, F/G-4) grazing trials where the
ALwGraz were measured, and (b) The indoors trial conducted with the selected
] 0 U< ) o PSR SR 158

Figure 6.1 Experimental design for the three subsequent experiments (1, 2 and 3) in which six
alpaca and six sheep were Compared. ..........ccceceeruierieeieneeie e 180

Figure 6.2 Relationships between the mean CH, emissions (%GEI) and (a) gross energy
intake (GEI, MJ kg®”°), and (b) acetate/propionate ratio in forestomach fluid, for
alpaca (A,0, O) and sheep (A, l, @) when fed on luceme hay (A,A) or grazed on
RG/WC (Z,l) or Lotus (O, @) PaStUTES. .........ccueeeeereeeereereereereereeseeseeseeseeenenss 198

Figure 6.3 Relationships between the mean protozoa counts (10° ml™") and (a) CH, emissions
(%GEI), and (b) butyrate molar proportions (mol %) for alpaca (A,C, O) and
sheep (A, l, @) when they were fed on luceme hay (A,A) or grazed on RG/WC
(O,H) or Lotus (O, @) PASTUTES. .......ecueereiereriereeeeesreereeseeseesseesesseesseesnessensenens 200



XVi

Figure 7.1 Relationship between digestible neutral detergent fibre intake (DNDFI, g d”) and
CH, emission (g d') for alpaca (O) and sheep (@), when data for lucerne hay and
ryegrass/white clover pasture were pooled within animal species. ..................... 217



Xvii

LIST OF ABBREVIATIONS

A/P acetate/propionate

ADF acid detergent fibre

ADFI acid detergent fibre intake

ADL acid detergent lignin

AMRT apparent mean retention time, h

ATP adenosine triphosphate

C,Hs ethane

CFC chlorofluorocarbons

CH, methane

CO; carbon dioxide

Cp crude protein

Cr-EDTA chromium ethylenediaminetetra acetic acid
CT condensed tannins

d day

DE digestible energy

DEI digestible energy intake

DM dry matter

DMD dry matter digestibility

DMI dry matter intake

DNDFI digestible neutral detergent fibre intake
DOMR digestible OM fermented in the rumen
ED apparent digestibility of energy

F/G overnight fasting and subsequent grazing
F:C forage:concentrate

FOR fractional outflow rate, %/h

g gram

GC gas chromatograph

GEI gross energy intake

Gg gigagram, 10° g

GWP global warming potential

H, hydrogen

I infusion rate

IR intake rate

IRGraz intake rate during grazing



Xviii

kg kilogram

kg0.75 metabolic liveweight, LW’
Lotus Lotus corniculatus pasture
LW liveweight

LWG liveweight gain

M/D metabolisability of diet (MJ/kg DM)
MaxFill maximum rumen fill

ME metabolisable energy

MEI metabolisable energy intake
MJ mega Joule

ml milliliter

MRT mean retention time, h

N nitrogen

n number of observations
N,O nitrous oxide

NDF neutral detergent fibre

NDFI neutral detergent fibre intake
NH; ammonia

NIR near-infrared reflectance

0) oxygen

O3 ozone

OM organic matter

OMD organic matter digestibility
OMI organic matter intake

PD purine derivatives

ppbv parts per billion by volume
pptv parts per trillion by volume
PR permeation rate

Q quantity

RCRPFast rumen clearance rate during fasting
RG/WC perennial ryegrass/white clover pasture
S sheep subgroups

SAC South American camelids
SC soluble carbohydrates

SFe sulphur hexafluoride



SR
SHP

Tg

TMR
VFA

VFI

VR

Wm
Yare
ALwFast
ALwGraz
[CH4]
[SFe]
‘calorimetric’

‘tracer’

X1X

specific radioactivity

standard temperature and pressure
trials

teragram, 10'2 g

total mixed ration

volatile fatty acid

voluntary feed intake

ventilation rate

watts per square meter

ATP-derived yield of cell mass

change in LW during overnight fasting
change in LW during short-term grazing
CH,4 concentration

SF¢ concentration

CH4 measured in respiration chambers

CH,4 measured by SF¢ tracer technique



