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Executive Summary

This report reviews the current status of the mesmsant programme of methane (temissions
from NZ's farmed ruminant livestock using the ‘Sfracer technique”, including the quantitative
understanding of the main determinants of,@&rission. The context for this study is the recent
concern that under certain circumstan&s (sulphur hexafluoride) may be a flawed tracer of
ruminant CHy. This report evaluates the basis for that con@rh recommends investigations to
better scope the applicability of Stechnique. The following points summarise thislgtu

» The Sk tracer technique is uniquely capable of deterngimmethane emissions from individual
ruminant animals while freely grazing.

* NZ has arguably more experience in using the t&t€er technique, and more data based on its
use, than any other coordinated research effahemworld.

*  While most early deployments in NZ (1996 to ca 208fCthe Sk tracer technique used sheep and
dairy cows grazing representative NZ pastures, mastnt experiments have aimed to better
understand determinants, mechanisms and mitiggittential of methane (CH production
through experiments that use housed or penned Bima

» Concerns about the SFEracer technique relate to a reported correlalbietween the CHyield
(CH, emission per unit feed intake) estimated by tkahnique and the release rate of the SF
tracer, highlighting the need to better define lamytations on the technique’s applicability.

* The purported “CHSF; correlation” seems most pronounced for housed asinwhich are
distinguished by being fed distinct meals (typigatlvice per day). The correlation is least
convincing for grazing animals, for which no altatime CH, measurement technique is available.

* A more detailed statistical scrutiny of availabltalwould help to better characterise the nature
and scope of the purported @BF; correlation, with assistance from tailored experts
designed to address ambiguities.

» Concerns with applying the SKacer technique to individual housed animalslovamddressed in
principle through the use of calorimetric chambessa methane-measurement technique, but the
small number of chambers available (and that cahstieally be made available) constrains the
experiments that can be designed to address spgu#stions.

« Comparisons in the literature between chamber iqubs and the SFtracer techniques as
candidate estimators of GHemission have generally demonstrated good agrdeimeaverage
daily emissions. However, they also report greatay-by-day variability in Chkl emission
estimates when using the Stechnique (Section 4.6). The good agreement imageedaily
emissions gives confidence that there is no sigpnifi net systematic bias inherent in the SF
tracer technique. While that technique’s greateiabdity is not fully understood, it may be

Assessing the SRracer technique as an estimator of methane emis$iom ruminants iv
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related to variability in the proportion of emisstoby flatus (Section 5.1), to §being entrained
into rumen gases in bursts rather than continuo(Sgction 5.2.1), or to variations in rumen
temperature during ingestion and digestion (Sech@®). Sections 6.3, 6.4 and 6.1 recommend
approaches that could shed light on those resgeptigsible causes of that variability.

While the reported CHSFK; correlation is least convincing for grazing anisjainore detailed
statistical meta-analyses would be required toyatla confirm concerns about that correlation
under grazing. Irrespective of the Chhleasurement technique used for grazing animagscdh
determination of feed intake is notoriously unreléaand is the greatest source of uncertainty in
determining CH yields.

NZ research into ruminant methane has a large stakee Sk tracer technique (e.g., the large
investment in research funds embodied in the dea&k database (Section 1.2)). Ruminant
methane in turn is pivotally important in NZ's ratal inventory, with that technique providing
key data (notably, the CHyields, which are derived from data in the; Sfatabase). For the
benefit of both the science and policy developniteisttherefore critical to better characterize the
circumstances in which the SEacer technique provides the best Gldta available, and to
quantify any impact of the C+BF; correlation on the full range of data in the; 8&tabase.

Recommendations in Chapter 6 seek to determinartterlying cause of the correlation between
CH, yield and Sktracer release rate through investigations which:

0 better characterize the performance of permeatibest (the intra-ruminal $Bources);

o provide unequivocal confidence in gas analysisubhofurther QA tests on the laboratory
instrumentation and gas standards;

o enhance understanding of the sources, pathwaysfasesl (exit points) of both GHand
Sk in the sheep’s and cow’s bodies, with a particédaus on hind-gut sources of GH
of flatus expulsion of both CHand Sk, and of related pathways (and dynamics where
possible);

0 examine the relationship between daily pattern€Hf (and Sk) eructation and daily
feeding and behavioural patterns;

o0 explore methods to enhance confidence in detergnifeed intakes during grazing by
individual animals on individual days or groupsdafys; and

o enhance insight into the G¥$FR; correlation through more detailed statistical 8ogu

Many of the above investigations have value thamdcends the $Rracer technique through
improving understanding of ruminant metabolism.

Assessing the SRracer technique as an estimator of methane emis$iom ruminants v
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1. Introduction

1.1 Historical perspective of the Sktracer technique in New Zealand

In 1994-95 the National Institute of Water & Atmbspic Research (NIWA) and
AgResearch were funded to develop techniques tesuneanethane (G emissions
from grazing ruminant livestock. This followed acognition of the prominence of
ruminant methane (G emissions (also known as “enteric £ldmissions) in NZ's
emission profile (Hollinger & Hunt 1990, Lassey at 1992, Lowe 1985), and a
recognition also of NZ's obligation to quantify #@emissions as a ratifying party to
the UN Framework Convention on Climate Changef{eatiby NZ on 16 Sep 1993).

Following a period of evaluation of prospective si@@ment techniques, the ‘SF
tracer technique” — hereafter abbreviated ¢'&¢thnique” — was selected as most
appropriate for NZ. This technique, which employspbur hexafluoride (Sf as a
tracer, was at the time in the final stages of bgment at Washington State
University (WSU) in Pullman WA, and had come to N\ attention through
contacts between NIWA and the US National Center Atmospheric Research
(NCAR) in Boulder CO, where the technique was @é@d. The seminal paper on the
technique was published soon afterwards (Johnsah @994). Using specifications
supplied by the NCAR-WSU developers, NIWA fabrichtgas sampling apparatus
(“yokes” and “plumbed halters”) and adapted a dasmatograph (GC) for C}SF,
analysis at its then-Gracefield laboratory. Thisw@lowed by a sponsored visit by
members of the SRechnique development team, Drs Pat Zimmerman Wadtberg
and Kris Johnson. The combined team conductediisietfial in March 1995, with
two grazing sheep and two grazing cows: Dr Garrygkidan led the animal
management at AgResearch, Palmerston North; DhHeissey led the gas analysis
at NIWA'’s Gracefield laboratory (Lassey et al. 1895

A major strength of the SFechnique was that it was uniquely capable ofrdgténg
CH, emission rates from individual animals while gragi That remains the case
today.

Following the introduction of SRechnique to NZ, a joint NIWA-AgResearch team
led by Drs Keith Lassey and Marc Ulyatt conducted & two experiments annually
with grazing sheep and/or cattle from 1996 to 2008 aim of these trials was to
determine CH emission rates from typical NZ livestock grazingaspures
representative of NZ's range of pasture types.udity all of this work was published
in the international literature (Lassey & Ulyatt@®) Lassey et al. 1997, Ulyatt et al.
1997, Ulyatt et al. 2002a, 2002b, 2005).

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 1
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An integral requirement when measuring £émissions from livestock, no matter
what technique is adopted, is to determine feedkantand feed quality. This is
because the feed provides the substrate for majleaesis in the rumen (Chapter 2),
and both the quantity and quality of feed is knawibe an important determinant of
CH, emission rates. Thus, there is little to be ledrabout emission mechanisms or
determinants unless feed intakes are measured. With measurements, ¢H
emission can be expressed relative to feed intdile“CH, yield”: CH, emitted per
unit dry matter intake, DMI, or per unit gross enelintake, GEI), a fairly robust
measure that is pivotal to extrapolation to naticarad global emission inventories
(Lassey 2007). However, the feed intake by grafivestock is notoriously difficult
to measure reliably (Lassey 2007, Ulyatt et al.22)0and is a major limitation to
using grazing livestock in experiments designepravide estimates of CHyield.

In the late 1990s, the $Eechnique began to be used in NZ to investigaterohénants
of CH, production, with a view to investigating emissiginatement strategies (Lassey
et al. 2002). These involved)(testing novel cattle feeds for their potentialegad to
reduced CH without compromising productivity (Woodward et &001, 2002);
(b) investigating the relationship between LCHoroduction and parameters
characteristic of digestive physiology (Pinaresiiat et al. 2003a); and
(c) investigating the persistence of emission lef@m sheep identified as relatively
low emitters (Pinares-Patifio et al. 2000, 2003lnce& ca 2000 and until ca 2006,
nearly all trials in NZ used the $Rechnique to examine determinants of ,CH
production or to test CHabatement strategies such as novel feeds or figitivas.
The need to control and measure feed intake hasreecthat in these trials the feed is
brought to the animal rather than the animal pupdasture, necessitating that the
animals be housed in crates or pens.

Since ca 2006, other issues have been identifetchtve cast doubt on the reliability
of the Sk technique (subsection 1.3), causing NZ researctadmpt alternative
measurement strategies. Some of those doubtseasitthect of this report.

1.2 The “SF4 database”

In 2005 all available data using tBd+ technique were assembled and entered into a
Microsoft Access database, irrespective of the psepof the experiment. For each of
21 experiments conducted between 1996 and 2008, peaticipating animal in each
experiment represents a separate database entinyavdrages as necessary over the
repeat days. The database contains a field foy ex@entially useful datum related to
animal identification and category, feed propertestimated or measured feed intake,
management regim&F; “permeation rate”, and inferrédH, emission rate.

This database is hereinafter referred to as 8tg tlatabase”.

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 2
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1.3 Recent issues for the SRechnique

Since ca 2006, several practitioners of the 8Ehnique, in NZ and elsewhere, have
questioned its accuracy (e.g., see Pinares-Patifta& 2008). Concerns have arisen
from investigations which:a) compare the SFtechnique with chamber-enclosed
animals in which the CHemission is inferred from analyses of the inflogviand
outflowing gases; andb) through statistical analyses of large datasetshoyugh
purpose-designed experiments. This report focuseth® latter set of investigations,
and specifically on the claim that the inferred ,Cemission rates may not be
independent of the release rate of the t&keer (the Sf*permeation rate”, PR). Such
a claim would suggest a fundamental flaw in apgyihe Sk technique: that the
intra-ruminal release of $Eoes not ideally and conservatively trace,@kbduction
and emission.

14 Purpose of this report

With confidence in the SRechnique and in the gBatabase dented by suggestions
thatSFK; is a flawed tracer of enterigéH,, the applicability of the technique and utility
of the Sk database are under scrutiny. Since that dataledleets several NZ$M
worth of research over more than 10 years, ancsialues for the CHyield used in
the NZ inventory are traceable to the databasee tisemerit in critically evaluating
the basis for any diminution of confidence. Thepgmse of this report is to commence
such an evaluation and recommend approaches tce dbep applicability of Sf
technique and in the $Flatabase. This report is prepared under very tighe
constraints that limit the depth of the investigati

Following an overview of “enteric’ CHas a by-product of ruminant digestion
(Chapter 2) and an overview of thes3€chnique (Chapter 3), the underlying evidence
of Sk as a non-ideal tracer of Ghk catalogued (Chapter 4). Chapter 5 then offers
contending explanations for that non-ideality, ngtivhether each could also account
for observations reported when comparing &fd enclosure techniques. In Chapter 6,
experiments are proposed that could discriminatéwden such contending
explanations, with a view to characterizing theliggpility in the Sk technique as an
estimator of ruminant CHemission.

2. Methane generation in the ruminant digestive system

2.1 Enteric fermentation and methane production

A unigue property of ruminants is their ability¢onvert cellulose, hemicellulose and
non-protein nitrogen into useful products. Feedfiistly exposed to microbial

digestion (fermentation) in the reticulo-rumen @stomach), then hydrolytic digestion
by the animal's enzymes takes place in the abomasuhsmall intestine. In the large

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 3
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intestine (hindgut), undigested feed and endogerobistances are again submitted to
bacterial digestion (Van Nevel and Demeyer 1996).

Fermentation in the rumen is considered an anaerokidation of feed organic
compounds. Fibrous feed materials are retainedanmumen for a considerable period
of time (up to 72 h), where the large and diverserabial population undertake
extensive fermentation. The rumen environment plesiexcellent conditions for the
growth of dense population of bacteria, protozamgf and phage (Nolan 1999).
Primary digestive microorganisms hydrolyse planii-wall polymers, starch and
proteins, producing sugars and aminoacids, whieh iarturn fermented by both
primary and secondary digestive microorganisms dtatile fatty acids (VFAS),
hydrogen (H), carbon dioxide (Cg, ammonia and heat (McAllister et al. 1996).

As a last step in rumen fermentation, methanogedace CQ to CH, with H, as
energy source. The major part of thefétmed in the rumen is converted into gMIills

et al. 2001), whereas;tdnd CQ conversion to acetate (acetogenesis) is insignifisnder
normal rumen conditions. Thus, ¢fbrmation acts as the most important ruminal
electron sink into which the Hrom all ruminal microorganisms drains (McAllister
and Newbold 2008). The VFAs pass through the rumveh into the circulatory
system and after oxidation in the liver, supply ajon portion of the animal’s energy
needs. Fermentation is also coupled to microbiavgn (Figure 1) and the microbial
cell protein synthesis is the major source of proter the animal. The gaseous waste
products of the fermentation (mainly ¢@nd CH, but also some residual,Hare
mainly removed from the rumen by eructation. Methand heat represent a loss of
dietary energy, whereas the excess of ammonia (corveerted to urea) represents a
loss of dietary nitrogen.

Methanogens belong to the Euryarchaeota kingdommmwihe domain Archaea (Nicol
et al. 2003) and possess unique cofactors (e.gnzgmme M, HS-HTP, F420) and
lipids. Methanogens constitute a fundamental corapbrof rumen microbiota,
becoming established soon after birth (Morvan e1294). The most common species
of methanogens isolated from the rumen are straihsMethanobrevibacter
MethanomicrobiumMethanobacteriumandMethanosarcingJarvis et al. 2000) and
studies of methanogen diversity in the rumen (8kih et al. 2006; Nicholson et al.
2007) have indicated that new species remain idebdified.

In the rumen, methanogens are frequently foundsgso@ation with protozoa. More
than 50% of the ruminal biomass is comprised dételprotozoa (Ushida et al. 1997)
and although the presence of protozoa in the rusmeot essential for the host, it is
now established that they are associated with asem fibre degradation and ¢€H
production (Finlay et al. 1994; van Nevel and Deere}996). Ciliate protozoa are the
most potent hydrogen-producing micro-organisms.sTllue observed attachment or

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 4
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Figure 1. A diagram describing digestion of organic matter inthe rumen. Digestible fee

organic matter is fermented to VFA, CQ and CH, generating adenosint
triphosphate (ATP, ‘the cell’'s energy currency’) (mthway A), but intermediates
are also removed as building monomers for microbiakynthesis (pathway B
(from Nolan 1999, reproduced with permission).

juxtaposition of methanogens to ciliates and eveathamogens living symbiotically
inside the protozoa cell (Finlay et al. 1994; Ushad al. 1997) constitute a mechanism
to make a more efficient hydrogen transfer fronatéls to methanogens. Newbold et
al. (1995) and Morgavi et al. (2008) estimated B@&t25% of CH production is due
to the presence of protozoa. However, it has beparted that protozoa species differ
in their ‘methanogenic’ activities (Ushida et a@9¥) and selective defaunation (e.g.
of Entodinium caudatujncould lead to reduced GHproduction without affecting
fibre degradation (Ranilla et al. 2007).

Enteric CH production depends on the population diversitye sind activity of the
microbes in the rumen. While these are chiefly mheiteed by dietary characteristics,
they are also influenced by animal-related facsush as saliva production, rumen
volume and rates of intake and passage (Pinar@oeRstal. 2003a; Hegarty 2004) as
well as by management interventions. In generatofa influencing Chl production
interact with each other in their effects. Howeubg rate and extent of fermentation,
fermentation pattern (type of VFAS), and hexosg.(glucose) partitioning between
fermentation and microbial growth (Figure 1) areognised as the main underlying
mechanisms that control enteric gbfoduction rates (Monteny et al. 2006).

The intrinsic characteristics of a particular feggtermine its microbial degradation
rate, VFA production and hence ¢Hroduction rate. The rate of substrate passage
through the rumen and the intrinsic degradationrastiaristics of that substrate

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 5



——NHWA_—

Taihoro Nukurangi

determine the extent of its degradation in the murbefore it outflows to the lower
digestive tract. Production of Ghh the rumen is closely related to the productién
VFAs, which determines the amount of excess Fbr example, syntheses of acetic
and butyric acids result in production of, ind CQ, whereas propionic acid
formation involves uptake of H(Wolin & Miller 1988). Improved efficiency of
microbial growth results in decreased rumen metbanesis because an increased
proportion of hexose is incorporated into microbieglls at the expense of
fermentation into VFA and subsequent Jbrmation (Beever 1993).

2.2 Sources of production and routes of excretion of ¢éaric methane

In ruminants, methane is generated in both thesforeach (reticulo-rumen) and the
hindgut. Experiments conducted with sheep (Murttagl.€1976; Torrent and Johnson
1994; Immig 1996) indicated that about 87% of theegc CH, production takes place
in the rumen, with the hindgut accounting for tkenaining ~13% of total digestive
tract CH, production. The study of Murray et al. (1976), dthon four ewes fed
lucerne chaff, showed thaia)(~87% of CH4 production was sourced in the rumen;
(b) almost all (95%) of the ruminal GHs excreted via eructation, with the remaining
5% being absorbed into the blood stream and subsdguexcreted throughout the
lungs; €) about 89% of the hindgut GHoroduction was absorbed and excreted
through the lungs along with the rumen-absorbed, @lith the residual hindgut CH
excreted in flatus;d) that flatus therefore accounted 1-2% of the tesaretion of
CH,. There is evidence (Colvin et al. 1957; Doughaity Cook 1962; Hoernicke et
al. 1965) that most (70-99%) of the eructed gasesit inhaled into the lungs, and
then exhaled along with respiratory gases.

Studies with tracheostomised cattle (Dougherty @ubk 1962; Hoernicke et al.
1965) have revealed that the proportion of trach@adlation of eructated gases is not
only variable between individuals, but it is greatehen not ruminating than when
ruminating. In addition, Hoernicke et al. (1965paeted that before feeding 25-94%
of the total CH emission (flatus not included) was via direct datian, whereas after
feeding this pathway accounted only for 9-43% o&lt€H, emission. Furthermore,
with small amounts of rumen gas, £Mas almost completely absorbed from the
rumen, but the absorbed fraction of LHecreased with increasing volume of
eructated gas (Hoernicke et al. 1965). From the/aliibseems that in cattle rumen
CH, absorption and subsequent exhalation is an importaite of excretion, but it is
highly variable between animals. Moreover, breahfrequency in cattle varies
within a day, as well as differing among animals¢®ne et al. 2004).

In summary, eructation and exhalation are the megotes of excretion of digestion
gases (Dougherty et al. 1964; Murray et al. 1916).cattle, the frequency of
eructation and respiration are about 0.6 and 28vé0ts per min, respectively (Ulyatt

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 6
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et al. 1999; Mortola and Lanthier 2005). Gas prdidacin the rumen peaks after
feeding and consequently the rate of eructatighiatime is higher than at ruminating
or resting (Dougherty and Cook 1962; McCauley arndub 1965). While CH
production in the rumen and its excretion is asded with the feeding pattern
(Johnson et al. 1998), the proportions release¢tdeahose and mouth versus flatus is
poorly quantified, and its determinants poorly kimow

3. The Sk tracer technique

3.1 The underlying premises of a tracer technique

A tracer technique enables a generated or emifisivef a fluid (liquid or gas), or of
fluid-entrained particles, to be quantified eveaufh the entire fluid efflux cannot be
intercepted for measurement; instead only an undéted fraction of that efflux can
be sampled. The ideal tracer has known sourcegitrewould be sourced alongside
the source of target fluid, and would have idemtibaehavioural characteristics
(identical physics) during transit through to tlaenpling point. Thus, both target fluid
and tracer are sampled with equal efficiencieghab the tracer can be thought of as
enabling the sampled fraction of entire fluid efflto be quantified. This would
normally require that the tracer be “conservatieé., it is neither removed nor
augmented during passage from source to samplmghe basis that the target fluid
also behaves conservatively, or is subjected toosvk removal process.

An important characteristic of an ideal tracerhiattits concentration in the sample is
directly proportional to its source strength (iieis scalable). Consequently, its actual
source strength is unimportant (though must be knpbut is generally taken to be
small so that its presence has no material impadhe physical processes involved
(e.g., does not increase gas pressure). This mwauld require that the tracer of
choice be detectable and measurable at very logidev

In practice, the above idealisation can only beraxmated. In the case of ruminant
methane, the SRracer is released in the rumen, the supposedkaémost all CH
production, at a rate that is presumed to matctptbecalibrated rate, and is detected
in “breath samples” at the nose and mouth alony ®itl, excreted there. Once co-
located with CH in the rumen headspace, both gases are expectss éfected via
eructation and to disperse from the mouth and it®stridentical fashion (the physics
of these processes does not discriminate amongdhstituent gases) so that the
eructed CH and Sk are expected to be detected in the same propoasotheir
presence in the rumen headspace. Thus questiaesi ralbout the non-ideality of SF
as a tracer of ruminant Glgertain to:

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 7
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» the material importance of Ghbathways from production to excretion that are not
mirrored by Sk pathways, including pathways of ¢lrom a hind-gut source,
pathways that lead to excretion as flatus, and rélative importance of the
bloodstream as a conduit for ¢bihd SE.

» whether the location of methanogenesis within tireen matters, given that the
SK is released from a tube that is likely to setti@vgationally within the rumen
or associated crevices or pockets whereas the rsmaced CH is generated at
the sites of digestion or microbial consumptiortriisited throughout the rumen

» whether any non-physical processes that discrimibatween Clland Sk, such
as dissolution in the rumen liquor, affect theitatige efficiency of migration
from rumen to exhaled breath

* whether the release rate of 3k the rumen (i.e., its “permeation rate” from the
pre-inserted permeation tube) is identical to rs-galibrated permeation rate in
the laboratory

* whether the Sfand CH are released or generated at the same rate tlfroutjie
feeding cycle (ideally, the same rate as each phuwtrthe Skis released through
a physical process at a rate that is presumed twobstant whereas the Chi$
generated biologically at a rate that depends batrate availability)

» whether background levels of ¢lnd Sk in the local atmosphere into which
exhaled gases are entrained are correctly takeragtount

3.2 The SFs tracer technique: operational aspects

The principles of this technique have been desdribany times in varying detail in
the literature (e.g., Johnson et al. 1994, Lassey. 4997, Ulyatt et al. 1999) and will
only be over-viewed here. Figure 2 provides a surgnighe critical components for
the purposes of this report ar@) the source of SHpermeation tube) and the pre-
calibration of its release ratdy)(the location and performance of the permeatite tu
within the rumen; €) the experimental configuration; and) ¢the quality of laboratory
determinations (by gas chromatography, GC) of,@GHd SE concentrations in
“breath” samples and in background air sampless&l@mponents are considered in
more detail in the following subsections.

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 8
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Figure 2. Schematic diagram of animal-mounted appatus used in the “Sk tracer
technique”. A pre-evacuated PVC canister (“yoke”) draws in gas at thanlet near
the nose at a rate that is limited by a length ofapillary tubing (shown coiled in
red), such that a 24-hour sample is collected at mear-uniform rate. The yoke
contents are protected by a valve (omitted in somgokes) and a selfealing
Quick-Connect® that enables quick capillary connection ath disconnection. Fo
experiments with housed animals, the “yoke” will nb usually be mounted on th
animal, and may be differently shaped.

3.21 The source of Sktracer

The Sk is supplied in a pressurised “permeation tube® Titbes are fabricated out of
brass to NIWA's specifications, and threaded (m#dejnatch a Swagelok® nut. The
detailed dimensions and properties of the tubesl@eseribed elsewhere (Lassey et al.
2001). It is sufficient here to note that the tykakindividually stamped, are filled by
cryogenically trapping ultra-pure Skt liquid-nitrogen temperature (at which ¢SF
solidifies) in a glove-box swept with dry G@epleted air. Once charged, the
components are held in place by a Swagelok nuteiigitl to a specific torque (Figure
3). The key component is a permeable Teflon® mengraupported by a porous
stainless steel frit that allows Sto slowly permeate through the circular hole ia th
nut. The permeation rate of &5 governed by the Teflon thickness (PTFE, thiclsne
0.24 mm is normally used) and by temperature.

Assessing the SRracer technique as an estimator of methane emis$iom ruminants 9
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Figure 3. Exploded view of a permeation tube, takefrom Lassey et al.(2001). The nylol
washer was introduced into tubes filled from Dec 198. Larger “cattle tubes”
were first introduced in April 2000, prior to which two sheeptubes had bee
deployed in some experiments with cattle during 1¥and 2000.

The tubes are individually calibrated forg§fermeation rate through weekly weighing
while maintained at 39°C (rumen temperature), fipraximately 10 weeks (or longer
if serial experiments are planned without intermgniube recovery). Over such a time
frame weight loss is highly linear R 0.997), and SFis presumed to continue to
permeate at that constant rate while in the runmgit only headspace $Femains.
However, detailed investigations have demonstrétat the permeation rate slowly
changes, for reasons that are ill-understood (lyastsal. 2001).

Two sizes of tube are used, referred to as shedpcatile tubes. The essential
differences are in permeation rate and charge dgp&¢hile permeation rates cannot
be prescribed, typical permeation rates from staebcattle tubes are 0.6-1.7 and 3—
7 mg(Sk) d* respectively, and respective capacities are abditand 2.2 g(SJ.
Note that 1 mg(Sff d* equates to 153 uL($Fh . Calibration of permeation rate is
accurate to typically 0.001 mg(9Fi™.

3.2.2  Where does the permeation tube lodge?

A tube is inserted into the rumen of each partibigaanimal at least 7 days prior to
commencement of the experiment. The precise latatithin the animal’'s fore-
stomach that the permeation tube lodges is potntelevant. The fore-stomach is
made up of two linked gastric sacs, the reticulumd ghe rumen, collectively, the
reticulo-rumen. These two gastric sacs are thé tlive stomachs of a ruminant, and
are joined by a large opening, allowing food to spaetween the two stomachs.
Swallowed food directly enters the reticulum. Thd is then fermented in the
reticulum and rumen, before passing to the thiammsich (omasum) through the
reticulo-omsal orifice. Fermentation gases, dontige@O, and CH, are also eructed
from the reticulum. The rumen, about 85% of toigkdtive tract volume, is therefore
a “cul-de-sac” in the digesta pathway.

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 10
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When tubes are orally administeregédt os) they always enter the fore-stomach at
the reticulum. In cattle, those tubes appear toarenm the reticulum, as they are
always found there when recovered through the lfistr upon slaughter. Tubes
administered through a “rumen cannula”, or fist(fper fistuld) to cattle can lodge
in the rumen instead of the reticulum. In sheepmgation tubes administer@er os
are often relocated from the reticulum, to be Ugufdund in the rumen upon
slaughter. Very occasionally tubes have been fduriler along the sheep’s digestive
tract as far as the fourth stomach (abomasum). Veberinistereger fistulato sheep,
the tubes almost always lodge in the rumen.

3.2.3 Experimental configuration

For grazing situations, a typical physical layotittlee experimental pastureland is
described elsewhere (Lassey et al. 1997, Ulyatalet2002b). A gas collection

apparatus (Figure 2) is borne by each animal wdni¢ézing a confined paddock. An
identical apparatus mounted upwind of the grazireaasamples background air. A
suitable means for estimating feed intake is imgleted: in NZ, this is typically

either (a) a whole-faeces collection bag, emptiedet daily, for male sheep; (b) an
inert marker (e.g., alkane) for other animals; oy by calculating each animal's
energy requirements. For all methods, feed digéstits estimated through analyzing
pasture samples representing the animal’s dietd kigake estimation for grazing
animals is, however, notoriously inaccurate (esge Lassey 2007, Section 2.2).

For housed or penned animals, feed is deliverdadaa@nimals, and from analyses of
delivered and refused feed, intake levels and tyuedin be determined to the required
precision. The collection yoke (Figure 2) may badnoverhead to minimise the risk
of its entanglement or interference. One or mowk@@und-air samplers are located
within or near the confinement to represent thérdialed by the animals and to detect
concentration gradients that might result in aithwdifferent levels of Cll (and/or
SKs) enrichment being inhaled at different positiorithim that confinement. A well-
ventilated environment is important to minimisetsgcadients.

In all cases background levels are critical todfleulation of CH emission rates:

Ecps = Psge X 1_6 x [CH4]Sample_ [CH4]bkgd
146 [SF6]sample_ [SFG]bkgd

1)

in which Ecns denotes Chlemission rate (g‘@ calculated fronPsee the Sk release
rate (g d*), and from the Cland Sk mixing ratios in the sample and background air,
denoted by square brackets. Mixing ratios are m@tos relative to dried air (e.g.,
mmol(CH,) mole®, abbreviated “ppm”; pmole(gFmole”, abbreviated ppt),
necessitating the ratio of molecular weights (16)14 convert molar to mass units.

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 11
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3.2.4  Gas chromatography: operational considerations

Analysis of methane data

The determination of CHand Sk uses either a Hewlett Packard 5890 or Shimadzu
GC 2010 Gas Chromatograph fitted with a 3m 1/8” Q2Zmm ID stainless steel
main column packed with Molsieve 5A, 80/100 meshgd @ 0.3m pre-column of
similar material (Grace Davidson, Auckland, NZ).cSfacer gas is detected by an
Electron Capture Detector (ECD) operating at 35800 CH by a Flame lonisation
Detector (FID) operating at 250°C. The two detectare in series. The oven
temperature is isothermal at 85°C. At 0.6 minugesyICI micro-electric actuator
(Grace Davidson Ltd, Auckland New Zealand) is shett to allow nitrogen carrier
gas to transfer a 2ml sample onto the column. Th@&ak elutes at 1.25min and ¢H

at 4.0min. The total run time for a duplicate sagrg#t is 9.0 min.

Recognising the non-linear response of the ECDioaof gas standards (one of two
trios prepared by NIWA) enable a 3-pointsSflibration curve to be constructed for
each day’'s analyses. The standards in each tniejnaéter denoted.o, Med andHi,
have nominal mixing ratios for $FCH, of (15ppt, 2.5ppm), (210ppt, 30ppm) and
(1000ppt, 160ppm), respectively. A 1-point Cedlibration useted only, exploiting

the strong linearity of the FID. As Gldtandards, the trio are traceable to international
standards (US National Institute of Standards amchmology, Boulder, CO); as SF
standards, sub-samples have been inter-calibratitdstandards maintained by the
University of Heidelberg, Germany.

At the commencement and at the end of each daglyses, each of the trio is run in
triplicate or until a coefficient of variation (C\Of <1% is achieved in the mixing ratio
of each gas in each standard. Additionally, sintilgdicates ofMed are run regularly
throughout the day, typically every 8-12 samplesfrack any drift in instrument
response and ensure reproducibility across a ddybatween days of measurement.
Samples are run in duplicate or repeated untiC¥ies <1%.

Proprietary GC software analyses each chromatogidentifying the Sk and CH
peaks (by elution time and detector) and calcujatire area under each peak (see
Figure 4), and uploads the analyses into an Exilel A customised suite of macros
in that Excel file constructs calibration curvesldranslates chromatogram peak areas
into CH, and Sk mixing ratios, either by linear interpolation betm neighbouring
Med standard runs (Cf{ or by quadratic interpolation between the comecirenand
ending standard-trio runs, scaled according neigtibg runs ofMed (SK). File-
naming conventions enable the macros to identé#flgddrds and backgrounds so that a
linked Excef macro can calculate the GEmission rate for each animal for that day
using Equ. 1.

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 12
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Figure 4. Representative chromatograms for a trio bstandards Lo, Med Hi (upper, middle

and lower panels). Each panel plots detector respea (instrument-specific units)
against elution time (min) for both the flame ionisttion detector (FID, red trace)
and electron capture detector (ECD, black trace). fie Sk peak elutes on the
ECD trace at ~1.25 min, and the CH peak on the FID trace at ~4.0 min. (The
large ECD peak at ~2.1 min is oxygen). The area uedeach peak is a measure of
mixing ratio.

Identifying problems with sample collection

Sample canisters (“yokes”) are fully evacuated iptdosample collection. Over a 24-
hour collection period, the aim is to half fill arsple canister (i.e., to 50kPa absolute

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 13
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pressure). This is achieved by restricting the danflpw using a short length of
capillary tube (Figure 2). Each sample is presstexked prior to connection, and
again at disconnection; samples with very low presg0-30kPa) or with near-
atmospheric pressure (80—-100kPa) indicate a prowligngas collection. Leakages in
the collection equipment or water/feed blockagesthe most common problems to
occur, accounting for near-atmospheric or very Ipvessures respectively. All
collection problems due to animal behaviour aremded and taken into consideration
when analysing data.

Criteria for removing sample data points

Any obvious problems due to animal behaviour or &anerror are recorded and
addressed. These might include broken collectiamesli due to chewing or
entanglement, halter and gas inlet dislodged fioeibse or blocked, sample canister
not correctly connected, or canister valves natedron.

For all samples with abnormal pressure (below 3 kP exceeding 80 kPa), the
collection apparatus is automatically replaced, #red sample analysed if possible.
Following a review of other analyses in that dag awith the same animal on other
days, the results of that analysis may be acceptedjected. Many samples at near-
atmospheric pressure still have a sensible gas ifate leak developed late into the
24-hr collection period such as during mustering.

The concentration of both §Bnd CH in a collected sample should ideally be at least
10 times the background level S6ppt, CH 2ppm). Therefore any concentration
below 60ppt Skor 20ppm CH is carefully examined. These account for the Idwes
25% of samples analysed usually correspondinglé@asample pressure, so that data
point can be justifiably removed.

Daily SR/CHq, ratio calculations are good indicators of how cstest the Skis being
recovered from the permeation tube. If that rato & particular animal changes
markedly during a 4-day experiment, the accuracg$frecovery is questionable and
therefore the calculated Ghb either under/over-estimated accordingly. Ir@némal
CV values for a good 4-day measurement are typitedls than 15.

A very low SK/CH, ratio indicates a major problem with the releak&Ig from the
permeation tube in the rumen resulting in an ebxvand unrealistic estimate of ¢H
emission. Such a circumstance could be due to adspient or relocation of the
permeation tube, or a dysfunctional (or expiretheturhe useful longevity of any tube
can be assessed after calibration by estimatingittie before the SfFcharge falls
below a “minimal useful load” (150 pg and 600 pg &heep and cattle tubes
respectively) when non-gaseous; 8Bs been exhausted (Lassey et al. 2001).
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Another approach is to calculate the amount of, @téduced in relation to the feed
ingested. The average ¢lgroduction is typically 20-23 g(CGHper kg dry matter
intake (DMI). If the amount of calculated Gidroduced is biologically impossible for
any animal to achieve the result would normallydiscarded and the experimental
merit of that animal questioned.

Further Quality Assurance of sample measurements

With AgResearch having two independent GC instrumeat least 1% of samples
collected are re-run on the other instrument asoasecheck against instrumental
error. In addition, some such cross-checking igopered at NIWA'’s laboratory in

Wellington, though often with considerable delaydgResearch and NIWA

determinations show good inter-comparability with B value exceeding 0.97,
though some discrepancies are currently under tigeg®n.

Instrumental calibration (detector response amation of gas mixing ratio) is cross-
checked periodically by NIWA through dynamic dibri techniques in which a
guantitative mixture oHi (or similar) and “zero air” (synthetic air free wéace gases),
traces the detector response function from amheeim excess oHi mixing ratios.
NIWA'’s working standards and both trios of standafich, Med, Hi) are included in
the cross-check. Such cross-checking gives cordelem @) the ongoing integrity of
each trio Lo, Med, Hi); and p) the integrity of performance of each GC and the
associated chromatogram interpretation software.

Recent cross-checks have revealed some appareotepidiacies between SF
determinations at AgResearch and NIWA GC facilitlest have yet to be resolved.

4. Evidence questioning the accuracy of the SFechnique

4.1

The SFs database: a meta-data analysis

An analytical study was conducted in 2005 to assis possible statistical
relationship between methane (§Hemissions as calculated using the; $facer
technique and th&F; permeation rate (PR) (Vlaming et al. 2005). A mgpef this
study is outlined below following important cornects to some entries in tHeF;
database that have subsequently been identified.

The study involves a meta-analysis of data extdad®m the Sk database
corresponding to 21 separate New Zealand experimemiploying theSF; tracer
technique conducted between 1996 and 2003. Methamssions estimated by the
technique were expressed both as emission ra@Hg(d™) and asCH, yield
(9(CHg) kg(DMI)™). Experiments were categorised according to spédairy cattle
or sheep) and feeding situation (grazing or hoyseddh each group analysed
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Table 1. A summary of data (mean + SE) from the SF; database (643 observations, 1996—
2003) comprising CH, emissions (g d and g kg(DMI)™) estimated using the SF
tracer technique, and corresponding Skpermeation rates (PR), by species (dairy
cattle, sheep) and feeding situation (grazing, hoed). Each “observation” is
based on the mean of 3-5 daily measurements foriagle animal.

Species Feeding Number of CHg4 CHg4 SFs PR
situation observations (gd™ (g kg(DMI)™) (mgd™)
Cattle grazing 146 303.5+93.2 19.7+4.6 3.31+0.96
Cattle housed 40 359.5+146.1 18.5+4.4 3.33+0.41
Sheep grazing 248 29.2410.5 17.846.2 1.42+0.77
Sheep housed 209 22.045.5 18.5+4.4 1.40+0.43

1 These are the distributions of data in the record, and do not reflect measurement uncertainty.

separately. The range of data from these expergrisraummarised in Table 1. The
housed dairy cattle category contained data froiy ttwo experiments with distinct

PRs, so was not analysed. It should be recognised vthile intakes by housed
animals can be accurately determined, intakes wdnézing can only be inferred
indirectly, and the method of inference varies agire experiments.

Two analyses were conducted following independtatistical approaches. The first,
by AgResearch statistician Dr John Koolaard, médothe analysis by Vlaming et al.
(2005). The second, by NIWA statistician Dr Muridy Smith offered an alternative
analysis after studying the paper by Vlaming et(2005). Consider these in turn,
referred to as the “first” and “second” analyses.

The first analysis was conducted with a linear mireodel with a fixed effect of PR
(i.e., allowing for the possible linear influencé BR), and a random effect of
experiment (i.e., in effect, the experiments aealr at random from a population of
experiments). In the second analysis, it was argfugtda fixed effect better adjusts for
differences between experiments when establishirg eixistence of a correlation.
Simple analyses of covariance (ANCOVAS) used figggeriment effects and a single
slope for the covariate PR. Both estimated daily, @hfission rate (g(CHid") and
estimated Chlyield (g(CH,) kg(DMI)™) were analyzed as dependent variables, but in
the first analysis only sheep data were log-tramséal to account for the increasing
variance with increasing estimates of (hission.

4.1.1  First analysis

Results of the first analysis for estimated daili;@&mission rates by grazing cattle
are shown in Figure 5. A positive correlation beawestimated emission rate and PR
is evident, andP=0.023 suggests that this correlation is significa similar
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Figure 5. Methane data for grazing dairy cattle showing the ifted model regression (witt

95% confidence intervals of the modelled line) forestimated daily CH,
production on SF; release rate (PR) (slope = 16.14 g(GHMg(SK) ™, P = 0.023).

correlation was evident for housed sheep (slop®6 §(CH) mg(Sk)™, P = 0.035),
but was not evident for grazing she@z0.15).

The statistical entity? has the following interpretation. For the “nullgothesis” that
in the underlying population the dependent varigtike uncorrelated with a particular
independent variabbe P is the probability that a sample of the size uraledy drawn
at random from that population exhibits a correlatbetweerx andy that exceeds that
found in the study. But see comments in SectiorR4oh the reliability of using to
reject the null hypothesis.

Counterpart results of the first analysis for esatid CH vyield indicated non-
significant relationships with PR for all three jrza&d categories: grazing dairy cattle
(P=0.165), grazing sheep£0.370), and housed shed}=(.153).

The first analysis demonstrates that a significaositive relationship can occur
between the SFPR and estimated daily GHemission, but that this relationship
weakens or disappears when that emission is sealedMI. This suggests that DMI
and PR may co-vary as a result of their separaiatian with experiment. There are
several explanations for DMI varying with experirtien

a) DMI is assessed in different ways in different expents, including; direct
measurement (housed or penned animals only); whetes collection (male
sheep only); the use of inert markers (increasingigly due to unreliability);
and calculated using an energy-requirements mdde.assessment of DMI
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for individual grazing livestock over individual gl is especially uncertain,
and its accuracy undetermined.

b) DMI differs among experiments due to using animat different
bodyweights, such as juvenile versus mature aninfdis would be most
obvious in the sheep dataset where lambs of a r@ingges, or lactating ewes,
are used in different experiments.

c) DMI varies with level of productivity, such as latibn. This is most obvious
when cows at different levels of lactation are usedlifferent experiments.
Energy requirements models (not always the samesthace commonly used
to calculate the DMI of grazing dairy cows, takiagcount of productivity
levels.

d) Many experiments involve use of novel feeds or tagels, each diet having a
characteristic digestibility that can affect DMI ealculated using an energy
requirements model.

e) Many experiments with housed animals involve suipglyfeed at different
levels relative to maintenance requirements.

In addition, while CH yield is believed a fairly robust concept for &egi diet across

a range of animal classifications, it does appeatrongly differ between juvenile and
mature sheep (Clark et al. 2003; Ulyatt et al. 20Gb distinction that remains
equivocal for other species (Lassey 2008).

The range of PR is observed to differ markedly agnerperiments (e.g., Figure 6),
either by design for some experiments, due to cbgngpermeation tube construction
(e.g., introduction of the nylon washer in Dec 1398tematically reduced $PRs
culminating in designing and deploying a largerttieatube”: see Figure 3) or in
permeation tube materials (e.g., different batafebeflon in use from time to time),
or simply for no apparent reason.

Therefore, addressing the ¢Hield instead of daily CiH emission removes (or
reduces) DMI as an obvious covariate for this nagtalysis. According to this first
analysis, the null hypothesis that £¥ield is uncorrelated with PR cannot be rejected
on the basis of data in the Sffatabase. Nevertheless, with fievalue approaching
significance in some categories, notably grazingydaattle and housed sheep,
purpose-designed experiments to further test th# hypothesis” would be merited.
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Plots of estimated CHl yield against Sk release rate (PR) by experiment, fc
grazing dairy cattle grazing sheep, and housed sheéupper, middle, and lowe
panels). The labels for each experiment are as rected in the Sk database.

Second analysis

The second analysis focuses on only the grazingy dattle and housed sheep
categories. The simple ANCOVA with fixed experimadrgffect and a single slope for
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Figure 7. Plot of residuals (actual values less fitted valugsagainst fitted values (value
predicted by the regression fit) by experiment, forthe fitted ANCOVA models.

the PR as covariate effectively assumes a constaignce for all units, but allows
this assumption to be tested.

For the two categories assessed as significahkifirst analysis, estimated daily ¢H
emission for grazing cattle and for housed sherly, the former is significant in the
second analysis (2-sidel values 0.016 and 0.207, respectively). More dedail
ANCOVA results are reported for estimated Ghi€ld as the dependent variable.

Figure 6 reports the data under analysis from thedatabase (the same underlying
data as in Figure 5). With the identification offelient experiments, the grouping by
experiment is immediately obvious. To put anothemywthere is an obvious
association between experiment and either or bio#istomated Chlyield and SEPR
for some experiments. From an ANCOVA on the graztagile and housed sheep
categories, 2-sidef values are 0.106 and 0.066, respectively, neitferhich are
significant. To add further analysis, Figure 7 mpcahe residuals by experiment
against the corresponding fitted values. The fittedues refer to CH yields
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“predicted” by the fitted regression line for eastperiment, and the residuals are the
difference between those and the recorded @éld. The residuals necessarily have
zero mean. Dr Smith’s interpretation (personal camication to KRL, 2008) is that
there is no evidence that variance scales with m@ad therefore that log-
transformation is warranted), but there is eviderthat variance varies with
experiment. A follow-up analysis might thereforé & linear model with fixed
experimental effects, a single PR effect, and cfie variances for each experiment.
There is also sufficient reason to carry out afatlyedesigned experiment to verify
the reality of any relationship between £¢mission and SHPR.

Dr Smith cautions against usifguncritically as a discriminator of the null andnao
null hypothesis. This is demonstrated in a simjteutation (Sellke et al. 2001) in
which it is knowna priori, that the underlying population has a 50% charfd¢&ang
negligible correlation and a 50% chance of a nagligible correlation (these
proportions are not critical). Then, of those testshe null hypothesis for which
P=0.05, “at least 23% (and typically close to 50%)fl\lwave negligible correlation.
Sellke et al. (2001) conclude that “for testingegise’ hypothesed?-values should
not be used directly, because they are too eassintarpreted”.

4.2 Tailored experiment: May 2004

When early analyses of the Stfatabase suggested a significant positive relstipn
between daily CH emission and SFPR (Vlaming et al. 2005), a more careful
experiment was designed and carried out using afieddross-over design (Vlaming
et al. 2007) that we now describe.

Twelve steers divided into two groups of six weheeg either one or two permeation
tubes (mean PRs 2.878 and 7.336 mg(8F, respectively) and offered either energy
maintenance (M) or 2xM levels of feed intake toedetine the effect of both PR and
intake on calculated GHemissions. There were thus four sub-groups oketlteers
on four treatments in each measurement period: ¥ {few PR, M with high PR,
2xM with low PR, and 2xM with high PR. All animalemained on the same feeding
level (offered either M or 2xM) for the durationtbie experiment. Animals were fed a
lucerne silage diet, supplied twice daily at 0820@ 16:00 hours. Feed not eaten by
the animals was collected and weighed prior to feeding.

Tubes were inserteger fistulaon Day 1, then following a 14-day acclimatisation
the diet four 24-hr samples were collected on DHys19. On Day 19 tubes were
recovered and immediately reallocateer fistulaso that steers that had a low PR
treatment for the first measurement period hadgh WR treatment for the second
measurement period, and vice versa. The seconduneeasnt period commenced 3
days later with 24-hr samples collected on Day283—
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Table 2. Estimated CH, emission (g d") for two groups of six steers offered maintenance
(M) and 2xM feed and given either a single (“Low S§) or two (“High SF¢”)
permeation tubes, May 2004. Data are mean + SEM.

Feeding level Feeding level Significance of
SFe release rate M 2xM Mean Feeding level
Low SFe PR 110.8 +5.6 157.6 5.1 134.2+7.9
High SFs PR 129.1+3.0 1925+7.1 160.8 +10.2
Mean 1199+41 175.0+6.7 F<0.001
Significance of SFg F<0.001 FeedxSFs, F=0.041
Table 3. Estimated CH yield (gkg(DMI)™) for two groups of six steers offered

maintenance (M) and 2xM feed and given either a sghe (“Low SF¢”) or two
(“High SF¢") permeation tubes, May 2004. Data are mean = SEM.

Feeding level Feeding level Significance of
SFg release rate M 2xM Mean Feeding level
Low SFs PR 18.9+ 1.1 17.7+0.2 18.3+ 0.6
High SFs PR 22.3+0.6 21.2+0.6 21.8+0.4
Mean 20.6 +0.8 19.5+0.6 F=0.199
Significance of SFg F<0.001 FeedxSFg, F=0.923

While steers on the M feeding level unsurprisingifused less feed than animals on
the 2xM level, the former group still consumed fligantly less feed per day (5.85
0.11 (SEM) kg(DM)) than the group at 2xM (8.280.16 (SEM) kg(DM)) F <
0.001). Both feeding level and SPR were significantly correlated with estimated
daily CH, production F < 0.001, Table 2), although the effect of PR wasatgr at the
2xM feeding level (22% increase) than at the M fiegdevel (16.5% increase).

The F statistic on which the probabilily in Tables 2—3 is based is the ratio of the
between-treatment variance to the within-treatnvamiance. The larger that ratio the
more evidence there is that the treatment meangistiact. The probability valud,

is the probability of obtaining (by chance alone) R statistic greater than the
treatment value when the null hypothesis of noceféd treatment is true. Results are
considered significant whem< 0.05.
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4.3

26
DMI (kg d %) DMI (kg d 1)

Relationships between estimated Cfemission (g d") and permeation rate (PR
of SR from permeation tubes (mg d%), and dry matter intake (DMI, kg d™) for
each measurement group during the large-herd graziop experiments 1 and 2
Labels x,[], A, 0, and + represent groups 1, 2, 3, 4 and 5, respeadly.

There was a significant relationship € 0.041, Table 2) between feeding level and
Sk PR for daily CH emission, indicating that the two may positively-vary.
However, there was no such relationship betweetirigdevel and SFPR ¢ = 0.92)

for CH, yield, implying that scaling CHemission rate with DMI has removed the co-
variation. This is analogous to a similar co-véaoiatnoted in Section 4.1.1, and does
not imply a direct influence of PR upon feedingdev

Feeding level had no effect on estimated, @iéld (F > 0.05; Table 3). However, PR
was still positively related to estimated £¥ield (F < 0.001) whose values were 19%
higher when based on a high PR (21.8 g{td(DMI)™) than on the low PR (18.3

9(CH,) kg(DMI)™).

The Sk PR can affect the calculated £¥eld from animals when employing the SF
tracer technique. This experiment with stall-fettleasuggests that the difference in
estimated Ckhlyield between PR values of 3 and 5 mg{S& approximately 8.5%.

Two large-herd grazing experiments

Methane emissions from 296 (Experiment 1) and 3&¢riment 2) three-year-old
Friesianx Jersey dairy cows in mid-lactation were measuwusthg the Sgtechnique,

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 23



——NHWA_—

Taihoro Nukurangi

32 4
Bxperiment 1 o A
~ A o
S 28 -
(a)
T 244
2 2
o 20 1
i)
T 16 |
>
5 121
8 ‘ ‘ | |
2.0 3.0 4.0 5.0 6.0
PRof SFs (mgd?)
32 .
BExperiment 2
< 281
[a]
2
2
o
2
>
Iﬁ
O
4.0 5.0 6.0
PR of SF; (mg d~?)
Figure 9. Relationships between estimated CHyield (9(CH,) kg(DMI)™) and Sk PR

(mg(SKs) d™) for each measurement group during grazing >@eriments 1 and 2
Labels x,[], A, 0, and + represent groups 1, 2, 3, 4 and 5, respealy.

in January—February 2004 and 2005, respectivelijastera, Taranaki, NZ (Pinares-
Patifio et al. 2008b). The herds were subdivided four (Experiment 1) or five

(Experiment 2) groups balanced for calving date andk production, and

measurements conducted in one group each week wdridzing perennial

ryegrass/white clover pasture at generous herb#igeaamces. Thus, trials were
conducted over 4 (Experiment 1) or 5 (Experimerddt)secutive weeks.

Daily CH, emissions were measured during 4 (Experiment 13 (Experiment 2)
consecutive days using the sSEechnique, with pre-calibrated permeation tubes
administeredper os into the reticulo-rumen of each animal seven dpsisr to
commencing collection of breath samples. The BRs from the permeation tubes
used with each of the measurement groups (1, ad3a during Experiment 1 were
(mean * standard deviation among the tubes): 3.84%, 3.86 £ 0.69, 3.77 + 0.75,
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and 3.80 + 0.67 mg(QFd*, respectively, whereas the PRs used during Exjerir
were 2.74 + 0.23, 2.80 + 0.31, 2.81 + 0.28, 2.81.30, and 2.82 + 0.35 mg(§F™"
for groups of measurement 1, 2, 3, 4 and 5, resdet The range of PRs in
Experiment 2 was much smaller than in Experiment 1.

The cows were milked twice daily (0600-0700 and@8®00 h). Milk production
was measured at each milking and samples of milk éhd PM milking) were taken
for chemical composition analyses midway througle tmeasurement period.
Liveweight (LW) was measured automatically at eadifking. Average LW was
calculated as the mean of the LW at the mornindsingk through the measurement
week. Liveweight gain was calculated by fittingirehr regression to LW measured
during the morning milkings. Condition score wasessed at the start and the end of
the week of measurements.

The above animal data together with feed qualityewesed to estimate the feed dry
matter (DM) intake (DMI) using energy-requiremengaaithms developed by the
Australian Standing Committee on Agriculture (SCEQ90). This approach was
judged to be the most reliable way to estimate Ddillen the difficulty in measuring
it directly or indirectly (Section 1.1). Effectiwel the GEI and associated DMI as
estimated provide the energy necessary for thetooloth maintain body condition
and sustain milk production, taking account of tragious efficiencies of energy
conversion. The error incurred by using such amrélgn for indiviual animals on
individual days or groups of days is undetermined.

The range of PRs in Experiments 1 and 2 were 2%889 and 2.214-3.594
mg(Sk) d*, respectively. In Experiment 1, the mean estimabddl was 17.4
kg cow' day', the mean estimated GHmission rate was 332 g cow’, and the
mean estimated CHyield 19.3 g kg(DMI}'. The corresponding mean estimates for
Experiment 2 were 16.8 kg(DMI) cowday’, 290 g¢(CH) cow'd’ and 17.4

g kg(DMI)™*. Relationships between estimated daily,@rhission (g d) and both PR
(mg dY) and estimated DMI (kg ddy for each measurement group of cows in
Experiments 1 (four groups) and 2 (five groups)srewn in Figure 8. Experiment 1
showed a positive relationship between estimated @hissions and PR, whereas
Experiment 2 showed no significant relationship. Aheasurement groups in
Experiment 1 exhibited a positive and significaesaciation (P<0.01) between PR
and estimated daily CHemission, with PR explaining between 6 and 21%eftotal
variance. In contrast for Experiment 2 the assmriabetween PR and the apparent
daily estimated Cldemission was significant (P<0.05) only for Groupwith PR
explaining less than 4% of the overall variance.

Figure 8 also shows a positive relationship betwestrmated daily ClHemission and
estimated DMI for both Experiment 1 and 2, whichsvexpected as DMI is the most
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important determinant of CHemission. In Experiment 1, except for Group 3t tha
relationship was positive and significant (P<0.08)th estimated DMI explaining
between 5 and 36% of the total variance of themed@d daily Cl emission.
However, for all groups except Group 2 in Experim&nPR had relatively higher
importance than the estimated DMI in explaining tiogal variance. In Experiment 2,
the estimated DMI was positively and significan{B<0.0001) related to estimated
daily CH, emissions, explaining between 22 and 44% of tta W@ariance.

The relationships between PR and the estimateq yi##d for each measurement
group in Experiments 1 and 2 are shown in Figurhn&Experiment 1, there was a
positive and significant (P<0.04) relationship be#w these variables for all groups
except Group 2 (P=0.27). In this experiment, eagf{Sh) d' increase in PR was
associated with an increase in estimated @kld of 0.6-2.2 g kg(DMIJ, explaining
between 6 and 23% of the total variance. In Expenin2, the same relationship only
approached statistical significance (P<0.07) fooups 1, 2 and 3. Further, each
mg(Sk) d* increase in PR was associated with a similar as®en estimated CH
yield as observed in Experiment 1, but the propaortf total variance explained by
PR was very small (<5%).

In conclusion, these grazing experiments revealpdsitive effect of PR on the GH
emission estimates (1 mg(SE™* associated with 0.6—2.3 g kg(DM)) but this effect
was significant (B=0.06-0.23, P<0.05) only when there was a larggean PR
(Experiment 1), whereas with a narrower PR rangg@éBEment 2) the effect was not
significant (R<0.04, P>0.05). It should also be noted that thienasion of individual
DMIs is fraught with uncertainty, making no alloveanfor individual feed conversion
efficiencies that depart from that of the “standamW” represented in the energy
requirement algorithm.

4.4 Tailored experiment: June 2005

A pen experiment was conducted to examine a depeerd# estimated CHemission
of Sk PR (Pinares-Patifio et al. 2008b). Twelve wellredi 2-year-old Hereford x
Friesian steers (live-weight 478 + 41 kg) fittedlwiumen cannulae were fed twice
daily (0800 and 1500 h) on molassed-lucerne sitgestricted feeding levels. Most
of the steers consumed all feed allocated withZahaperiod. At the end of feedings,
steers were moved outdoors to two adjacent savpdualst.

Twelve permeation tubes with nominal four levelsSé§ PR (low, medium, medium-
high and high) were selected from a batch of nestigrged tubes on the basis of
linearity of mass loss (R>0.99). The high-PR tubes were fabricated witHoFe® of
lower thickness to achieve the high PR. The prdnaikd permeation rates in each
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Table 4. Effect of Sk permeation rate (PR) upon mean concentrations ofages in thi
breath samples and estimated Ckifor the “tailored experiment” of June 2005.

PR of SFg Effect’
L M MH H SEM Linear Quadratic

Mean concentration of gases ’

CHa (ppm) 47.5% 51.1% 48.2° 45.2° 6.24 0.735 0.598
SFs (ppt) 119.5°  238.2° 278.8°  524.0° 52.1 0.001 0.736
CH./SFs ratio (x 107%) 455.1°  265.6°  2254°  105.3° 13.8 0.001 0.100
Estimated CH4 emission

gd? 93.8° 103.4%  121.2°  115.4° 5.1 0.001 0.148

g kg(DMI)™* 18.1° 19.9% 23.3° 22.1° 1.0 0.001 0.151

y
z

Refers to molar ratios (mol(trace gas) mole(dry sample)™), in excess of background concentrations

Probability value for orthogonal contrast for linear or quadratic effect of SF¢ permeation rate. Values > 0.05 are
statistically not significant.

& Means in row with different letters are significantly different (P < 0.05).

level, low (L), medium (M), medium-high (MH) anddhi (H) were (mean + standard
deviation): 1.91+0.05, 3.62+0.05, 5.34+0.21 an®410.28 mg(S§ d*, respectively.

Four sequences of permeation tube deployment (feeatments”) were established in
a cross-over manner (L-M-MH-H, H-MH-M-L, MH-L-H-M rad M-H-L-MH) and
randomly assigned to the animals, balanced for murabreplications (three animals
per sequence). Thus, the experimental design wagliaated 4x4 Latin square. After
acclimatisation to feeding and management condifioreasurements were carried out
during four consecutive periods (1-4) each lasfindays (Days 1-7). During each
measurement period, the permeation tubes wereteédgear fistulainto the reticulum
on Day 1 and retrieved on Day 7. At retrieval, thiees were rapidly transferreer
fistula to other animals following the sequence of depleytn The swapping of
permeation tubes between sequences of deploymeatomaducted randomly for any
of the three animals within each sequence.

Within each period, breath samples from individaaimals were collected over Days
5—7 using the Sfiracer procedures. Permeation tubes were recoegitbe end of the
experiment and post-experiment permeation ratesmeated through serial weighing,
from which individual permeation rates could beedetined for each measurement
period by interpolation (Lassey et al. 2001). Theam permeation rates specific to
each of the measurement periods were used to atdctile daily Cl emissions at
each measurement period.
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Figure 10. Estimated daily CH, emission (g d") (upper panel) and CH, yield (g kg(DMI)™)
(lower panel) as functions of SFPR (mis-labelled RR in lower panel) (mg o) for
individual animals for each PR treatment (low,7; medium, A; medium-high, x;
high, o) in the “tailored experiment” of June 2005.

Feed supply for the entire experiment was boughd asgle batch. Individual feed
allocations were weighed daily and samples of f&féeked were collected daily and
oven-dried. Feed refusals accounted only for fewngr and were considered
negligible. Dry matter contents of feed on offersveenalysed on within-period pooled
samples. Mean daily DMI for each animal was avetameer the entire measurement
period (7 days).

Table 4 presents the effects of PR treatment upenmiean concentration of gases in
breath samples and the calculated ,G#nissions. Bearing in mind that breath
sampling efficiency (i.e., its dilution with entred air) will vary according to the
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detailed halter and inlet configuration (Figure #)e concentration of CH(ppm)
nevertheless did not differ (P>0.05) among PR tneats. As expected, there was a
significant linear (P<0.05) effect of PR treatmepbn both the concentration of SF
(ppt) and the CHSK; ratio. (These tests do not contradict the algelmesult that for
Sk concentration that vary linearly with PR, then @id,/SF; ratio would vary as its
reciprocal).

The within-treatment variations in GHoncentration were similar across treatments.
The within-treatment variations in §Eoncentrations were also relatively similar for
L, M and MH treatments, but variation for the Hafment was larger than those for
the other treatments. Within PR treatments, thecewmations of CkH and Sk
correlated highly (r = 0.93, 0.94, 0.98, and 0.641lf, M, MH, and H, respectively;
P<0.0001). The within-treatment variation in the 3 ratio decreased with
increase in PR as would be expected.

There were significant effects (P<0.05) of PR tresits upon both the estimated daily
CH, emission (g d) and CH yield (g kg(DMI}") (Table 4) and although L and M,
and MH and H treatments, taken in pairs, did nfiedeither in estimated daily CH
emission or in estimated GHield, the overall pattern of response to PR wetteb
captured by a linear (P=0.001) than a quadraticO(Fs) relationship. Thus, for
example, each 1 mg(§F™ increase in PR accounted for 0.36 g kg(DMbcrease

in estimated CH yield. The within-treatment variation in estimat€H, emission
(both gd and g kg(DMIY") seemed to be relatively smaller at the higher PR
treatments (Figure 10).

This experiment reinforced observations made ofjtheing experiments that both the
daily CH, emission and the CHjield, as estimated with the Stechnique, increased
with increasing PR. This effect was more linearnthguadratic, with each 1
mg(Sk) d* associated with a 0.36 g(QHg(DMI)™* increase in estimated Ghield.
However, H permeation tubes, with PR values twites¢ of MH tubes, led to
estimated Cllemissions similar to those for MH tubes. The $éi permeation tubes
were fabricated using Teflon material differentnfréhat of the other sets in order to
achieve the high PR. With H treatment excluded freaitulations, each 1 mg'd
increase in PR was associated with an increase46fd.kg(DMIY" in estimated Cil
yield, which is consistent with the associationrfdun the grazing experiments of
Section 4.3.

However, it could be noted that permeation tubesvaeministeredper fistulg only
two days prior to commencing breath sampling. Thisan unusually short
equilibration period that may not assure a stedgydstribution in key pathways of
the host’s body.
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Hours post feeding

Calculated hourly rates of CH production in the rumen of cows deplged with
permeation tubes with low ¢©) or high (m)SF; PR The rumen headspace gas
were collected unobtrusively through rumen cannulae. Edt data point
represents mid-points of consecutive sample colléans, the first just prior to
feeding. (1 g(CH) occupies 1.4 L at standard temperature and presse).

Rumen headspace sampling

An experiment to sample rumen headspace gaseslylireccattle equipped with
ruminal cannulas (fistulas) and situ Sk, permeation tubes was conducted at INRA-
Clermont Ferrand (France) (Pinares-Ratet al. 2008c). We report here the effect of
Sk permeation rate (PR) (the “treatment”) on the llefeSF; in rumen headspace
gases.

Six adult non-lactating Holstein cows were usedhefitted with permanent ruminal
cannulas equipped with stoppers, allowing collectbrumen head space gas samples
without having to open the cannula (Jouany and &&A879). The experiment lasted
39 days, which included 21 days of acclimatisatioiipwed by two periods (P1 and
P2) of gas measurements over days 23-25 and 3iesp@ctively.

Cows were randomly subdivided into two groups anBmals each, and the groups
randomly assigned to permeation tube deploymenth Waw Sk PR (Lo-PR,
1.570.28 mg d") or high PR (Hi-PR, 3.10.56 mg d") in a crossover design over
days 17-25 and 31-39. (Ranges are mean + standsiaidn. among the 3 tubes,
and do not reflect calibration uncertainty). Tulveasre insertedper fistula 7 days
before P1 and P2, while during days 25-31 tubeg wwintained in the laboratory at
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39°C. The cows were kept in individual stalls and fedize silage at 80% of theid
libitum intake, delivered in two equal meals at 0800 a6@01h. Rumen gases
(50 mL) were sampled immediately before the morfésgling and then hourly over 8
hours. Mixing ratios of Cland Skin rumen gas head space were determined by gas
chromatography after quantitative dilution withragen gas.

Unsurprisingly, there was no effect of treatmem={.80) upon mean CH
concentration in each group (305 and 291 ppm fePRiand Lo-PR, respectively).
Despite the two-fold difference in $permeation rate between Lo-PR and Hi-PR
permeation tubes, treatment effects on meag @&@mcentration only approached
statistical significanceR=0.09) (381 and 212 ppt for Hi-PR and Lo-PR, retipely).

As expected, the mean @B8F; ratio of molar concentrations differed signifidgnt
(P=0.001) between the treatments (0.65Fx4a0d 1.197x10for Hi-PR and Lo-PR,
respectively). When the GFBF; ratios in rumen headspace gas and pre-calibrated S
permeation rate were used to calculated, Pkbduction rates, the Hi-PR treatment
yielded consistently higher hourly Glgroduction rates than the Lo-PR tubes (Figure
11). The mean CHproduction calculated for cows bearing the Hi-BBes were 8.5%
higher than for those bearing the Lo-PR tubes (22204 g(Sk) d), although this
difference was not significanP£0.34).

4.6 Comparison between Skand enclosure techniques

Comparisons to date between estimations of meap €hission rates based on
enclosure in chambers and based on thet&hnique have generally displayed good
agreement (Grainger et al. 2007, McGinn et al. 2@6ares-Patifio et al. 2008a).
This suggests that there is no systematic erroremethg the Sftechnique that is
material, unless such a systematic error coincallgntompensated for the failure of
the Sk technique to trace flatus GH

However, it does appear that ¢Cstimates using the §kechnique display more
variability, either between animals or between di@mysthe same animal, than when
using chamber techniques, and accordingly that eoisgns between SFand
chamber techniques do not always agree well favithgial animals (e.g., Grainger et
al. 2007). This situation, over-viewed by Pinaregifid & Clark (2008), is the subject
of ongoing investigation. However, there is manmitexamining possible explanations
for the effect of SEFPR for their ability to also account for an enhetheariability in
CH, emission as calculated using the 8¢hnique.

5. Evaluation of the evidence

The experiments summarised in Chapter 4 stronghgest that the SFPR can
influence the methane emission rate (g{0#") and its counterpart CHyield
(9(CH,) kg(DMI)™) as calculated using the Stechnique. We refer below to this
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influence in general, and to the influence on estés of CH yield in particular, as the
“CH,4-SK; correlation”. Such an influence is a surprisingutethat calls into question
the adoption of Sfas a tracer and/or the level of tracer employdx ihfluence of
tracer is much less convincing for grazing aninthén for housed animals (ie, when
the animals spend many hours each day feedingwhan the feed is brought to the
animal and, generally, eaten quickly), though caverntheless still be significant (e.g.,
Section 4.3).

The surprising CHSFK; correlation result has prompted a search for gotaeation.
Different potential explanations are explored ie tlollowing subsections, which
largely mirror, but not with 1:1 correspondence thuestions raised” in Section 3.1.

5.1 Site differences between exit points for Clland Sk

As noted in Chapter 2, a single definitive experimgMurray et al. 1976)
demonstrated that 1-2% of excreted,G#expelled as flatus, and would thereby not
be detected by the SEechnique. However, this experiment was conduwatittl four
ewes fed a single diet throughout (lucerne chéff$. pertinent to ask:

¢ how much inter-animal variation is there in thiktéis proportion™?
» does the flatus proportion apply across differgecges (notably cattle)?

« is the flatus proportion dependent upon feed gtiaatid quality (and thence
potentially on the site of digestion), and/or uploa daily feeding pattern?

e as a means to answer the above questions, do allygitodified animals or
invasive techniques replicate the real gas traises?

If the flatus proportion were to vary appreciablpang cohort animals, this could
cause a greater variation in €emission estimated using thegs3€chnique than for
the same estimated from chamber experiments, dsdessreported (Section 4.6).

McGinn et al. (2006) have reported that #4timates using the §kacer technique
shows closer agreement with those using chambémitpees when the animals
(cattle) are fed high-forage diets than when feghfgrain (corn and barley) diets, and
closer also when feed intakes are restricted thhenwunrestricted. McGinn et al.
“hypothesize that greater differences between ebbrtiques would exist when cattle
are fed diets that are extensively fermented pasirally compared to diets that are
extensively fermented in the rumen”. More post-niahidigestion “would provide a
greater opportunity for CHrelease through the rectum”. McGinn et al. provide
evidence that a corn-based diet has a greater elejrpost-ruminal digestion, and
argue also that unrestricted feeding levels shdherieed-retention time in the rumen,
enabling greater post-ruminal digestion than fetrieted intakes. Thus, McGinn et al.
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conjecture that the 1-2% of flatus Cieported by Murray et al. (1976) would under-
estimate the actual flatus proportion when catttefad diets with a greater degree of
post-ruminal digestion.

A logical extension of the findings by McGinn et @006) is that the SRechnique
would underestimate actual GHmission, even if without statistical significance
especially for diets or intakes with more extengiest-ruminal digestion, because;SF
almost certainly fails to trace GHeleased at the rectum. (The “almost certainly”
arises because gkelease at the rectum has not been confirmedingmdnciple if the
flatus proportion of both CHand Sk were identical, then $FRwvould ideally trace
these exit points even though the; 8#¢hnique does not detect flatus gases.)

Experiments conducted by AgResearch in collabanatiith NIWA have detected
traces of SFin urine that correspond to a negligible exit pdor that gas (~10 of
the source strength). Similar minute traces haw lextracted from faecal material
under vacuum (but probably accounting for inteedtgases rather than fully-absorbed
gas, and not accounting for flatus gas).

Thus, while flatus emissions have the potentiaxplain discrepancies between £H
emissions as estimated using chamber andt&@fniques, and the purported greater
variability of the latter technique, it is not ctehow such discrepancies could
discriminate according to the §permeation rate.

5.2 Differential intra-ruminal transport of CH 4, and Sk

5.2.1  Physical discrimination

As noted in Section 3.2.2, the permeation tube®siralways lodge in the rumen of
sheep, and the reticulum of cows. Because gasesracted directly from the
reticulum, Sk released from rumen-located tubes are one stepvesmfrom
eructation. Noting that a typical tube releasey ot (for sheep tubes) or ~20 (for
cattle tubes) uL(Sf hourly, it is potentially possible during period$é no or low
digestion for such small gas releases to be celeand retained for long periods in
crevices or pockets in the rumen (or attached tbqodate material), especially while
reposing. Indeed, hour-by-hour monitoring of exHalgases from sheep kept in
metabolism crates has noted that 8&n be absent in breath samples for hours at a
time, especially while reposing (Martin et al. 2Dp0anly to be released in bursts that
may coincide with a resumption of physical activityhile the cause of this absence is
unknown, it could be related to the temporary captf Sk that has no counterpart
for CH, partly because of the far greater volumes of #teeid (by ~18) and partly
because of its more distributed source.
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While the above suggests thatsSRay not ideally trace CHsources in and eructed
from the reticulo-rumen due to differential trandpinto eructed gases, this is
probably more likely to be influential on the subydime scale, and may introduce a
source of variability in consecutive-day breath ghng. It may also suggest that
permeation rates can be “too low” by enhancingahidity of crevices or pockets to
temporarily intercept SEHowever, it does not suggest why the 8f€hnique should
not be reliable for average emissions over muljitti@asurement periods, irrespective
of Sk permeation rate, other than to introduce a sooirday-to-day variability.

5.2.2 Non-physical discrimination

Both CH, and Sk dissolve in aqueous solutions, albeit to minoels{CH, at 39°C:
21 mg ! or 1.3 mmole ['; SR at 39°C: 29 mg T* or 0.20 mmole ). The amount
of the day’s production of CHand the day’s release of Sthat could dissolve in
rumen liquor and be swept down the digestive tdgends upon water and saliva
throughput. While the proportion of GHemoved from the rumen this way is
negligible, the proportion of SFcan approach 10-15% — or even higher if SF
bubbles can be swept along with the rumen liqubis Pproportion would appear too
large to account for observation in the event #tlathe dissolved Sfwere eventually
expelled as flatus. Moreover, if a fixed daily ambaf Sk (i.e., limited by solubility,
irrespective of SEPR) were expelled this way a correlation betwestimated CH
emission rate and $PR would be induced, but it would be in the wratigection
(viz, a negative correlation!). Furthermore, ic@mmonly accepted that mostSEs
well as CH, in the hindgut is absorbed into the bloodstreesmfwhich it outgases in
the lungs.

The above would apply to any hypothesized mechanigrh prevents a fixed daily
amount of SEfrom being eructed: it would induce a correlatlmetween estimated
CH, emission rate and pre-calibrateds 3R that was in the opposite direction from
that observed.

As noted in Section 2.2, some rumen-generategi€Hbsorbed into the bloodstream,
though most of that is re-routed to the breathtivé&alungs. It is not known how much
Sk is similarly absorbed, but it is unlikely to idgafrace this pathway. Nevertheless,
one need only be concerned about gases that aenrsourced and subsequently
exhaled, irrespective of the pathway (via eructabo via absorption and respiration),
and whether or not $Rraces CH from rumen to exhalation via either pathway.
However, one caveat is that the transit time ofltimgest Sk pathway, from release
to exhalation, should be appreciably shorter than duration of permeation tube
residence in the host’s rumen, in order to be assthiat Sk distribution is steady.
Thus the tube should be inserted some days in advafrbreath sampling; seven days
has become the norm (but was not followed in thEeaments of Sections 4.2, 4.4).
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5.3 The pre-calibrated and intra-ruminal SF release rates: A mismatch?

All permeation tubes are calibrated while held @&°G which temperature
characterizes internal temperature of the rumianaithal. However, as PRs are known
to increase with temperature, estimates of, @rtission rate could be systematically
in error if that internal temperature differs syssically from 39°C, and will have a
variation induced by a variable temperature. Moegpthe temperature of importance
is that of the reticulum or rumen contents. Wherblsod temperature may be
confined within very tight bounds, rumen conterasild be expected to vary as food
and (cold) water are ingested and as fermentagikestplace. This is confirmed by Dr
Gerald Cosgrove (AgResearch, personal communicaboKRL, 2008) who has
deployed recently-developed temperature sensotiseiranimal rumen; Dr Cosgrove
reports that rumen temperatures vary by up to 256vb 39°C and that an indicative
average would be less than 39°C. This suggestghbaactual intra-ruminal release
rate of Sk could be less than the pre-calibrated rate (atll sagme variability during
the feeding cycle that might depend on the feegiaigern of the animal concerned),
and the real daily CHemission rate would therefore be over-estimateBdpy. (1).

The temperature sensitivity of SFpermeation rates has not been established
experimentally. Nevertheless, according to a ldiooya catalogue (Analytical
Instrument Development, Inc, PA, USA, ca 1980) dedpby R.J. Martin (personal
communication to KRL, 2008), PRs in general confdothe following empirical
(Arrhenius-like) relationship:

log PR, - a(i —ij (2
PR, T T,

in which PRis the PR at absolute temperatliyeanda is an empirical constant which
varies with permeant and with permeable materighiwil0—20% of 2950°K. Thus:

e ®

which implies a PR sensitivity at 39°C (312°K) viitlthe range 3.0+£0.5% per °C.

Thus, a variable rumen temperature averaging bet88eand 39°C implies an intra-
ruminal Sk PR that can vary and having a daily average thkiwer than calibrated
by less than ~3%. This in turn provides daily (GHnission estimates that are over-
estimated by less than ~3%. The over-estimate cdifledr among days and among
animals depending on ingestion and digestion pettewhich could potentially
account for some of the variability reported in{8et4.6.
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5.4 Within-day variability of CH 4 production

It would be expected that Glgeneration varies throughout the day concordamithy
the feeding pattern (e.g., Grainger et al. 200@, B). Thus a constant tracer release
rate cannot ideally trace a variable LHeneration rate. The variability in GH
generation rate would likely be at its greatestgimspikey’) in housed experiments
where the animals are fed twice daily (a typicaqfrency) and are observed to
consume each meal within ~1 h, and at its leastravaeimals graze continuously
during most of the daylight hours. This is fullynsistent with the observation that the
CH;-SF; correlation is more convincing for housed than fmazing animals.
Moreover, it is also consistent with experimentsfgrened by NIWA personnel in
cooperation with AgResearch (Martin et al. 2007)ichhrevealed large inter-hour
variations in both Clland Sk concentrations in breath samples that appearée to
associated with the feeding pattern.

The above hypothesis — that thes $&chnique works best when the Cptoduction
rate throughout the day is as uniform as achieyadodel most closely approached
during grazing — is also consistent with the firgdloy McGinn et al. (2006) that “the
SK; tracer technique is most reliable for the grazaggtem”. This is also the system
for which the Sktechnique is uniquely applicable.

55 Accounting for background levels of CH and Sk

Corrections for background levels of Céhd Sk (see Equ. (1)) are critical wherever:
(a) breath collection efficiencies are low so thanpée concentrations of either GH
or Sk are within a factor of ~10 of background levelsyly background levels have
the potential to vary markedly due to the posgipilif large concentration gradients
(spatial or temporal) in CHor Sk. (see Section 3.2.3). The latter possibility is of
importance mainly in housed situations, and camddressed by deploying multiple
background samplers to detect time-integrated grasliLassey 2007, Section 2.3).

As long as sufficient background samples are catecand are appropriately located,
QA/QC procedures should recognise samples that tniighproblematic (Section
3.2.4). Nevertheless, it is possible, even if wliik that “background issues” could
bias the result and lead to a £8; correlation, because such issues would be at their
most significant where PRs are low. Such a biassigtarg across multiple
experiments is implausible.

5.6 Uncertainties in estimating feed intake while grazig

As reasoned in section 4.1.1, the uncertainty aadduracy in estimating feed intakes
by grazing animals can result in an apparent adaotal association between PR and
DMI (e.g., see Figure 6), arising because eachvaanwith experiment. Actual DMI

Assessing the SFRracer technique as an estimator of methane emms§iom ruminants 36



6.

——NHWA_—

Taihoro Nukurangi

will vary among experiments due to the animals igdifferent bodyweights and
lactation levels, and estimating DMI using ineviyalmprecise approaches introduces
further variation. The association is likely to &teits most apparent for grazing cows
whose DMI is estimated on the basis of an energyirements model, and whose
energy requirements for maintenance can be muatipti2.5-fold by the demands of
lactation. The extent to which grazing behaviouaffected by constraints on the
animal’s “lifestyle” imposed by the mounting of lath sampling apparatus (Figure 2)
and by other experimental logistics (e.g., frequantstering) is unknown, but these
effects are usually minimised by acclimatizing #rémals to wearing the apparatus
prior to commencing measurements. If these immosstiresult in diminished feed
intake, then Chlemission is likely to be concomitantly diminishedile productivity
(lactation or growth) will respond more slowly. ThGEI and DMI will be over-
estimated when based on the productivity during féwe days of measurements,
leading to an under-estimated £yield.

Employing a feed requirements model presumes bkodiaily DMI of the individual
animal is fully predictable on the basis of therggerequired to maintain the animal
and sustain its measured productivity, togetheh wie properties of the feed on offer.
Neither may fully determine actual DMI, due to wduality in energy conversion
efficiency and in feed selection, as well as toahenal’s reaction to imposed changes
in its “lifestyle”, as noted above.

While the above reinforces the perennial problemdefermining feed intakes by

grazing animals, any systematic errors incurredlevte independent of PR, so that
any correlation between estimated Glitld and PR would be “accidental” rather than
systematic.

Recommendations for future research

6.1

This section identifies some questions that thatccbe resolved through experiments,
and proposes specific or general experiments teeeehhis. The intent is that such
experiments could identify the G¥F; correlation and/or show how to correct for it.

Permeation tube performance

One explanation for the GFBF; correlation is that permeation tubes, once located
the rumen, do not perform as expected or as theéyddiing laboratory calibration.
Already, some unexpected behaviours have been dotdeoh (Lassey et al. 2001) for
the idealised situation of tubes maintained inyaisothermal environment. Realising
that the rumen is neither dry nor isothermal (®ect.3), our knowledge of tube
performance would be appreciably enhanced by exgets which:
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a) determine the temperature sensitivity ofg 3R from both sheep and cattle
tubes and for a range of §ermeation rates of both to confirm the sensitivit
of Equ. (3) (see Section 5.3).

b) determine the SFPR of permeation tubes while immersed in water/and
simulated rumen liquor: do they permeate at theeseate as in air during
calibration? Preliminary tests done so far by ¥Bming and M. Tavendale
(AgResearch) are equivocal, but hint at a lowervitile immersed. Much
earlier tests by K.R. Lassey and C.F. Walker (NIWe&Id not detect any
significant “abnormal” mass loss during several kgeaf immersion.

c) assess whether permeation tube location (ruvsesticulum) influences SF
concentration in the rumen headspace or collectedtto sample and thence
on the estimated CHemission, especially for sheep where the permeatio
tube usually lodges in the rumen (Section 3.2.2).

6.2 Gas chromatography performance

As noted in Section 3.2.4 (sub-section “Further IQuaAssurance of sample
measurements”), some recent QA cross-checks on @dlyses have revealed
discrepancies between AgResearch and NIWA GC detations that have yet to be
explained. These need to be addressed urgentlypnipto resolve the discrepancies,
but also to establish if those discrepancies iniceda bias with SFlevel in part
explanation for the CHSF; correlation.

Any mis-calibration or compromised calibration dhigh-Sk standard (denotddi in
Section 3.2.4) could account for a £8F correlation. Such a calibration error would
lead to an erroneous “calibration curve” used tmdtate GC-ECD response t0sSF
mixing ratio with greatest error at high SFalues. This would provide a bias in £H
emissions estimated for high-PR permeation tuligs.therefore critical to maintain
confidence in working standards through regularssrchecking against laboratory
primary standards, especially in the event of ssegrsuch as the G¥bF; correlation.
All GC determinations used in the meta-analyseSaeition 4.1, including any done
externally (e.g., at DPI Ellinbank, Vic, Australia¥hould have their associated
standards similarly cross-checked regularly agaesbgnised or common standards.
Such cross-checking between AgResearch and NIW#datds has been the practice,
albeit with limited frequency.

6.3 Internal pathways and fates of CH and Sk

Our knowledge about CHyeneration within the digestive tract, the detaamis of
such generation, and the dynamics and fates ajeherated CH is quite limited and
derives from alarmingly few experiments with a oarrdiversity of animal species
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(and animal numbers), feeds, and feeding patt&astipn 2.2). In addition, we have
minimal knowledge of the dynamics of Sk the animal's body, including its
redistribution from the digestive tract, the dynesnbf that redistribution, and SF
fates. Taken together, we have little confirmatawnverification for the assumption
that Sk pathways and dynamics mimics those of,GHor at least of rumen-sourced
CH; — and therefore that $ks an adequate tracer of (rumen-sourced).Géme
imperfections in that mimicry may not matter (forample, different combinations of
parallel pathway from rumen source to exhalatipnpyvided that each gas is close to
steady state during the experiment.

To enhance confidence in $&s a tracer of enteric GHhe following experimental

objectives requiring conceptually and ethically gpdex experimental designs and
procedures, would add valuable and relevant knaydednot only to issues
surrounding the SRechnique, but to digestive metabolism generally:

a) to differentiate and quantify emissions of Cahd Sk via breath and flatus, at
different feeding levels, feeding patterns, andsjitor both sheep and cattle.
Experiments utilising chambers could be designethawit the need to
intervene surgically or invasively. This would régusolating the “front half”
of the animal in the chamber from the “rear halfidahaving separate and
separately-sampled air flows in each half. Theaisoh could be via a suitable
curtain, or it could require that the animal beidsttwo chambers with front
and rear halves in different chambers (and differdow rates in each
chamber optimised to the different front and remarssion rates).

b) to examine fates of CHand Sk other than via gaseous pathways (i.e., in
urine, faeces, milk), and to enhance understandfritpe pathways to these
fates by examining CHand Sk content in blood and other tissues. The
overall goal of both this and Objectiva) (would be to establish detailed
budgets for Sfand CH in the sheep’s (and ideally the cow’s) body.

c) to investigate the dynamics of the processes dighin Objective &), with
the specific aim of determining how long it takesr fSk to achieve
equilibrium after inserting the permeation tube +-ai the least, of verifying
that 7 days is long enough, noting that this is“t@mal” protocol but that
the logistics of some experiments have requirechartsr time (e.g., the
tailored experiments of Sections 4.2, 4.4).
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6.4 Daily emission profiles of CH and Sk under different feeding regimes

To better understand how within-day £émissions relate to feeding and behavioural
patterns as well as how well Sffaces these emissions for different feeding padte
(Section 5.2.1, 5.4), it would be valuable to:

a) undertake real-time continuous analysis of breatmpes in calorimetry
chambers to clarify the daily profile of Gldnd Sk emissions under different
feeding regimes. This can be done with permeatibbed of different PR in
order to check any dependence of Bfofile upon PR.

b) investigate the “meal effect”: that the utility tife Sk technique might vary
with the frequency of meals, from two meals per daycontinuous supply
throughout the day as a simulation of grazing (subishg the daily
nutritional requirement accordingly). This shoukldione in conjunction with
Objective &) using calorimetry chambers, though automatedthreampling
from metabolic crates would be an alternative.

To the extent that SFentrainment into eructed gases may be in bursterahan
continuous (Sections 5.2.1, 5.4), these investigatiwould explore reasons for
discontinuous bursts, and whether or not thoseodigwities might contribute to the
greater variability in Cilemission estimated by the Stechnique than estimated by
chamber techniques, as has been reported by sgeamgnters (Section 4.6).

6.5 Verification of DMI estimation under grazing

The Sk technique seems to work best while grazing, bet ltlg difficulty with
grazing is in the assessment of DMI. For cows intipaar, DMI is commonly
assessed using an energy-requirements model, arel goofidence is needed in the
reliability of such an assessment when appliedntbvidual animals on individual
days or groups of days. To enhance such confidence:

a) compare measured DMI with calculated DMI (using imas energy-
requirement formulations) under “simulated grazomgditions” of Objective

6.4(0)

b) for the many housed experiments that have alreaegn bconducted,
retrospectively calculate the DMI for each animahére the necessary data
are available) using one or more energy-requireni@mulations to cross-
check against the measured DMI.
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6.6 Independent cross-checks of emissions under grazing

While chambers offer an opportunity to verify oogs-check emission estimates using
the Sk technique, the comparison is less than ideal Isec#iuie chamber does not
provide an ideal environment in which to deploy 8fg technique concurrently. In a
grazing situation, micrometeorological techniquesovigle an opportunity for
independent cross-check. Again the comparisontisdeal even if the measurements
are concurrent because the micrometeorologicaloagpr determines the emissive
flux averaged across the flock or herd (or fromfa@otprint” within it). Furthermore,
the precision that can be achieved for the emisBive estimates depends on the
prevailing weather (ideally, uniform light windsofn a direction without obstacles to
wind flow), and can rarely be better than ~15% wihailable technologies.
Nevertheless, with freedom to select appropriateather, the herd-scale
measurements can be useful for providing unbiassdnates of paddock-scale
methane fluxes (Lassey 2007, Section 3) as an @mdkmt cross-check on per-animal
emission estimates or sufficiently-large emissieduction estimates (e.g., Denmead
et al. 2000, Laubach & Kelliher 2004, Laubach e2808, McGinn et al. 2008).

6.7 The Sk database

There appears to be one or more experiments alfsemt the Sk database.
Specifically, the experiment with grazing cows répd by Lassey et al. (1997)
appears to be absent. Noting also the necessisofoe post-entry corrections to data
(see Section 4.1), and with much of the earliea i@t ca 2003) having been manually
entered into the database, an automated cross-elgaghkst the original data would be
warranted.

In view of the critical importance of gas standaimisassuring reliable gas analysis
(Section 6.2), it would be valuable to also redorthe database the suite of standards
used in the analysis (or individual standards ifesuare not kept intact).

6.8 Statistical analyses

All experiments reported in Chapter 4 draw conduosi on the basis of certain

statistical tests, so that the purported,&f correlation that is the subject of this

report owes its existence to statistical inferentlere is a suggestion that such
statistical inference techniques (e.g., usivalues) may be prone to

misinterpretation (Sellke et al., 2001). In orderensure the robustness of such an
inference:

a) All non-confidential data reported in Chapter 4daappropriate data not
reported there should be subjected to detailectisgrbby two independent
statisticians, who should strive to reach consensushether:
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¢ anon-negligible CHSF; correlation is proven;

» additional experiments should be designed and teldar both to further
examine the hypothesis of a negligible correlatamd if necessary and
possible to quantify the correlation so as to ematble “real” CH
emission to be inferred from experimental data.
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Annex: Abbreviations and Acronyms

ANCOVA analysis of covariance

CH, methane

CO, carbon dioxide

DM dry matter

DMI dry matter intake

GC gas chromatography, or gas chromatograph
GEl gross energy intake

H, hydrogen

LW live (body-)weight

MAF NZ Ministry of Agriculture and Forestry
NIWA National Institute of Water & Atmospheric Reseh Ltd
NZ New Zealand

PR permeation rate (of $ffom permeation tube)
Sk sulphur hexafluoride

UN United Nations

VFA volatile fatty acids
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