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ABSTRACT i

ABSTRACT

Ruminant enteric methane (CH,4) emissions account for ~35% of New Zealand’s total
greenhouse gas (GHG) emissions and a commitment has been made for their reduction.
Previous research suggested lower CH, yields (g/kg dry matter intake; DMI) from sheep
fed white clover (Trifolium repens) compared to perennial ryegrass (Lolium perenne;
ryegrass), and the initial focus was to account for that difference. However,
measurements undertaken here showed little difference between diets in CH, yield. The
objective of this thesis was amended to better understand causes of variation in CHy4

emissions from ruminants fed white clover and ryegrass forages.

A database analysis showed greater variation in CH, yield from sheep fed ryegrass
forages with measured intakes using the SFg technique, compared to respiration
chambers (23.4 + 5.70 vs. 23.1 + 2.90 g/kg DMI). The composition of ryegrass fed to
sheep predicted <2% and 20% of the variation in CH, yield when derived from SFs and
respiration chamber techniques, respectively. For cattle, the database of CH, yields

determined by SFs found ryegrass composition accounted for 13% of the variation.

Measurements in respiration chambers of CH, yield from sheep in three experiments
reported here, had similar values for white clover and ryegrass (22.6 g/kg DMI), despite
higher concentrations of fibre and less crude protein in ryegrass. Feed composition
predicted less than 19% of variation in CH,4 yield. Measurements of CH,4 emissions
from sheep fed white clover or ryegrass at multiples of 0.8 to 2.5 the metabolisable
energy requirements for maintenance (ME,,) showed a decline in CH, yield of 3.47 g/kg
DMI for each multiple of ME,, intake above maintenance. Measurements of rumen
function and digesta Kinetics, suggested the rate of liquid flow through the gastro-
intestinal tract, and molar percentages of propionate were the main drivers of a change

in CH, yield with intake.

This research has shown minor effects of forage composition on CH, yield, and has
highlighted the importance of digestive function to account for effects of intake and
individual variation on methanogenesis. The benefits of high feed intakes for production

will be complemented by a low CHj, yield and low emissions per unit of production.



ACKNOWLEDGEMENTS I

ACKNOWLEDGEMENTS

This PhD has been a journey of high’s and low’s, of learning and questioning, of self
reflection and dedication. Most importantly, it has been a journey which | have
thoroughly enjoyed and | look forward to applying what | have learnt to the next
challenges that life has to offer.

I would firstly like to give thanks and appreciation to my supervisors: Professor Garry
Waghorn (DairyNZ), Dr’s Stefan Muetzel, Cesar Pinares-Patifio, Simone Hoskin (all
AgResearch Ltd) and Jennifer Burke (Massey University). Particular thanks must go to
Garry, who without | do not think | would have achieved the goals | set out to do.
Garry has provided the majority of assistance with this PhD, not only with the planning
and writing, but also in terms of moral support and teaching me to see the wider
application of this PhD. He has not only been a supervisor but a mentor, both
personally and professionally. Thanks to Stefan, who has had to put up with sharing an
office with me and a constant barrage of questions. Stefan played a large part in the
experimental planning and review of thesis chapters, and has provided expert
knowledge and assistance with laboratory work and data handling. Thanks and
appreciation to Cesar, who provided constructive criticism of thesis chapters and a fast
turnover with regards to feedback. Assistance and chapter feedback from my main
supervisor, Jennifer, is gratefully acknowledged. Jennifer also played a vital role with

the overall PhD process and organisation.

Thanks to Dr Nicola Schreurs, Mr Dave Clark and Dr Bill Wales. Special mention goes
to Dr Chris Grainger who gave helpful advice and ideas; Dr David Pacheco for
assistance with faecal modelling marker data; and John Koolaard, for the long hours
spent discussing statistics and determining the best way to analyse the data. Thanks to
Dr Xuezhao Sun (Sunny) who I have shared an office with over the duration of this
PhD. Thanks also to the Ruminant Nutrition and Microbiology Team at AgResearch
Grasslands for providing a supportive working environment, and to the Institute of

Veterinary, Animal and Biomedical Sciences (IVABS) at Massey University.

This thesis would not have been possible without the great technical support from the
technicians of the Ruminant Nutrition and Microbiology Team; particularly German



ACKNOWLEDGEMENTS i

Molano, Sarah Maclean, Natalie Butcher, Edgar Sandoval, Holly Kjestrup, and Lana
Bishop. Also Jason Peters for setting up rumen sampling devices and intra-ruminal
infusion pumps. | am very grateful for their expertise and help, in particular the use of

their time out of normal working hours.

The Aorangi farm team of Steve Lees, Colin Faiers and Luke Argle for their help with
the forage preparation and planning — your patience and willingness to accommodate
any request was greatly appreciated. Luke’s ability to cut forages and deliver them to

Grasslands, rain, hail or shine was a dedication in itself.

Project and personal financial assistance was gratefully received from the New Zealand
Pastoral Greenhouse Gas Research Consortium (PGgRc), New Zealand’s Foundation
for Research, Science and Technology (FRST), the Agricultural and Marketing
Research and Development Trust (AGMARDT) Doctoral Scholarship, Helen E Akers
PhD Scholarship, New Zealand Society of Animal Production (NZSAP) Animal
Science Award, NZSAP and Australian Society of Animal Production Travel Award,
MacMillan Brown Agricultural Research Scholarship, Massey University IVABS
Research Fund, Roy Watling Mitchell Prestigious Professions Postgraduate
Scholarship, Massey University IVABs Travel fund, Freemasons Postgraduate
Scholarship, Pukehou Pouto Postgraduate Scholarship, and the Federated Farmers
Scholarship. | am particularly indebted to AGMARDT for providing personal financial

assistance throughout the three-year duration of this PhD.

To Dr Natasha Swainson, your support and friendship has meant a lot to me and it has
been great to be able to discuss aspects of PhD work and life. Our time-out lunch dates

were a saviour.

I would like to express my gratitude to my family and friends for their personal support
and showing me that there is more to life than work. To my Mum and Dad, who have
always given me encouragement and provided that shoulder when times have gotten
tough. To my sisters Tania and Nicole who have always been there for me, and to my
grandparents who have always shown an interest and given moral support. | am forever
grateful to my partner Christopher Belton; from getting up throughout the night to keep
me company while sampling, right through to the unconditional support when times
have been tough.






Dedicated in loving memony te my Guandad

31t Decembien 1935 ta 5% Septembiern 2011



TABLE OF CONTENTS Vi

TABLE OF CONTENTS

ABSTRACT .ottt ettt et et e et bt e R e Rttt nae et renreenes [
ACKNOWLEDGEMENTS ...ttt i
TABLE OF CONTENTS ..ottt Vi
LIST OF TABLES ... ..ottt bbb X
LIST OF FIGURES .......ooiii ettt sttt Xiii
LIST OF PHOTOGRAPHS. ........coo ot XV
LIST OF APPENDICES .......ooii ittt XVi
LIST OF ABBREVIATIONS ......ooiiiiiee et XVii
CHAPTER 1: GENERAL INTRODUCTON.....cccciiiiiiiinisisieeie e 2
1.1 INTRODUCTION ..ottt sttt st aresre e enaeneas 2
1.2 OBIECTIVES ..ottt 3
1.3 FORMAT OF THE THESIS ......ct oot 4
CHAPTER 2: REVIEW OF LITERATURE ..ottt 8
2.1  GREENHOUSE GAS EMISSIONS .......coiiiiiitiesieeee e 8
2.1.1 Global greennOUSE QaSES .......ceiieieieieiierie s 8
2.1.2 New Zealand greenhouse gas emiSSIONS .........ccccvvevverieieeseerieseesieeseeenns 9
2.1.3 Ruminants and the enVironmMeNt............coovvvereeiesie e 12

2.2 METHANE EMISSIONS FROM RUMINANTS .....cocoiiiiereneneseseeienn 13
2.2.1 Digestion and fermentation in the rumen ..., 15
2.2.2 Hydrogen and methanogenesis..........c.civeieiieieerie s 17
2.2.3 Fermentation in the hindgut ... 18

2.3 DETERMINATION OF METHANE EMISSIONS FROM RUMINANTS... 18
2.3.1 Tracer tEChNIQUES .....ccveceeiiice e 19
2.3.2 ENCIOSUIe tECNNIQUES ..o 20
2.3.3 Prediction @QUALIONS ..........coveiiiiciie e 21

2.4 QUANTIFYING METHANE EMISSIONS FROM RUMINANTS............... 21
2.4.1 Expressing methane emiSSiONS..........c.covevveieeieeie i 21
2.4.2 Methane emissions from ruminants in pasture-based systems.............. 22
2.4.3 Quantifying methane from other fresh forages ............cccoovevviievvenenn. 23

2.5  SOURCES OF VARIATION IN RUMINANT METHANOGENESIS ......... 26
2.5.1 Diet COMPOSITION ..o 26
2.5.2 Feed intake and itS MeasUremMeNt.........cccvevvreereerese e 28
2.5.3 ANIMAL SPECIES ...ttt 30
2.54 Methane measurement teChNIQUE ..o, 33
2.5.5 Particle DreakdOoWn ..o 36
2.5.6 Disappearance of feed from the rumen ..........ccccoovveieniiciniceee, 37
2.5.7 RUMEN PH...o e 38
2.5.8 Rumen microbial populations ..., 39
2.5.9 Alternative hydrogen sinks and methane sources ............cccoeceevvevienee. 41

2.6 HYPOTHESES ...ttt 42
2.7  CONCLUSIONS AND FUTURE RESEARCH........ccceoeiiiiieirseceeeens 43
CHAPTER 3: EXPERIMENTAL METHODS........cccoiiiiiieeeieee e 46

3.1 INTRODUCTION . ...ttt e 46



TABLE OF CONTENTS vii

3.2 EXPERIMENTAL OVERVIEW ......cooiiiiiiiie et 46
3.3 FORAGES. ... .o bbb 48
3.3.1 QUANTITY . 48
3.3.2 HANVESTING ..ot re e 49
3.3.3 SAMPIING ... 49
3.4 EXPERIMENTAL ANIMALS ..ottt 50
34.1 ANIMAL BTNICS ... e 50
3.4.2 Selection and acclimatiSation ...........ccccveverininieieee s 50
3.4.3 Feeding and itS frEQUENCY ........coviiriiieece e 52
35 FEED DIGESTIBILTY Lttt 53
3.6 RESPIRATION CHAMBERS .........ccooiiiieieee e 54
3.6.1 DESCIIPLION ...ttt et re e re e e sre e e 54
3.6.2 Calculation of methane emiSSIONS.........cccevvrieiiiere i 55
3.7 RUMEN SAMPLING ....cooiiiiiieiee et 57
3.8 MARKERS FOR THE ESTIMATION OF DIGESTA KINETICS ................ 58
3.8.1 Marker PreParation ............cceoveieeiieieese e sre e 59
3.8.2 Marker adminiStratioN ..........cccvevveieiieie e 60
3.8.3 Calculation of marker CONCENIatioNS...........ccccvrieieiieriene e 61
3.8.3.1 Disappearance of marker from the rumen..........ccccoceevreninennniinnns 61
3.8.3.2  Digesta passage rates based on faecal excretion...........c.ccccceeveennnne 62

3.9 SAMPLE ANALYSIS ..ottt 63
3.9.1 Near infrared reflectance SPECtroSCOPY ......cccvevvvevieieeiieiiie e s 63
3.9.2 WEL CREMISTIY ...t 63
3.9.3 Volatile fatty aCids.........ccceiiieiieiecc e 64
3.94 N 011110 - SRR 65
3.10 DETERMINATION OF METHANOGENIC POPULATIONS ..........ccovnee. 66
3.10.1 DINA EXIFACTION ....vvivieciieiieeie ettt esree e 66
3.10.2 Polymerase chain reaction amplification of methanogenic DNA ......... 67
3.10.3 Denaturing gradient gel electrophoresis..........c.ccooveveienciencneseen 68
CHAPTER 4: VARIATION IN METHANE EMISSIONS FROM SHEEP AND
CATTLE FED FRESH RYEGRASS-BASED FORAGES........ccoceviiiiiiiiine 72
ABSTRACT ittt et et et e be e beete e s e ese et e aenaenreereereeren 72
4.1 INTRODUCTION ..ottt ettt st eneas 73
4.2 1 I 0 ] 5 SRS 74
4.3 RESULTS .ottt bbbttt bbb ens 76
43.1 Variation in methane production and yield ...........c.ccooeviiiiiniiiinnen 76
4.3.2 Methane emissions in relation to feed intake ..........ccoceevviieiiicienene 80
A.3.2.1  SRBEP e 80
4.3.2.2  CALlB..ciiiiiieieiee e 80

4.3.3 Methane production and chemical component intake................cc.cc...... 84
4.3.4 Methane yield and chemical component concentration ........................ 84
4.4 DISCUSSION ...ttt ettt srenneens 86
44.1 Methane emissions and feed INtake............coceveeieiieniiie v 86
442 Diet composition and methane yield ..............ccooooiiiiiiiiie, 89
4.4.3 Importance of measurement teChNIQUE..........cccoevveiieeiie e 91
444 Evaluation of analyses performed ..o 92

4.5 CONCLUSION ...ttt 93



TABLE OF CONTENTS viii

CHAPTER 5: EFFECT OF WHITE CLOVER (Trifolium repens) OR
PERENNIAL RYEGRASS (Lolium perenne) FORAGES ON METHANE

EMISSIONS FROM SHEEP .......cci it 96
ABSTRACT .ottt b b bbbttt ettt b e bbb e e 96
5.1 INTRODUCTION ..ottt sttt ettt na e enaens 97
5.2 MATERIALS AND METHODS .......cooiiiiiiieie e 98

521 ANIMALS AN AIETS ....vivieciieie e 99

5.2.2 (GAS MEASUMEIMENTS ...ttt 100

523 Sample collection, processing and laboratory analysis............cc.c....... 102

524 StatistiCal ANAIYSES.......ccvviieieeiice e 103
5.3 RESULTS ..ttt sttt 106

531 Chemical composition of white clover and perennial ryegrass........... 106

53.2 Diet, intake, and gas mMISSIONS ..........cccceeviieiiieiiie e 108

5.3.3 IN VIVO digeStibility ......cocvevieiieiieec e 109

5.34 Rumen pH, ammonia and volatile fatty acids ............cc.ccocvevviiienenn. 110
5.4 DISCUSSION ..ottt st 113

54.1 Emissions of methane and hydrogen..........cccceoeeviennniniciseee, 113

5.4.2 Diet chemical compPOSItION ..........cccceviiiieiieie e 114

5.4.3 Digestibility and rumen parameters ..........cccooevereneneneneseseseeeenen 117
55 CONCLUSION ..ottt st st 118
APPENDIX D ottt r e 119

CHAPTER 6: EFFECT OF FEED INTAKE ON METHANE EMISSIONS FROM
SHEEP FED WHITE CLOVER (Trifolium repens) AND PERENNIAL

RYEGRASS (Lolium perenne) FORAGES ...........ccoooiiiiiiineeeeseee 124
ABSTRACT .ot bbbttt bbb be e n e nes 124
6.1 INTRODUCTION ......coiiiiiiie ettt 125
6.2 MATERIALS AND METHODS .......ccoiiiieieiescseseee e 128

6.2.1 ANIMALS AN TIBTS ... 129

6.2.2 (GAS MEASUMEIMENTS ...ttt ettt 130

6.2.3 Sample collection, processing and laboratory analysis....................... 132

6.2.4 Statistical ANAIYSIS .......ccvvieiiieiice e 133
6.3 RESULTS ..ttt 136

6.3.1 Dry matter intake and methane yield ...........cccccooveviiiiiccce e 136

6.3.2 Dry matter intake and predicted variable responses...........ccoccevevenenne. 137

6.3.3 Intake and diet chemical COMPOSItION ..........cccccevviieiieiciiccece e, 140

6.3.4 Variables associated with methane production .............c.ccccevevvvenennen. 141

6.3.5 Variables associated with methane yield...............cccocoevviiiiieiiiennn, 142

6.3.6 Feed intake and methanogen populations .............ccccocveriiiiinicienn. 145
6.4 DISCUSSION ..ottt ettt 145

6.4.1 FEEA INTAKE ....eeeeeeeeee e 146

6.4.2 Diet chemical compoSItioN...........ccccoviieiieieiic e 148

6.4.3 Predicting variation in methane emissions............ccocevevereniesineenenn 149
6.5  CONCLUSION ....ooiiiiiciece sttt ane e 151
APPENDIX B ...ttt sttt n e e na s 151

CHAPTER 7: DIGESTA KINETICS AND METHANE EMISSIONS FROM
SHEEP FED WHITE CLOVER (Trifolium repens) OR PERENNIAL
RYEGRASS (Lolium perenne) FORAGES ..........ccooiiiiiiiinc e 156

ABSTRAGCT ..ttt bbbt b ettt b bt n s 156



TABLE OF CONTENTS IX

7.1 INTRODUCTION ..ottt sttt 158
7.2 MATERIALS AND METHODS .......cocoiiiiiieie e 160
7.2.1 ANIMAIS AN QIBLS ... e 161
7.2.2 Rumen water balloon treatment............ccccovviiniiineieie e 162
7.2.3 (GAS MEASUIMBIMENTS .....eeeiiieiei ettt ettt 162
7.2.4 Markers for estimating digesta outflow rates...........c.cccecvveeivenieennnnn, 163
7.2.5 Sample collection, processing and laboratory analyses ...................... 165
7.2.6 Marker CalCUIALIONS ..........coviiiiiieieiee s 166
7.2.7 Statistical ANAIYSIS .......ccoiiiiiiiiee e 167
7.3 RESULTS ..ottt bbbttt bbb 168
7.3.1 Chemical composition of diets offered ...........cccccooeiiiiniiiiiiiee, 168
7.3.3 Intakes, digestibility, gas emissions and rumen parameters................ 169
7.3.2.1  Diet treatment (EXPeriment 4) .........cccooerernienieninniene e 169
7.3.2.2  Rumen fill treatment (EXperiment 4) .......ccccccevvvvevveveseeseere e 170
7.3.2.3  Feed intake treatment (EXperiment 5) .......ccccoevvvvveienennenie e 170
7.3.4 Digesta KINBLICS ......ccvviieiieiece e 172
7.3.3.1  Diet, rumen fill and digesta kinetics (Experiment 4).........c.cc.coeueu.e. 173
7.3.3.2  Feed intake and digesta kinetics (Experiment 5)...........cccccvevvvrunnnn. 174
7.4 DISCUSSION ..ottt sttt sresresneenaan 175
7.4.1 Gas emissions and digesta kinetics with feed intake...............c........... 178
7.4.2 Methane emissions and digesta kinetics with diet.............cc.ccocervnenne. 181
7.4.3 DIgeStIDIIY ..o 182
744 Methane emissions and Variation ...........ccccevevevereeienieenesie e 183
745 Technique for estimating rumen liquid digesta Kinetics..................... 183
7.5 CONCLUSION ..ottt ettt sne e 184
APPENDIX 7.ttt bbbttt e bbb 186
CHAPTER 8: GENERAL DISCUSSION......ccciiiiiiiiinit st 192
8.1  GENERAL DISCUSSION......cccctiiiicieieiesiese e 192
8.1.1 The importance of ruminants fed fresh forages and methane emissions192
8.1.2 Measurements and teChNIQUES..........cccooeiiriiiiiiece e 193
8.1.3 Diet chemical composition and methane emissions...............cccceev..... 194
8.14 Feed intake, digestibility and methane emissions ..............ccccceeveeee. 195
8.15 Digesta kinetics and methane emissions ............ccccoeeveeiecieceece e, 196
8.1.6 Practical application of findings to lower methane emissions............. 197
8.2 CONCLUSIONS ... .ottt 199
8.3 RECOMMENDATIONS FOR FUTURE RESEARCH ......c.cccocviiviiiiinnne 200
ANNEX A: INTRA-RUMINAL INFUSION OF ACID OR BICARBONATE ON
METHANE EMISSIONS FROM SHEEP ........ccccooiiiiiiiiieeeese e 202
A.LINTRODUCTION ..ottt sttt e e saesnenne s e 202
A.2 MATERIALS AND METHODS........cooiiiiiieiee e 202
A.2.1 Animals, feeding and gas MEasUremMEeNtS ..........cccoovrerereeienene e 203
A.2.2 Acid and sodium bicarbonate SOIULIONS ..........ccceveriiiiiieniene e 204
AB RESULTS .ottt ettt sa et e reeneene e 205
AL DISCUSSION ..ottt st reene e 206
A5 CONCLUSION ... .ottt sttt sre e ene e 207

CHAPTER 9: BIBLIOGRAPHY ..ot 210



LIST OF TABLES X

LIST OF TABLES

TABLE 2.1 Key reactions in the rumen and the free energy (AG) change that is
available for doing work. Adapted from Kohn and Boston (2000). ..........ccccccveu... 14

TABLE 2.2 Methane yield (g CHs/kg DMI), using either the sulphur hexafluoride
(SFe) tracer or respiration chamber methods, from sheep or cattle fed fresh
ryegrass-based pasture forage with measured feed intakes. ............cccccevviieieennnnn, 24

TABLE 2.3 Methane yield (g CHs/kg DMI), using either the sulphur hexafluoride
(SFe) tracer or respiration chamber methods, from sheep or cattle fed alternative
fresh forages, or a mix of alternative fresh forages and ryegrass pasture forage, with
MeEASUred TEed INTAKES. .......ccoiiie e 25

TABLE 2.4 Methane production (g CH4/d) and yield (g CH4/kg DMI) determined
using the sulphur hexafluoride (SF¢) and respiration chamber techniques from
ruminants fed a range of diets with measured dry matter intakes (kg/d).................. 32

TABLE 2.5 Summary of published comparisons on the differences in digestion and
digesta kinetics of white clover and ryegrass forages fed to sheep. .........c.cccccveneen 38

TABLE 3.1 Summary of experiments undertaken during this PhD programme......... 47
TABLE 3.2 Primers used to target 16S rRNA genes of total methanogenic archaea.. 68

TABLE 4.1 The range of concentrations and intakes of chemical components in fresh
ryegrass diets fed to sheep and cattle used to determine methane emissions using
respiration chamber (Chamber) and sulphur hexafluoride (SF) tracer techniques. 79

TABLE 4.2 Summary of the relationships derived by linear regression between
intakes of dry matter and dietary components (intake and concentration) of fresh
ryegrass fed to sheep and cattle, and methane (CH,4) emissions. Data are for CH,
production (g/d) and yield (g/kg DMI) and are based on the sulphur hexafluoride
(SFe) tracer and respiration chamber teChNIQUES. .........ccevveieiieneiie e 83

TABLE 4.3 Intakes of dietary components and concentrations best able to account for
variation in methane production and yield from sheep using the sulphur
hexafluoride (SFg) tracer and respiration chamber techniques, and from cattle using
the SFg tracer tEChNIQUE. ........covviie e 85

TABLE 4.4 Effect of increasing intake by one multiple of maintenance energy
requirements (MEn) on energy lost to methane (CH,) emissions; a summary of
respiration chamber studies of CH,4 emissions from sheep and cattle fed a variety of
diets. Data are expressed as a change in energy loss (CH4-E/GEI per increase in
feed intake by 1 x MEp,) unless indicated. ...........cccoovvvivieiie e 88



LIST OF TABLES Xi

TABLE 5.1 Overview of experiments used to compare the effects of white clover
(WC) or perennial ryegrass (RG) diets on methane emissions from sheep. ............ 99

TABLE 5.2 Schedule of events for Experiments 2, 3and 4..........ccccocevveveiiieneennns 101

TABLE 5.3 Chemical composition (g/kg DMP), determined by wet chemistry, of
white clover and perennial ryegrass forages offered to sheep in Experiments 2 and 4
during the digestibility period, and whilst in respiration chambers for Experiment 3.107

TABLE 5.4 Intakes, digestibility and gas emissions from sheep fed either white clover
or perennial ryegrass forages. Based on data” combined from Experiments 2, 3 and
4 (see Appendix 5.1 for individual experimental results)...........cccoccevvveveiieieennns 109

TABLE 5.5 Measurements of rumen pH, ammonia and volatile fatty acids (VFAS)
from sheep fed either white clover or perennial ryegrass forages. ............c.ccooveuene 111

TABLE 6.1 Overview of experiments investigating the effect of dry matter intake
(DMI) on methane (CH,4) emissions from sheep fed white clover (WC) or perennial
rYegrass (RG) FOrAGES. .....ooeiiiiiieieiterie e 129

TABLE 6.2 Schedule of events for Experiments 2, 3, 4 and 5. NB information for
Experiments 2, 3 and 4 are abbreviated from Table 5.2. .......c.ccccoevveviviiciveiecen, 131

TABLE 6.3 Predicted responses of digestibility, digestible intake, gas emissions and
rumen volatile fatty acid (VFA) variables® to dry matter intake (DMI) set values of
0.4,0.6,0.8,1.0, 1.2, and 1.6 kg/d for sheep fed white clover and ryegrass forages.139

TABLE 6.4 Concentrations and intakes of chemical components by sheep fed white
clover and perennial ryegrass forages in Experiments 2, 3, 4 and 5. Digestibility
data were measured and metabolisable energy (ME) calculated by Near Infrared
Reflectance Spectroscopy (NIRS). ..o s 141

TABLE 6.5 Methane production (g CH./d) and its relationship with intake,
digestibility and rumen volatile fatty acid (VFA) variables measured in sheep fed
white clover and perennial ryegrass forages over a range of feed intakes”. NB
based on data from Experiments 2, 3,4 and 5. .......cc.cccoovveiieie e 143

TABLE 6.6 Methane yield (g CH4/kg DMI) and its relationship with intake,
digestibility and rumen volatile fatty acid (VFA) variables measured in sheep fed
white clover and perennial ryegrass forages over a range of feed intakes”. NB
based on data from Experiments 2, 3,4 and 5. ........ccoccveveiieiniieneee e 144

TABLE 7.1 Overview of experiments used to determine the effects of diet, rumen fill
and feed intake on digesta kinetics and methane (CH,4) emissions from sheep fed
white clover (WC) or perennial ryegrass (RG) fOrages. ........ccoocuveverenenienieninnnns 161

TABLE 7.2 Schedule of events for Experiments 4 and 5. Additional details are
provided iN Table 5.2. ..o 163

TABLE 7.3 Dosing of Cr-mordanted NDF to sheep in Experiments 4 and 5. .......... 165



LIST OF TABLES xii

TABLE 7.4 Chemical composition of white clover and perennial ryegrass forages
offered to sheep in Experiments 4 and 5 during digestibility. ...........c.ccccoeivvenen. 169

TABLE 7.5 Intakes, digestibility, gas emissions and rumen measurements® from sheep
fed either white clover or perennial ryegrass forages at 1.6 x metabolisable energy
requirements for maintenance (MEp), with and without an intra-ruminal water
balloon IN EXPErIMENT 4. ..o 171

TABLE 7.6 Intakes, digestibility, gas emissions and rumen volatile fatty acids
(VFAs)?* from sheep fed perennial ryegrass forages at five feed intakes ranging
from 0.8 to 2.5 x metabolisable energy requirements for maintenance (MEp) in
EXPEIIMENT 5. ..ottt nne s 172

TABLE 7.7 Effect of diet and intra-ruminal water filled balloons on whole tract
passage of solid (chromium marker) and liquid (cobalt marker) fractions and rumen
liquid kinetics. Whole tract calculations are based on faecal analyses using the
multi-compartmental model of Dhanoa et al. (1985). ........cccooeviriiiiiniiiieee, 174

TABLE 7.8 Effect of feed intake on whole tract passage of solid (chromium marker)
and liquid (cobalt marker) fractions and rumen liquid kinetics. Whole tract
calculations are based on faecal analyses using the multi-compartmental model of
Dhanoa et @l. (1985). ...ccviiieiieeieeie ettt 175

TABLE 7.9 Effect of feed intake on whole tract and rumen digesta kinetics, based on
sheep fed either white clover or ryegrass forages in Experiments 4 and 5............. 177

TABLE A.1 Timetable of events for a pilot trial with sheep fed ryegrass forages to
evaluate effects of an intra-ruminal infusion with either acid, water or sodium
bicarbonate, on MEthanOgENESIS. ........ccviieriieiieie e 203

TABLE A.2 Calculation of hydrogen ion production from rumen digestion in a sheep,
adjusted to an intake of 1 kg forage dry matter. ..........c.cccovveveevi i, 204

TABLE A.3 Effect of acid, water and sodium bicarbonate infusion on intake, methane
(CH,4), and rumen parameters from sheep fed perennial ryegrass forages. ........... 206



LIST OF FIGURES xiii

LIST OF FIGURES

FIGURE 2.1 Anthropogenic global greenhouse gases (GHG) expressed as carbon
dioxide equivalents (CO»-eq). (a) Increasing emissions from 1970 to 2004, (b) The
gases contributing to global GHG. (c) Sector contributions to global GHG in 2004.
Sourced from IPCC (2007). ..ooiuveiecie ettt ns 10

FIGURE 2.2 New Zealand’s greenhouse gas contributions from different sectors and
the change in emissions from 1990 to 2007 (%; across bars). Sourced from the
Ministry for the Environment (2010)........ccooceiieiinieiieiieie e 11

FIGURE 2.3 New Zealand agricultural sector sources of greenhouse gases and the
change from 1990 to 2007 (%; across bars). NO, not occurring. Sourced from the
Ministry for the Environment (2010)..........coceiiiiiiieiie e 11

FIGURE 2.4 Fermentation pathways in the rumen. Methane is formed from carbon
dioxide (CO;) and hydrogen (H;). Diagram sourced from Ungerfeld and Kohn
2200 TSRS 16

FIGURE 2.5 Production of methane (g CH4/d), hydrogen (g H./d) and carbon dioxide
(kg CO,/d) from a cow fed ryegrass-based pasture forage in a respiration chamber
for two days (Waghorn, unpublished)...........ccceoiiiiiicii i 35

FIGURE 3.1 Daily gas emissions of methane (CHyg; g/d) from sheep 46. Bars indicate
door opening and closing in relation to feeding...........ccccocevveveiiivi e 57

FIGURE 3.2 The elution sequence and separation of volatile fatty acids determined by
0aS ChromMatography. .....ocviiiecece e 65

FIGURE 4.1 Methane production (a) and yield (b) from sheep fed fresh ryegrass,
estimated using the sulphur hexafluoride (SF) tracer technique. .........c.ccccoveneee. 77

FIGURE 4.2 Methane production (a) and yield (b) from sheep fed fresh ryegrass,
measured using respiration Chambers. ... 78

FIGURE 4.3 Methane production (a) and yield (b) from cattle fed fresh ryegrass,
estimated using the sulphur hexafluoride (SFg) tracer technique. .........c.ccocoovrvnene 78

FIGURE 4.4 Relationship between methane production and dry matter intake from
sheep fed fresh ryegrass, measured in either respiration chambers (solid line) or
using the sulphur hexafluoride (SFg) tracer technique (dashed line). ...................... 81

FIGURE 4.5 Relationship between methane yield and dry matter intake from sheep fed
fresh ryegrass, measured in either respiration chambers (solid line) or using the
sulphur hexafluoride (SFg) tracer technique (dashed line)..........cccooeveviieniinnnnn. 81

FIGURE 4.6 Relationship between methane production and dry matter intake from
cattle fed fresh ryegrass estimated using only the sulphur hexafluoride (SFg) tracer
Lol o 0 o =TRSO 82



LIST OF FIGURES Xiv

FIGURE 4.7 Relationship between methane yield and dry matter intake from cattle fed
fresh ryegrass estimated using only the sulphur hexafluoride (SF¢) tracer technique82

FIGURE 5.1 Rumen pH at each sampling time from pre-feeding until 10 h after
feeding, for sheep fed white clover (WC; dashed line) (n = 4) or perennial ryegrass
(RG; solid line) (n = 4) in EXPEriment 2......c.cccveviiiieiesieeee e 111

FIGURE 5.2 Rumen ammonia concentration at each sampling time from pre-feeding
until 10 h after feeding, for sheep fed white clover (WC; dashed line) (n = 4) or
perennial ryegrass (RG; solid line) (n = 4) in Experiment 2.........cccccevvvvvevvenenne. 112

FIGURE 5.3 Molar proportions of volatile fatty acids; acetate, butyrate and propionate
at each sampling time from pre-feeding until 10 h after feeding, for sheep fed white
clover (WC, dashed line) (n = 4) or perennial ryegrass (RG, solid line) (n = 4) in
EXPEIMENT 2. ..ottt nre e nnes 112

FIGURE 6.1 Dry matter intake versus methane (CH,) yield for white clover (dashed
line) and perennial ryegrass (solid line) fed to sheep in Experiments 2, 3, 4 and 5.
Raw data for white clover is presented in AppendiX 5.1 .......cccccovviiiiiniiniiniinienn, 137

FIGURE 6.2 Denaturing gradient gel electrophoresis (DGGE) fingerprint of ruminal
archaea in sheep fed ryegrass forages at low (L; 0.8 x metabolisable energy
requirements for maintenance (MEy)) (L1-L6) and high intakes (H; 2.5 x MEp,)
(H1-H6). The outer two and middle lanes were loaded with an external standard
(Marker (M) 1V, NIPPONGENE). ..ecuveiieeieeie ettt sre e ens 145

FIGURE 7.1. Diagram of digestion parameters, and trends associated with (a) white
clover versus perennial ryegrass (ryegrass) forages (b) increasing feed intakes of
ryegrass forage. CH4, methane; H,, hydrogen; VFA, volatile fatty acid; FOR,
fractional OULFIOW Fate. .......cc.eiviiiiiiiceeee e 176



LIST OF PHOTOGRAPHS XV

LIST OF PHOTOGRAPHS

PHOTOGRAPH 3.1 Left: White clover (Trifolium repens). Right: Perennial ryegrass
(o] T o T=T =] T ) TSR 48

PHOTOGRAPH 3.2 Timeline of acclimatisation for Experiments 2 t0 5.................... 52

PHOTOGRAPH 3.3 Left: AgResearch Grasslands, whole animal enclosure sheep
respiration chambers. Right: Sheep were restrained inside the chambers using
modified MetaboliSM Crates. ..o 55

PHOTOGRAPH 3.4 Denaturing gradient gel electrophoresis (DGGE) method for
examining methanogenic populations. Top left: Casting of polyacrylamide gel.
Top right: Cassette containing gel and samples in buffer tank with lid open.
Bottom: Front view of the cassette in the buffer tank whilst gel is polymerising. .. 69



LIST OF APPENDICES XVi

LIST OF APPENDICES

APPENIDIX 5.1 Intakes, digestibility and gas emissions® from sheep fed fresh white
clover or perennial ryegrass in Experiments 2, 3and 4..........ccccovevevieevvevieseennnn, 120

APPENDIX 5.2 Measurements of rumen pH, ammonia and volatile fatty acids (VFAS)
from rumen-fistulated sheep fed either fresh white clover or perennial ryegrass in
Experiments 2 and 4. Approximately 10 samples were analysed from each sheep in
Experiment 2 and 14 samples from each sheep in Experiment 4. ..............cc.c....... 121

APPENDIX 6.1 Intakes, digestibility and gas emissions averaged for each feed intake
treatment (based on metabolisable energy requirements for maintenance; MEp,)
from sheep fed white clover and perennial ryegrass forages in Experiments 2, 3, 4
AN B, et b ettt bbbt e e e e 152

APPENIDIX 6.2 Measurements of volatile fatty acids (VFAs) averaged for each
feeding treatment (based on metabolisable energy requirements for maintenance;
ME,,) for sheep fed fresh forages in Experiments 2, 3, 4 and 5. Approximately 10
samples were analysed from each fistulated sheep in Experiment 2, 14 samples
from each fistulated sheep in Experiment 4, and 2 samples stomach tubed from
each sheep inN EXPEriMENt 5. .....covciiie i 153

APPENDIX 7.1 Intakes, digestibility, gas emissions and rumen measurements® from
sheep fed either white clover or perennial ryegrass forages at 1.6 x metabolisable
energy requirements for maintenance (ME,), with and without an intra-ruminal
water balloon in EXPeriment 4. ..........coooviiiiie i 186

APPENDIX 7.2 Intakes, digestibility, gas emissions and rumen volatile fatty acids
(VFAs)?* from sheep fed perennial ryegrass forages at five feed intakes ranging
from 0.8 to 2.5 x metabolisable energy requirements for maintenance (MEp) in
EXPEIIMENT 5. ..o 187

APPENDIX 7.3 Predicted faecal chromium (Cr) concentrations over time, used to
determine whole tract digesta kinetics of solids from sheep in comparisons of (a)
white clover vs. ryegrass, (b) rumen fill affected by insertion of a balloon and (c)
ryegrass intakes. Vertical lines are SD from 6 to 8 measurements at each time. .. 188

APPENDIX 7.4 Predicted faecal chromium (Co) concentrations over time, used to
determine whole tract digesta kinetics of liquids from sheep in comparisons of (a)
white clover vs. ryegrass, (b) rumen fill affected by insertion of a balloon and (c)
ryegrass intakes. Vertical lines are SD from 6 to 8 measurements at each time. .. 189

APPENDIX 7.5 Predicted rumen cobalt (Co) concentrations over time from sheep used
to determine pool size and outflow for treatments comparing (a) white clover vs.
ryegrass, (b) rumen fill (presence or absence of a 1L water filled balloon), in
Experiment 4, and (c) evaluating stomach tubing in intact sheep fed at two feed
intakes in Experiment 5. Vertical lines are SD from 6 to 8 measurements at each
L] 1SRRI 190



LIST OF ABBREVIATIONS

Xvii

LIST OF ABBREVIATIONS

A

(A + B)/P
ADF
AgNO;
AP

ATP
ADP

B
bp

C

CH,
CH4-E
CH4-E/GEI
cm

Co
CO,
CO-eq
CP

Cr

CT

CVv

D

d
DDM
DDMI
DGF
DGGE
DM
DMI
DNDF
DNDFI
DOM
DOMI

EDTA
Ei
Eq.

FAD"
FADH

acetate + butyrate/propionate ratio
acid detergent fibre

silver nitrate

acetate to propionate ratio
adenosine triphosphate

adenosine diphosphate

base pair

methane

methane energy

methane energy relative to gross energy intake
centimetres

cobalt

carbon dioxide

carbon dioxide equivalents (weight basis)
crude protein

chromium

condensed tannins

coefficient of variation

day

digestible dry matter

digestible dry matter intake

dry gas flow

denaturing gradient gel electrophoresis
dry matter

dry matter intake

digestible neutral detergent fibre
digestible neutral detergent fibre intake
digestible organic matter

digestible organic matter intake

ethylenediamine tetraacetic acid
emissions intensity
equation

flavin adenosine dinucleotide oxidised
flavin adenosine dinucleotide reduced



LIST OF ABBREVIATIONS

Xviii

Fe3*
FOR

G

g

GC

GE

GEI
GHG(s)
GIT
GWRP(s)

H

h

Ho

H,S

H+

HCI
HFC(s)
HP
HWSC

I
ICP-OES

LCA
LCFA

LW

ME
MEI
ME,
MF
mg
min
MJ
mi
mM
mm

iron
fractional outflow rate

gram
gas chromatography

gross energy

gross energy intake
greenhouse gas(es)
gastro-intestinal tract
global warming potential(s)

hour

hydrogen gas

hydrogen sulphide

hydrogen ion

hydrochloric acid
hydrofluorocarbon(s)

hewlet packard

hot water soluble carbohydrates

inductively coupled plasma optical emissions
spectrometry

Kilogram
kilojoule

litre

life cycle analysis
long chain fatty acids
natural logarithm
live weight

moles

metres

metabolisable energy
metabolisable energy intake

metabolisable energy requirements for maintenance

methanofuran
milligram
minute
megajoule
millilitre
millimole
millimetre



LIST OF ABBREVIATIONS

XiX

MRT
MW

N

N

no.

n

Na
NAD"
NADH
NADP*
NADPH
NDF
NDFI
NFC(s)
NH,
NH;
NIRS
NO,
NO3
N,O

oM
OMI

Pa
PCR
PEG
PFC(s)
ppm
PPS
P-value

R

R

R2

REML
RFC
RFC:NDF

RFI
RG

S
SD
SED
SFe
STP

mean retention time
molecular weight

nitrogen

number

nano

sodium

nicotinamide adenosine dinucleotide oxidised
nicotinamide adenosine dinucleotide reduced
nicotinamide adenosine dinucleotide phosphate oxidised
nicotinamide adenosine dinucleotide phosphate reduced
neutral detergent fibre

neutral detergent fibre intake

non-fibre carbohydrate(s)

amino group

ammonia

near infrared reflectance spectroscopy

nitrite

nitrate

nitrous oxide

organic matter
organic matter intake

Pascal

polymerase chain reaction
polyethylene glycol
perfluorocarbon(s)

parts per million

protein precipitate solution
probability-value

correlation coefficient

coefficient of determination

Restricted Maximum Likelihood

readily fermentable carbohydrates

readily fermentable carbohydrates to neutral detergent
fibre ratio

residual feed intake

ryegrass

standard deviation

standard error of the difference of the mean
sulphur hexafluoride

standard temperature and pressure



LIST OF ABBREVIATIONS

XX

SOP(s)
S04%
SSS

U
UNFCCC

VFA(s)
VFI(s)
VS.

wC

°C
AG

%

standard operating procedure(s)
sulphate
soluble sugars and starch

United Nations Framework Convention on Climate
Change

volts

volatile fatty acid(s)
voluntary feed intake(s)
Versus

white clover

degrees Celsius

free energy change

micro

percentage

high energy phosphate bond



