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Selection Genetics and Genomics Network of the Livestock Research Group of the 9 

Global Research Alliance for reducing greenhouse gases from agriculture. 10 

 11 

Executive Summary 12 

This report was prepared by a working group of the Animal Selection, Genetics 13 

and Genomics Network (ASGGN) of the Global Research Alliance for reducing 14 

greenhouse gases from agriculture.  15 

It is a summary of published and yet to be published work on determining an 16 

appropriate measurement protocol for measurement of methane (CH4) emissions 17 

from individual animals for the purpose of determining genetic options for breeding 18 

livestock that emit less CH4. Its particular focus is to outline what is known about the 19 

factors that affect CH4 production and its measurement in ruminants. Its purpose is 20 

to provide the background information required to evaluate methods that are 21 

potentially useful for measuring CH4 emissions in individual animals to initially obtain 22 

genetic parameters and to subsequently screen animals for use in selective breeding 23 

programs.  24 
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 25 

This report shows: 26 

• Methane emissions are a heritable and repeatable trait at least in sheep. 27 

• Repeated measurements of CH4 emissions on individual animals add most 28 

value when separated by at least 3-14 days. 29 

• Methane emissions are strongly related to feed intake especially in the short 30 

term (up to several hours) and less so in the longer term (days). 31 

• When measured over days, in respiration chambers, CH4 yield (MY: 32 

gCH4/kgDMI) i.e. CH4 corrected (adjusted) for feed intake is a heritable and 33 

repeatable trait albeit with less genetic variation than total CH4 emission 34 

(gCH4/d). In sheep, heritability of MY is 0.13 and total CH4 emissions 0.29 35 

(Pinares-Patino et al, 2013) 36 

• Methane emissions of individual animals are moderately repeatable across 37 

diets and across feeding levels when measured in respiration chambers. 38 

Repeatability estimates are lower when short term measurements are used, 39 

possibly due to variation in time and amount of ingested feed prior to the 40 

measurement. This needs to be investigated further.  41 

• Given the above issues are resolved, short term (over minutes to hours) 42 

measurements of CH4 emissions show promise. However, we believe that for 43 

short term measurements to be useful, for genetic evaluation, a number of (at 44 

least 3) measurements will be required over an extended period of time 45 

(weeks to months). 46 

• Opportunities exist for “brief measurements” in standardised feeding 47 

situations such as “sniffers” attached to milking parlours or total mixed ration 48 
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feeding bins, but we anticipate these are also subject to the caveats above 49 

about use of short term measurements. 50 

• The measurement “protocol” (i.e. how the animal and its feeding behaviour 51 

are managed prior to measurement) is likely to be more important than the 52 

technology used to make the CH4 measurement.  53 

• While there is evidence that correlated and predictor traits exist for CH4 54 

emissions the current level of knowledge is insufficient to recommend the use 55 

of predictor traits in genetic selection to reduce MY.  56 

• Genomic selection offers potential for use to reduce CH4 emissions and MY, 57 

however, CH4 measurements on thousands of individuals will still be required. 58 

• In summary, we feel genetic and genomic selection offers a significant 59 

opportunity, but attention needs to be directed to a number of issues, if brief 60 

low cost measurements are to be implemented in industry. 61 

 62 

As yet we have insufficient knowledge of the phenotypic and genetic correlations 63 

between CH4 measurements made under different protocols (or methodologies) to 64 

be confident about how we combine such data. This will, at least in the short term, 65 

lead to different estimates of genetic parameters for CH4 emission traits from 66 

different laboratories due to the measurement protocol/methodology employed. This 67 

is to be expected, because the cost of measurement of a trait will clearly affect the 68 

number of animals able to be measured, and low cost, accurate measurement 69 

procedures/protocols/methods will be sought. Different measurement 70 

protocols/methodologies may not impede genetic progress with selection for CH4 71 

traits in national or commercial programs (e.g. a breeding company). However, use 72 
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of different measurement protocols in different countries or species will almost 73 

certainly make pooling of data less efficient, and increase costs globally. The pooling 74 

of data would be especially beneficial to enable genomic selection for this trait. An 75 

additional consideration relates to how the IPCC process for accounting for genetic 76 

change in enteric emissions is implemented. The IPCC process utilizes peer 77 

reviewed publications to change to its accounting rules. We, the ASGGN, can help 78 

by providing leadership as to how best to include inherited differences in either feed 79 

intake or MY into the accounting framework for enteric emissions.  80 

We recommend the following research be undertaken under the auspices of the 81 

ASGGN:- 82 

• Wherever possible, measurement protocols used to obtain genetic 83 

parameters are compared with a standardised protocol. Ideally this should 84 

be to a level where heritabilities, repeatabilities and genetic correlations 85 

with key traits e.g. live weight and intake can be estimated from both 86 

techniques. At the minimum, a comparison of measurement repeatability 87 

across time, both within and between measurement protocols is essential. 88 

The assumption in this case is they both measure the same underlying trait 89 

just with different inherent error. 90 

• Establish a process to enable at least meta-data of different measurement 91 

protocols to be shared across research groups in different countries. This 92 

could be extended across species. 93 

• We encourage development of an international R & D project to analyse 94 

joint data sets and make recommendations that lead to improved lower 95 

cost protocols for measurement of methane emissions that can be 96 

employed in member countries. This would prepare the community for 97 
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development of preliminary genetic parameters and genomic estimated 98 

breeding values (GEBVs) to act as a catalyst for local/national 99 

development of breeding solutions for reduced emissions of methane from 100 

farmed ruminants.  101 

• Continue to explore methods that use proxies of feed intake measured 102 

over the same time frame as CH4, for example CO2 output and O2 uptake, 103 

to estimate MY. Establish relationships between proxy measures of MY 104 

and reference methods and the total CH4 production/time measured on 105 

animals on pasture. 106 

 107 

Introduction 108 

Climate change is of growing international concern and it is well established that 109 

the release of greenhouse gases (GHG) are a contributing factor. Overall livestock 110 

activities, of which the largest single contribution is methane (CH4) emissions by 111 

ruminants, contributes approximately 18% of total anthropogenic GHG emissions 112 

through the commodity chain (Steinfeld et al., 2006). Of the various GHG CH4 is the 113 

most important contributor, with a global warming potential 25 times that of carbon 114 

dioxide (CO2). Ruminant livestock occupy a significant niche in human activity 115 

through production of food, fibre and work. They normally consume fibrous low-116 

quality diets (Hofmann, 1989), which are abundant and unable to be readily digested 117 

by man. Through domestication of ruminants man has increased his capacity to 118 

generate human food from the surrounding environment. 119 

Globally GHG emissions from the agriculture sector accounted for 4.6 GtCO2-120 

eq/yr in 2010, of which enteric fermentation (emissions of CH4 by ruminant animals) 121 
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contributed 2 GtCO2 eq/yr (Tubiello et al., 2013), with an annual increase of 0.95% 122 

(1961 - 2010). Non-dairy cattle (beef and draft) were the single largest source of 123 

enteric CH4, followed by dairy cattle, buffaloes, sheep and goats (Figure 1). 124 

Averaged over 2000 – 2010, the largest regional contributors to global enteric CH4 125 

production were Asia and the Americas (Figure 2). There was growth in annual 126 

enteric emissions in all regions except Europe and Oceania (FAOSTAT, 2013). After 127 

enteric emissions of CH4, the next greatest contributor to agricultural emissions was 128 

deposition of manure onto pasture. Nitrous oxide emissions contributed 10% of total 129 

agricultural emissions, resulting from organic soils, crop residues and manure 130 

applied to soil. However, the effective area of land usable for domestic ruminant 131 

grazing is more than 30%, with 25% of the global land area as permanent pastures 132 

(Meadows & pasture, Figure 3; FAOSTAT, 2009).  133 

others
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7.16%
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Dairy cattle
19.44%

Non-dairy cattle
56.04%

 134 

Figure 1.  Contribution of different animal types and species to global livestock 135 

enteric methane production (source FAOSTAT, 2013). 136 

 137 
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 138 
Figure 2.  Contribution of region to global enteric methane production (source 139 

FAOSTAT, 2013). 140 

 141 

142 
Figure 3.  Global land use (source FAOSTAT, 2009). 143 

 144 

The range of options to reduce enteric CH4 emissions include: changing feed type 145 

(for example from pasture to concentrate feed, or to new pasture varieties), use of 146 

supplements that reduce CH4 emissions (fats, oils, plant extracts and nitrate), 147 

immunisation against methanogens (Williams et al, 2009) and selective breeding of 148 

animals with low methane emissions, without compromising production 149 

characteristics (Eckard et al., 2010; Martin et al., 2010; Wall et al., 2010; Cottle et al., 150 

2011).  151 
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Selective breeding for reduced emissions, with no loss of productivity, is a 152 

mitigation strategy which could deliver a permanent reduction in CH4 emissions 153 

provided selection pressure is maintained. The technologies for implementation of 154 

selective breeding programs are well established and provide a low cost option for 155 

control. Nonetheless, within animal production, there is currently little or no 156 

concerted research effort on long-term breeding strategies to mitigate GHG in 157 

ruminants. Unlike many production traits, where the traits may be measured as part 158 

of the day to day management processes (e.g., weight, milk production, number of 159 

offspring and carcase quality), CH4 emissions are not routinely measured in livestock.  160 

To implement a breeding program requires the trait be measured. Alternatively, if 161 

there are strong genetic correlations between heritable indicator traits that can be 162 

readily measured in the industry and a CH4 emissions trait, then that correlated trait 163 

may be used for indirect selection. However, in the first instance, the CH4 trait itself 164 

must be measured on enough animals to confidently establish the genetic 165 

correlations with indicator trait(s). At present we are not confident that breeding low 166 

CH4 emitting livestock is a practical option.  However, studies are now underway to 167 

determine if it is possible to breed low CH4 emitting livestock (e.g. Pinares-Patiño et 168 

al., 2013a).  169 

If breeding for methane reduction is to be successful in industry a number of 170 

criteria must be met. Firstly, the trait should define and demonstrate, at least in 171 

simulation modelling, that it can achieve the intended outcomes if implemented by 172 

industry. Then the trait must be shown to be heritable, and readily measured in at 173 

least research situations. During early stages of development of a new trait such as 174 

methane emissions, these steps may well be repeated as new knowledge becomes 175 

available. Once established that a new trait such as methane emissions is feasible, it 176 
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may be implemented by direct selection using CH4 measurements, or it may be 177 

possible to use correlated traits, or incorporate genomic information to estimate 178 

breeding values for methane emissions into breeding schemes (Meuwissen et al., 179 

2013). For the latter to be implemented, a reference population of several thousand 180 

genotyped industry relevant animals, with the CH4 phenotype measured, is required 181 

to provide initial estimates of the contribution of each genomic region to the 182 

expression of the phenotype under investigation (Calus et al., 2013). Similarly, 183 

genomic information could be used to increase the rate of progress for reduction in 184 

methane emissions through selection on GEBV for correlated indicator traits, if the 185 

CH4 trait is impractical to measure on enough animals to establish a reference 186 

population.  Secondly, to implement a CH4 ‘trait’ into an existing production selection 187 

index, there is a need to identify and quantify any associations between CH4 188 

emissions and production traits. The expected genetic progress in reducing 189 

emissions while, at the same time, maintaining or improving other desirable traits 190 

can then be calculated. Finally, there must be an economic (and/or social) incentive 191 

to breed animals with the trait which is incorporated in the selection objective, so the 192 

CH4 trait receives the appropriate weighting in any breeding program.  193 

In the case of CH4, there are a number of other considerations in defining a trait 194 

for genetic selection. The research question is “where should investment be made to 195 

further increase rate of genetic improvement for low CH4 emissions, without reducing 196 

productivity?” It is known that there is already on-going improvement in intensity i.e. 197 

yield of CH4 emissions per unit product arising from genetic selection for current 198 

production traits (Wall et al., 2010, Hayes et al, 2013). One could argue that further 199 

research investment into this area is not necessary. However, selection solely on 200 

productivity traits such as live weight gain and/or milk production, will increase feed 201 
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intake and CH4 emissions per animal, and hence total CH4 emissions unless a 202 

constraint is imposed on total emissions. In some markets, particularly for dairy 203 

products, there is a market constraint on total production which has resulted in an 204 

increase in productivity per cow and a decrease in number of animals. This may suit 205 

some industries but poses the question “is it possible to increase productivity and 206 

reduce CH4 emissions per animal at the same time?” This could be achieved by 207 

reducing the yield of CH4 per feed ingested (Methane Yield; MY), provided that there 208 

is no concomitant reduction in productivity. This provides options to either reduce 209 

emissions while holding net enterprise feed consumption constant, or alternatively, 210 

allowing intake to increase supporting a production boost per animal without raising 211 

total emissions. It is not yet clear if MY (defined as CH4 production per unit feed 212 

eaten) is under genetic control, although early results from a number of studies 213 

around the world, suggest it is both a heritable and repeatable trait (e.g. Hegarty and 214 

McEwan, 2010; Pinares-Patiño et al., 2013a). However, the means by which the host 215 

influences fermentation in the gut to affect CH4 production is largely unknown. The 216 

extent to which genetic selection can be used to reduce MY is also not known. It is 217 

possible to make genetic progress without detailed knowledge of the biological 218 

mechanism. Because CH4 emissions are derived from the internal milleau of the 219 

rumen, and we currently know little of the means by which the host controls rumen 220 

function, nor are we likely in the short term to gather enough data to reliably estimate 221 

genetic correlations with production traits, we belive it would be prudent to obtain 222 

some information of the associated phenotypic changes in rumen function before 223 

large scale industry implementation. 224 

 The methods by which CH4 emissions of individual animals can be measured are 225 

an important factor because the method used to measure the CH4 trait will also 226 
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influence the resulting genetic parameters and is therefore an integral part of the 227 

selection program.  228 

We anticipate that the CH4 emission trait will be implemented as part of a 229 

selection index. Current selection indices use production traits and returns and 230 

allocate costs associated with production (costs are principally related to expected 231 

feed intake). These are weighted in proportion to the genetic contribution the trait 232 

makes to the economic breeding objective based on costs and returns from historic 233 

production system data. We anticipate implementation of a CH4 emissions trait will 234 

need to account for an anticipated future carbon price. Given the lags and delays 235 

implicit in genetic improvement this should probably be the best estimate of the 236 

carbon price 20 years hence (to account for a number of intangibles: likely time of 237 

implementation of breeding solutions to reduce methane emissions from livestock, 238 

development of mature carbon markets and extension of current emissions trading 239 

schemes to include agriculture). There may also be a social cost placed on CH4 240 

emissions which operates over and above a rational market framework. In that 241 

context, finding breeding solutions for reducing livestock CH4 is akin to establishing a 242 

method to ensure future freedom to operate for the ruminant livestock industries. The 243 

impact, pace and extent of these factors are unknown, but nonetheless important 244 

considerations. 245 

In this manuscript we outline what is known about the animal factors which 246 

potentially affect production of CH4 in individual livestock, with the explicit 247 

objective of informing methods that can be used to derive genetic parameters 248 

to underpin a process to selectively breed livestock for lower CH4 emissions. 249 

The expectation is that genetic selection is possible and will require robust, low cost, 250 
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emission measurement methodologies to identify suitable candidates for breeding 251 

and that it will be integrated with genomic selection.  252 

 253 

Evidence of genetic control of emissions  254 

To justify investment of effort and money in developing protocols for measurement of 255 

emissions  to support genetic improvement in a CH4 trait, it is worth summarising 256 

evidence supportive of this breeding strategy. Genetic diversity in a range of 257 

digestive parameters likely to be associated with enteric CH4 production was 258 

apparent when reviewed in 2002 (Hegarty, 2002). The prospect for selection for a 259 

CH4 trait was initially investigated by multiple groups; some identified variation in CH4 260 

traits amenable to animal selection (Robinson et al., 2010) and some did not 261 

(Münger and Kreuzer, 2008). More recent research in beef (Arthur et al., 2012) and 262 

sheep (Pinares-Patiño et al., 2011a; 2013a) is increasingly supportive of CH4 traits 263 

being heritable with improvement by direct selection achievable. Arguably the 264 

strongest data set is that from New Zealand sheep studies summarised in Table 1 265 

(Pinares-Patiño et al., 2013a). 266 

Based on records of 1,277 pedigreed sheep, estimated heritability and 267 

repeatability of CH4 across days, rounds and years, using the total 24hr 268 

measurement are shown in Table 1. There are high repeatabilities across 269 

consecutive days. Across rounds and across years the repeatability estimates are 270 

lower, but, relatively stable. Estimation of genetic and phenotypic correlations with 271 

some of the main New Zealand production traits; weaning weight (WWT), live weight 272 

at 8 months (LW8), fleece weight at 12 months (FW12), eye muscle depth (EMD) 273 

and dag score (accumulation of faeces on the perineum region) at 3 or 8 months 274 
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(DAG3, DAG8) are shown in Table 2. Correlations with MY (gCH4/kg dry matter 275 

intake (DMI)) are low or close to zero, only exception is FW12. The negative genetic 276 

and phenotypic correlations of FW12 with MY (-0.32 ± 0.11 and -0.08 ± 0.03, 277 

respectively) imply that selecting for increased hogget fleece weight would in part 278 

result in lower CH4 emissions expressed as gCH4/kg DMI. 279 

 280 

Table 1: Heritability (h2), repeatability estimates (± standard errors; s.e.) for methane 281 

traits and live weight (LW) at measurement (Pinares-Patiño et al., 2013). 282 

      Repeatability 

Trait 
n 

records mean σp h2 ± s.e. 
consecutive 

days 
across 
rounds  across years 

gCH4/day 5236 24.6 3.18 0.29 ± 0.05 0.94 ± 0.003 0.55 ± 0.02 0.53 ± 0.02 

gCH4/kgDMI 5235 15.7 1.62 0.13 ± 0.03 0.89 ± 0.005 0.26 ± 0.02 0.24 ± 0.02 

LW (kg) 4869 48.5 5.12 0.46 ± 0.07 0.93 ± 0.004 0.88 ± 0.01 0.80 ± 0.01 
CH4: methane; DMI: dry matter intake 283 

 284 

Table 2: Estimates of SIL production trait heritabilities (h2) (± standard errors; s.e.) 285 

and genetic (rg) and phenotypic (rp) correlations with methane traits. (Pinares-Patiño 286 

et al., 2013) 287 

  single trait analysis   2-trait with gCH4/day   2-trait with gCH4/kgDMI 

Trait 
n 

records mean σp 
 direct h2 ± 

s.e. 
 dam h2 ± 

s.e.  rg rp  rg rp 

WWT (kg) 48591 27 4.11 0.23 ± 0.01 0.23 ± 0.01  0.88 ± 0.04 0.31 ± 0.02  0.06 ± 0.12 0.01 ± 0.02 

LW8 (kg) 34742 40 4.95 0.56 ± 0.01 -  0.89 ± 0.03 0.50 ± 0.02  0.10 ± 0.09 0.03 ± 0.03 

FW12 (kg) 15186 3.1 0.48 0.53 ± 0.02 -  0.23 ± 0.07 0.09 ± 0.03  -0.31 ± 0.09 -0.08 ± 0.02 

EMD (mm) 22141 26.7 2.86 0.50 ± 0.02 -  0.64 ± 0.06 0.28 ± 0.03  -0.03 ± 0.11 -0.01 ± 0.03 

DAG3 score 22809 1.03 1.12 0.43 ± 0.02 -  -0.18 ± 0.07 -0.06 ± 0.03  -0.07 ± 0.10 -0.02 ± 0.02 

DAG8 score 8072 1.14 1.25 0.51 ± 0.03 -   -0.04 ± 0.10 -0.01 ± 0.04   -0.13 ± 0.12 -0.03 ± 0.03 
SIL: Sheep Improvement Limited (www.sil.co.nz); CH4: methane; DMI: dry matter intake; WWT: 288 
weaning weight at 3 months; LW8: live weight at 8 months; FW12: fleece weight at 12 months; EMD: 289 
eye muscle depth; DAG3, DAG8: dag score at 3 and 8 months, respectively. 290 
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 291 

While data in tables 1 and 2 are based on 24hr respiration chamber (RC) 292 

measurement with known feed intake, the cost of this is thought to be prohibitive for 293 

a testing program using industry animals. Therefore, protocols for measuring or 294 

estimating CH4 production and feed intake that require less time and cost need 295 

assessment. To inform development of these protocols, an overview of variation in 296 

CH4 production and feed intake are described.  297 

 298 

Understanding animal variation in methane productio n over time   299 

Sources and transfer of methane within the ruminant  300 

While CH4 is produced in both the reticulo-rumen and the hindgut, some transfer 301 

within the animal occurs before the CH4 is emitted. For example, in ewes eating 302 

lucerne, 97.5% of CH4 emission was via the oesophagus and lungs and only 2.5% 303 

via flatus; 23% of CH4 production occurred in the lower gut and most (89%) of this 304 

hindgut CH4 was excreted via the lungs, presumably after absorption into the blood 305 

(Murray et al., 1976). The proportion of CH4 derived from the hindgut increases with 306 

feeding level (Murray et al., 1978; Hofmeyr et al., 1984). A small difference has been 307 

observed in some, but not all, experiments in which sulphur hexafluoride (SF6) has 308 

been used as a tracer in confinement studies, in which the whole animal is confined, 309 

and flatus is included in the emission measures (Johnson et al., 1994; Boadi et al., 310 

2002; McGinn et al., 2006; Grainger et al., 2007; Pinares Patiño et al., 2011b). 311 

Most of the CH4 leaving the rumen in oesophageal eructation is thought to be 312 

subsequently drawn into the lungs and then emitted in exhaled breath. This has 313 

been confirmed by dosing and radiotracer studies (Dougherty et al., 1962; Heywood 314 
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and Wood 1985). Some rumen produced CH4, is also absorbed directly into the 315 

lungs without passing back through, up the oesophagus. 316 

Cattle eructate on average every 1.5 mins and take between 25-40 breaths per 317 

min (Ulyatt et al., 1999; Mortola and Lanthier, 2005). The recently developed 318 

GreenFeed emission monitor (GEM; www.c-lockinc.com/greenfeedonline.php) has 319 

provided the opportunity to monitor the pattern of those emissions (Figure 4). Distinct 320 

emission peaks carrying both CO2 and CH4, at 40-60 second intervals, are apparent 321 

when cattle are measured by a GEM. The frequency of eructation peaks is reduced 322 

when drinking (Hegarty et al., 2013).   323 

 324 

Figure 4.  Methane (red) and Carbon dioxide (blue) concentration in breath of a cow 325 

measured using the Greenfeed Emission Monitoring system (Hegarty 2013) 326 

 327 

Studies with tracheostomised cattle (Dougherty and Cook, 1962; Hoernicke et al., 328 

1965) have revealed that before feeding, 25–94% of the total CH4 emission (flatus 329 

not included) was by exhalation, whereas after feeding exhalation accounted for 9–330 

43% of total CH4 emission. Furthermore, with small amounts of rumen gas, CH4 was 331 

almost completely absorbed from the rumen into bloodstream and exhaled via the 332 
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lungs. The fraction of CH4 absorbed into the bloodstream decreased with increasing 333 

volume of eructated gas (Hoernicke et al. 1965). The proportion of tracheal 334 

inhalation of eructated gases is also greater when an animal is not ruminating than 335 

when it is ruminating and is highly variable between individuals (Hoernicke et al., 336 

1965).  337 

From the above, it seems that in cattle, absorption of CH4 from the rumen and 338 

subsequent exhalation is an important source of CH4 excretion, but it is highly 339 

variable between animals. However, irregularities in emission occur, as evidenced by 340 

the large oscillations in CH4 release rate (but not necessarily methanogenesis rate) 341 

observed during calorimetry.  Animal position and activity is known to affect pooling 342 

of gas in the rumen (McCauley and Dziuk,1965). Pooling of gas in the rumen may be 343 

part of the reason that variable short term CH4 production rates are seen during RC 344 

studies even when animals are fed at 2 hr intervals (e.g. Figure 5a: Nolan et al., 345 

2010; Figure 5b: Mathers and Walters, 1982). Enteric CH4 production rate varies 346 

widely over 2 hr intervals (Figure 5b), potentially contributing to a highly variable 347 

estimate of emission rate if measurements are short term. Mathers and Walters 348 

(1982) acknowledged “violent short-term variations were evident in the plots of the 349 

observations”. Emission rates were averaged, over various periods, to generate 350 

smoother emission profiles. Even with slowly fermented high-fibre diets, such 351 

variations in emission (not necessarily production) are apparent (e.g. McCrabb and 352 

Hunter, 1999; Figure 6).  353 

Breathing frequency in cattle not only oscillates within a day, but it also varies 354 

largely between animals (Piccione et al., 2004). Thus, differences in gas excretion 355 

mechanisms (eructation, tracheal inhalation, exhalation and expiration) might differ 356 

considerably among individual animals as well as with diets.  357 
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 358 

 359 

Figure 5 . Time course of a) methane concentrations (ppm) (reproduced Nolan et al., 360 

2010, figure 1a), and b) methane production (ml/min) (reproduced from Mathers and 361 

Walters, 1982, figure 2a), of sheep fed using an automated feeder at 2-hourly 362 

intervals 363 
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 364 

Figure 6.  Pattern of methane emissions from a Brahman steer fed ad-libitum 365 

Rhodes grass diet once at 0800hrs (reproduced from McCrabb and Hunter, 1999, 366 

figure 1) 367 

 368 

Diurnal and longer term emission cycles 369 

In the grazing environment, ruminants are considered to ingest most of their feed 370 

intake in morning and late-afternoon feeding sessions (see Gregorini, 2012 for 371 

recent review). Emulation of this pattern in RCs (Robinson, 2009) shows a biphasic 372 

diurnal CH4 emission pattern, consistent with timing of feed intake but there was no 373 

difference in either total daily emission or MY when feed was provided in a single 374 

meal or as 4 equal meals in the morning and 4 equal meals in the afternoon (Figure 375 

7). Murray et al (2001) found a similar pattern of biphasic emissions in grazing sheep 376 

using a polytunnel (Figure 8).  377 
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 378 

Figure 7.  Production of methane from sheep fed three levels of chaffed lucerne hay 379 

(0.7, 1, 1.3 times maintenance requirements) in 2 sessions each of 4 hours in which 380 

feed was presented hourly for 4 hours /day. The feeding pattern was intended to 381 

represent the anticipated pattern of feed intake by sheep under pasture conditions. 382 

The x- axis is hours from start of feeding, the y- axis is methane production rate (l/hr). 383 

(After Robinson 2009; concentration data multiplied by flow rates to get methane 384 

production rate) 385 
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 386 

Figure 8.  Biphasic emission profile in sheep grazing ryegrass pasture (N270 , N70) 387 

or clover (Murray et al., 2001). 388 

 389 

A number of studies offer evidence of repeatability of emissions over prolonged 390 

periods, but the repeatability is confounded by the variations in pasture that occur 391 

with seasonal pasture change, (Knight et al., 2008; Munger and Kreuzer, 2008), so 392 

do not reflect innate repeatability of emission by the animal as would occur if the 393 

same diet was fed for a prolonged period. 394 

Recent sheep genetics research provides evidence of repeatability over extended 395 

time intervals when a consistent diet is fed (Pinares-Patiño et al., 2013a) and 396 

confounding with changes in feed composition do not occur. Within year 397 

repeatabilities of daily CH4 production and of MY were 0.55 and 0.26, respectively 398 

(Table 1) and repeatability declined as the period between measurement increases. 399 

 400 

 401 
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Implications for measurement 402 

The highly variable dynamics of CH4 excretion in relation to feed intake implies 403 

that methods, based on discrete and low frequency measurements of emissions 404 

from animals feeding intermittently and with asynchronous timing, may not 405 

accurately rank individuals.  406 

Before considering short term breath-based measures, it is worth considering the 407 

constraints of the RC system that is often viewed as a ‘gold standard’ for emission 408 

measurement. There is little question RC measurements accurately quantify CH4 409 

output over the 1-3d typically used, and they achieve this by frequently monitoring 410 

emissions, with the variability in emission rate resulting from eructation cycles, 411 

animal position and feed intake that occur in 24hr, being typically damped within the 412 

large chamber volume. However, even if emission rate was monitored every second, 413 

a 1-2d collection seems unlikely to describe the CH4 phenotype of an animal over a 414 

year or a lifetime. Feeding in RCs can also cause a reduction in feed intake (relative 415 

to pre-chamber intakes) and completely eliminates diet selection and feeding pattern 416 

which has strong genetic control and may well be a means by which animal genetics 417 

moderates emission in the grazing environment (Hegarty, 2002). However, RC rarely 418 

monitor CH4 outflow on a second by second basis, the chambers used to estimate 419 

CH4 parameters in table 1 do so by measuring volume of air flow coupled with 420 

intermittent samples of CH4 concentrations every 5 to 6 minutes. This means that 421 

hourly measurements described here consist of averages of 9-13 measurements 422 

each taken over a few seconds (albeit averaged via dilution in a large volume that is 423 

the chamber). In reality, CH4 is emitted intermittently via brief 5-30 second 424 

eructations or burps, albeit with a basal level of emission, so these results are not 425 

derived via integrating instantaneous emissions over time. This system has shown 426 
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repeatabilities of 0.53 and 0.24 for CH4/d and MY across years in table 1, 427 

highlighting that the high frequency emission monitoring of a RC over 1-2d cannot 428 

describe the long term emission rate or variation.  429 

The SF6 technique is one tool that offers field measurement over a longer time, 430 

but requires insertion of rumen boluses, daily animal handling and laboratory 431 

measurement of gases (McGinn et al., 2006). Moreover, the sampling procedures 432 

provide an average methane output for periods of typically 24hrs, but can be 433 

repeated over periods of 5-10d, or until the rate of release of SF6 from the 434 

permeation tube is no longer stable. While repeatability of daily CH4 production is 435 

being improved as the methodology is refined, SF6 remains a very demanding 436 

method to get accurate emission measures over multiple days in individual animals. 437 

Other systems that measure (or estimate) emissions over multiple short periods 438 

per day with minimal operator input have been developed. These include measuring 439 

all emissions from animals in short term confinement (Portable Accumulation 440 

Chambers: PAC; Goopy et al., 2011), or monitoring eructations in feeding stations 441 

(Negussie et al., 2012) or voluntary milking systems for cattle (Garnsworthy et al., 442 

2012a; Lassen et al., 2012; de Hass et al., 2013). Also laser gun methodology has 443 

been used to make short term measurements in dairy cattle (Chagunda et al., 2013). 444 

Tables 3 and 4 present the average CH4 emissions in various units, heritability 445 

estimates, where known, and various repeatability estimates e.g. across days, 446 

across periods and across rounds. There are a wide variety of methods used 447 

including; system (RC, SF6, laser, GEM or PACs), diet (composition and particle 448 

size), feeding level (ad libitum or at a proportion of maintenance) and experimental 449 

period. Despite this, gross CH4 output and repeatability estimates are not so different. 450 

However, MY is variable with a noticeable difference between studies where animals 451 
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are fed at a proportion of maintenance versus those that are fed at ad libitum. Those 452 

fed at maintenance are theoretically estimating CH4 per live weight as much as CH4 453 

per unit intake; MY increases with live weight, and thus the ratio measure could be 454 

similar across time points in maintenance fed studies. 455 

When collecting records for selective breeding, it will often be a choice between 456 

accuracy of the phenotype and number of records. In the case of CH4 emission the 457 

most accurate method would be the RC method but in order to generate enough 458 

data to do selective breeding and make recordings in practice this method has 459 

limitations. On the other hand, spot samples from e.g. milking in dairy cattle might be 460 

an inaccurate phenotype for selective breeding but can generate a huge number of 461 

individual animal records. A correlation structure between these methods together 462 

with 1hr RC methods, SF6  and other methods seems obvious and merging data 463 

therefore seems to be an appropriate way to get enough data for use in selective 464 

breeding. The value of the recordings is enhanced by the family structure in the 465 

given population analysed. Often half-sibs will be recorded in different systems and 466 

that will help in order to perform selective breeding. 467 

 468 

 469 

 470 
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Table 3.  Summary of methane measurement experiments in cattle, including average emissions (± sd), and repeatability (Rep) estimates. 471 

Animals System a Breed b Diet c Expt 
Period 

Trait Av Emissions  Rep Country Reference 

gCH4/d 124.3 ± 11.1 0.49 Forage based 
at M 

23 days 

gCH4/kgDMI 22.8 ± 2.0 0.47 

gCH4/d 169.8 ± 11.0 0.73 

4 Dairy 
cows 

SF6 F x J 

Cereal, lucerne 
and straw mix 
at M 

30 days 

gCH4/kgDMI 32.0 ± 2.0 

across 
days 

0.73 

NZ Vlaming et al., 
(2008) 

CH4  0.34 ± 0.01 

CO2  0.46 ± 0.00 

50 H 3 days 

CH4:CO2 0.065 0.37 ± 0.01 

CH4  0.33 ± 0.01 

CO2  0.40 ± 0.01 

93 Dairy 
cows 

FTIR – 
AMS 

43 J 

TMR ad lib, 
concentrated 

3 days 

CH4:CO2 0.05 

across 
visits to 
AMS 

 

0.33 ± 0.00 

Denmark Lassen et al., 
(2012) 

CH4 L/d  0.13 

CH4 L/kg DMI  0.039 

DMI kg/d  0.12 

CH4 L/kg DOMI  0.019 

CO2 L/d  0.069 

CH4/CO2  0.25 

30 heifers RC H, J 
and S 

Forage ad lib 
plus 
concentratee 

6 periods 
of 3 daysg 

LWT  

across 
stage of 
lactation 

0.65 

Swiss Münger and 
Kreuzer (2008) 
data supplied 

DMI kg/d 7.61 ± 1.46  0.75 

Ch4 l/d 239 ± 24.04  0.69 

40 
Yearling 
bulls 

RC Angus Lucerne and 
cereal hay 
chaff 1.2x M 

2periods 
of 24hrsh 

ch4 l/kgDMI 31.75 ± 2.90  0.34 

Aus R.Herd pers. 
comm. 

LW 365.2 ±  49.97 0.95 Aus 

DMI kg/d 8.93 ± 2.61 0.10  

CH4/CO2 0.04 ±  0.00 0.26  

10 steers Greenfeed Angus Lucerne cereal 
mix chaff ad lib 
plus pelletsf 

6 periods 
of 2 days 

CH4g/kgDMI 27.00 ±  13.50 

across 
periods 

0.02  

J. Velazco pers. 
comm. 
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CH4 g/d 216.54 ±  39.04 0.37  

CO2 g/d 5675.7 ±  919.6 0.57  
aSF6: Sulphur hexafluoride: FITR: Fourier Transform InfraRed; AMS: Automatic Milking System; RC: Respiration Chambers; bF: Friesian; J: Jersey; H: Holsteins; S: 472 
Simmental; cM: maintenance; ab lib: ab libitum; dTMR: total mixed ration (corn silage, rapeseed meal and soybean meal). Concentrates were fed in the AMS as an attractant; 473 
eSpring: maize silage and fresh grass in Autumn: maize silage and hay. Concentrates 200g/kg daily DM fed in both seasons up to 22 week of lactation;  f850g Horse pellets 474 
fed in Greenfeed as attractant; g6 periods: pre calving and weeks 8, 15, 23, 33 and 41 of lactation; h 2 periods were 9 months apart; 475 
 476 

Table 4.  Summary of methane measurement experiments in sheep, including average emissions (± sd), and repeatability (Rep) estimates. 477 

Animals a System b Breed c Diet d Expt days  Trait Av Emissions h 2  Rep Country Reference 
0.38 ± 0.09 across days 0.89 ± 0.01 24hr gCH4/d 

 across rounds 0.58 ± 0.02 
0.20 ± 0.07 across days 0.62 ± 0.02 1hr gCH4/d 

 across rounds 0.37 ± 0.03 
0.15 ± 0.06 across days 0.77 ± 0.01 24hr gCH4/kgDMI 

 across rounds 0.28 ± 0.03 
0.08 ± 0.05 across days 0.51 ± 0.02 

684 sheep 
(10 mo) 

RC Rom, 
Coop, 
Peren and 
Comp 

Lucerne 
pellet 
2.1x M 

1hr gCH4/kgDMI 

 

 across rounds 0.21 ± 0.03 

NZ McEwan et 
al., (2012). 

24.89 ± 4.80 0.29 ± 0.05 across days 0.94 ± 0.00 
  across rounds 0.55 ± 0.02 

gCH4/d 

  across years 0.53 ± 0.02 
15.74 ± 1.90 0.13 ± 0.03 across days 0.89 ± 0.01 

  across rounds 0.26 ± 0.02 
gCH4/kgDMI 

  across years 0.24 ± 0.02 

1277 
Sheep 
(10mo - 
4yrs) 

RC Rom, 
Coop, 
Peren and 
Comp 

Lucerne 
pellet 
2.1x M 

2x 48hr 

LW 48.17 ± 13.31 0.46 ± 0.07 across days 0.93 ± 0.00 

NZ Pinares 
Patino et 
al., (2013ª) 

LWT (kg) 51.50 ± 7.87  0.93 
mlCH4/min 23.18 ± 4.53  0.47 
mlCH4/gFI 24.39 ± 1.95  0.07 
CH4/CO2 0.06 ± 0.01  0.08 
mlCO2/min 361.7 ± 52.17  0.42 

X Sheep 
12-15mo 

RC and 
PACs 

 ab lib, M 
and 
pasture 

9 
measurese 

mlO2/min -370.6 ± 46.38  

across days 

0.20 

Aus H Oddy 
pers. 
comm. 
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dLCH4/h 5.5 0.30  0.30 708 Sheep PAC Merino X pasture 
ab lib 

1hr 
adj for LW 5.5 0.13  0.32 

Aus Robinson,, 
(2009) 

amo: month; b RC: Respiration chamber; PAC: Portable Accumulation chamber; c Rom: Romney; Coop: Coopworth; Peren: Perendale; Comp: Composites; X: cross; d M: 478 
maintenance; ab lib: ab libitum; eAnimals were measured for 1hr in PACs for 2 consecutive days, done for 4 separate periods (period 1 ab lib, period 2 at maintenance, period 479 
3 and 4 at pasture). Animals were also measured in RC for 1 day at ab lib, between period 1 and 2.480 
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Three messages on repeatability emerge from tables 3 and 4. The 481 

repeatability of daily CH4 emissions is highest between RC measures made 482 

on consecutive days, but diminishes as time between measures increases. 483 

Repeatability between CH4 emissions measures is low for short term 484 

measurement systems (eg PACs) relative to RC measures. Consequently, 485 

more measures will be required from short-term sampling methods to capture 486 

variation within a day, but mulitple samples across many days offers 487 

additional informartion about the robustness of emission phenotype that is not 488 

normally obtianed by RC studies made only over 1-3d. This working group 489 

has not as yet been able to source sufficient structured data from these 490 

methods and protocols to develop a common procedure for measurement of 491 

rate of CH4 emissions capable of being used for genetic selection 492 

McEwan et al (2012) assessed the usefullness of multiple 1hr measures of 493 

emissions compared to 22hr RC measures using 684 sheep and found a high 494 

genetic corelation between 24hr total emission measure and a 1hr emission 495 

measure (0.89 for gCH4/d and 0.76 for MY). From the data, they estimated 496 

there is little difference in measuring animals for 2 rounds of 2 days (by RC), 497 

14d apart, or for measuring the animal 4 times for 1hr if intake is known. Such 498 

assessments indicate that using a range of measurement technologies is 499 

posible, but the intenstity of sampling required and number of animals 500 

needing to be measured will  be different for each system used.  501 

It has been calculated that 3 x 1h PAC measurements will be as useful at 502 

describing CH4 production rate as one RC measure for 1 day (Bickell et al., 503 

2011)). Defining this comparability is a key requirement for developing 504 

measurement protocols of equivalent power to use in genetic selection.  505 
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Recent data from Oddy et al pers. comm. (Table 5) has started to build a 506 

framework for comparing the merit of emission measurement systems by 507 

estimating the correlation between them. For example, RC vs PACs (ml 508 

CH4/min) measured on the same animal, same diet (ad libitum) have 509 

correlations of 0.58. The correlations between RC at ad libitum, and at 510 

maintenance was also 0.58, between PAC ad libitum and PAC maintenance 511 

was 0.60 (Table 6). 512 

Where these short term emission measures for animal house or at pasture 513 

become constrained is that feed intake is not usually known and estimating 514 

the intake relevant to a CH4 measure made over only a few minutes is 515 

challenging. For example, in the RC v PAC comparison in table 6 below, 516 

correlations between methods for estimating MY drop to 0.11 - 0.18 (RC+PAC 517 

ad lib fed), -0.12 - 0.01 (RC ad lib, PAC maintenance) and -0.14 - 0.16 (PAC 518 

ad lib, PAC maintenance), respectively. These results suggest we can’t use 519 

PACs for estimating MY without a measure of feed intake temporally relevant 520 

to the measurement of CH4. Because of the strong association between 521 

methane production and DMI, it is important to understand variation in feed 522 

intake if MY is to be considered as a trait. Variation in feed intake is assessed 523 

in the next section.  524 

 525 

 526 

 527 

 528 

 529 
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Table 5.  Phenotypic correlation matrix (r) between methane production rate 530 

(ml CH4/min) by sheep determined by RCs and repeated portable 531 

accumulation chambers (PAC) when fed at maintenance and ad-libitum.  532 

 Ad-lib P1 M P2 Ad lib pasture P3 pasture P4 

 PAC1 PAC2 PAC3 PAC4 RC PAC5 PAC6 PAC7 PAC8 

PAC1 1          

PAC2 0.751 1        

PAC3 0.518 0.582 1        

PAC4 0.691 0.719 0.815 1      

RC 0.583 0.579 0.563 0.597 1     

PAC5 0.394 0.515 0.454 0.439 0.556 1     

PAC6 0.539 0.468 0.415 0.473 0.44 0.634 1   

PAC7 0.508 0.55 0.492 0.484 0.531 0.635 0.552 1   

PAC8 0.545 0.619 0.489 0.556 0.463 0.539 0.505 0.58 1 

 533 

Table 6 . Phenotypic correlations between different measurement protocols, 534 

and different ways of expressing methane emissions from sheep.   535 

CH4 ml/min PAC ad-lib PAC maint 

RC 0.58 0.58 

PAC maint 0.6 1 

 

CH4 ml/gDMI PAC ad-lib PAC maint 

RC 0.11-0.18 -0.12 - 0.01 

PAC maint -0.14 - 0.16 1 

 

CH4/CO2 PAC ad-lib PAC maint 

RC 0.16 - 0.13 0.09 - 0.27 

PAC maint 0.36 - 0.40  

 

CH4/Estimated FI PAC ad-lib RC PAC pasture1 

PAC pasture1 0.23-0.44 0.23-0.26 1 

PAC pasture 2 0.28-0.36 0.10-0.12 0.16-0.47 

CH4: total methane emissions (ml/min, MY: CH4/kgDMI; ratio of CH4/CO2 emissions: 536 
CH4/CO2). Measurement protocols: RC: respiration chamber 22hrs ad-libitum feed intake of 537 
chaffed hay (M/D = 9.5 MJ ME/kg DM); PAC ad-lib:  1hr measurement in portable 538 
accumulation chamber, ad-libitum intake of same chaffed hay; PAC maintenance: 1hr 539 
measurement in PAC maintenance intake of chaffed hay; PAC pasture 1 and 2: 1hr 540 
measurement in PAC of same sheep eating 2 different pastures. 541 
 542 

 543 
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 544 

Proxies for methane production  545 

Soon after exit from RCs (fasted or pre-feeding stage), sheep used in the 546 

studies of Pinares-Patiño et al., (2013a) were sampled for rumen contents 547 

(20–50 mL) by stomach-tubing for volatile fatty acid (VFA) analysis from 1,081 548 

animals (Pinares-Patiño et al., 2013b). Animals were fed at 8.30-9am and 549 

4pm, rumen samples were taken at 8am after released from RC, therefore, 550 

well into the fasting period. There were also 96 animals measured before 551 

going into the chamber, ~ 3hrs after the last feeding. Individual and classes of 552 

VFA were analysed as log of concentrations (mM) or alternatively as molar 553 

percentages (% molar). There is no agreement in the literature on the validity 554 

and representativeness of sample of rumen contents collected via stomach 555 

tube, but representativeness of stomach tube sample seems be related to 556 

feeding time and depth of insertion (Shen et al., 2012). In the present study, 557 

sampling took place at fasting and the operation was completed within one 558 

minute. Results are shown in Table 7. There were high genetic correlations of 559 

MY with loge mM VFA concentrations. Genetic correlations are lower, 560 

however, still moderate when VFAs were expressed as molar %. However, 561 

other studies (Robinson et al., 2010, McPhee and Hegarty, 2008), suggest 562 

that information on VFA has limited utility in predicting CH4 emissions.   563 

 564 

 565 

 566 
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Table 7.  Rumen VFA (loge mM or molar %), heritability (h2), repeatability (rep) 567 

and genetic correlation (rg) with gCH4 /kgDMI (Pinares-Patiño et al., 2013b) 568 

 mM molar % 
 h2 rep rg h2 rep rg 

VFA 0.10±0.04 0.33±0.03 0.92±0.10    
Ace 0.09±0.04 0.34±0.03 0.95±0.10 0.04±0.03 0.08±0.03 -0.01±0.28 
Pro 0.10±0.04 0.31±0.03 0.78±0.15 0.09±0.04 0.15±0.03 -0.18±0.17 
But 0.09±0.04 0.28±0.03 0.86±0.13 0.04±0.04 0.18±0.03 0.36±0.34 
Ace/Pro    0.10±0.04 0.11±0.03 0.08±0.18 

CH4: methane; DMI: dry matter intake; VFA: volatile fatty acid; Ace: acetate; Pro: 569 
propionate; But: butanate; Ace/Pro: acetate/propionate ratio 570 
 571 

Understanding variability of feed intake over time 572 

Of the factors that influence CH4 emissions, feed intake (quantity and extent 573 

of and rate of fermentation in the rumen) accounts for most of the variation in 574 

daily CH4 emissions. Methane production and excretion from the rumen is 575 

synchronised with and consequent to feeding pattern (Johnson et al., 1998). 576 

Ingestion of a meal and subsequent fermentation increases CH4 emissions 577 

within 15 minutes and elevated CH4 emissions continue for several hours (e.g. 578 

Figure 7 above).  Gas production and consequently the rate of eructation is 579 

highest soon after feeding than when an animal is ruminating or resting 580 

(Colvin et al., 1958; Colvin et al., 1978; Dougherty and Cook, 1962; McCauley 581 

and Dziuk, 1965; Waghorn and Reid, 1983).  582 

 583 

Feed intake, variation and repeatability 584 

Because variation in CH4 production is predominantly related to variation in 585 

timing, extent and composition of nutrients ingested, a systematic assessment 586 

of sources of variation in feed intake, principally using experience from 587 

previous studies, is required where feed intake has been measured to assess 588 
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variation in production efficiency. This is an important consideration, because 589 

it has been suggested (Alcock et al., 2011), that selection of animals for 590 

improved efficiency will also reduce CH4 emissions (Nukumah et al., 2006; 591 

Hegarty et al., 2007). In practice, if selection for reduced MY is to be 592 

implemented, it would be reasonable to couple measurement of both feed 593 

intake and CH4 as part of the process for measuring animals to improve 594 

efficiency of feed utilisation.  595 

 596 

Repeatability of feed intake  597 

 Knowledge of variation in feed intake is useful for deciding the best 598 

strategy for measurement of CH4 emissions because of the dominant effect of 599 

intake on CH4 emissions. When combined with a clear breeding objective, 600 

trait definition and knowledge of variation in rate of CH4 emission in response 601 

to feed ingestion, it should then be possible to work out an optimal protocol for 602 

measuring CH4 emissions. For example, if the trait under selection is total CH4 603 

emissions, some knowledge of pattern of intake is useful, but not essential to 604 

measurement of CH4. However, if the trait is MY, we need to know enough 605 

about the characteristics of feed intake as well as CH4 emissions to derive an 606 

estimate of MY. In practice we need to know that the correlations between 607 

intake and CH4 measured across time are sufficiently high as to be useful for 608 

genetic evaluation.  609 

Many factors affect the DMI of cattle and include factors such as body size, 610 

growth, body composition, gender, age, season, ambient temperature, 611 

physiological status, previous nutrition and diet (NRC, 2000). Most of these 612 

factors are either standardised between animals during a feed intake test (e.g., 613 
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gender, season, ambient temperature and physiological status) or adjusted for 614 

factors such as age, body size, body composition, and growth. However, 615 

considerable within- and between- animal variation exists for DMI and 616 

measures of feed efficiency. Table 8 and 9 below present the average daily 617 

feed intakes, coefficients of variation and various repeatability estimates e.g. 618 

between animal, across days, within periods and across lactations from 619 

known feed efficiency trials, for cattle and sheep respectively. As can be seen 620 

there is variation between each system, diet and experimental time periods. 621 

Within an experiment, with repeatability conducted in 10 day or 30 day 622 

intervals (e.g. 1-10, 1-20, 1-100 days) estimates decreased as the time 623 

interval increased. For example for feeder steers (Figure 9) between-animal 624 

repeatability decreased from 0.407 (1-10 days) to 0.341 (1-84 days) and for 625 

beef heifers decreased from 0.380 (1-10 days) to 0.286 (1-108 days) (J. 626 

Basarab, pers. comm.). These levels of repeatability are weak to moderate 627 

and would mean that an animal does not have consistent feed intake over 628 

time as reflected by the deceasing repeatability estimates for the same group 629 

of cattle as the feeding interval increased. Similar trends were found for 630 

repeatability of daily FI in sheep (K. Cammack, pers. comm.; Oddy and Sainz, 631 

2002). 632 

Wang et al. (2006) reported that the phenotypic variances for DMI 633 

decreased rapidly from 7 to 35 days of feed intake data collection and then 634 

stabilized after 35 days, indicating that extending the duration of data 635 

collection beyond 35 days resulted in only small improvement in accuracy. 636 

The same trend for ADG was not as clear and a test period of at least 63 days 637 

was recommended. The feed intake measures should be taken for at least 35 638 
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days for a given diet and animal type (e.g., feeder steers on a finishing diet, 639 

replacement heifers on a growing diet). This is consistent with the reductionist 640 

approach of Archer et al., (1997)  641 

 642 

Figure 9. Daily feed intake for heifers (solid line) and steers (dashed line) fed 643 

a finishing diet (56.6% barley grain, 20% corn-DDGs, 20% barley silage and 644 

3.4% protein supplement/minerals, dry matter basis) over 84 days.  645 

 646 



 

35 

 

Table 8.  Summary of feed intake experiments in cattle, including average daily dry matter intake (av kgDMI/d ± sd), coefficient of 647 

variation (CV% ± sd) and repeatability (Rep) estimates. 648 

Animals System Breed j Expt days Av kg DMI/d CV % Rep Country Reference 

Beef Cattle: Feedlot         

113 Feeder heifers GrowSafea Beefbooster TX 1 - 84 9.3 ± 0.8 19.2 ± 2.3 0.326k Canada 

128 Feeder steers GrowSafea Beefbooster TX 1 - 84 9.7 ± 0.7 19.3 ± 3.0 0.341k Canada 

61 Beef heifers GrowSafeb AA x H and C x RA 1 - 108 7.0 ± 0.8 15.1 ± 2.5 0.286k Canada 

99 Young bulls GrowSafec AA x H x G 1 - 77 9.1 ± 0.9 16.4 ± 1.9 0.386k Canada 

40 Beef cows (3-5y) GrowSafed AA x H and C x RA 1 - 79 14.4 ± 1.3 20.9 ± 4.6 0.491k Canada 

J. Basarab pers. comm. 

0.34l 

0.61m 

50 Feeder heifers Insentece  Limousin X Friesian 1 - 84 10.8 ± 1.0  

0.62n 

Canada Kelly et al., (2010) 

10 - 100 11.8 ± 3.1 26 0.257o 64 Steers Tullimba feederf Mixed Bos Taurusj 

40 - 100 11.7 ± 3.0 26 0.245o 

Australia Robinson & Oddy (2004) 

93 Steers GrowSafeg  8 - 46 14.1 ± 2.4 17 0.15o Australia J. Cook pers. comm. 

Dairy cattle: Feedlot         

0.31p 

0.64q 

0.24r 

554 Dairy cows Insentec h Holstein 8 - 305   

0.65s 

Denmark J. Lassen pers. comm. 

Dairy cattle: tracer         

755 Dairy cows C32 n-alkanei Holstein-Friesian  13.9 - 17.8t  0.18 - 0.57t Ireland Berry et al., (2007)  

Diets: aFinishing diet (56.6% barley grain, 20% corn-DDGs, 20% barley silage and 3.4% protein supplement/minerals); b90% barley silage and 10% barley 649 
grain diet; cGrowing diet (72.1% barley silage, 24.6% barley grain and 3.3% protein/mineral supplement; dHay-straw cube (25% straw, 75% grass hay-alfalfa 650 
ix); e70:30 concentrate and corn silage; f75% cracked barley, 15% chopped ceral hay, 8% molafos and 2% minerals; g70.8% cracked Barley, 6% whole fuzzy 651 
cottenseed, 4.6% cottenseed hulls, 5% mill run, 4.6% chopped hay, 5% liquid supplement, 4% H20; h TMR ad lib based on corn and grass silage together with 652 
soybean meal and concentrate in VMS;; iPasture or pasture plus concentrate;  653 
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j TX: Terminal cross; AA: Aberdeen Angus; H: Hereford; G: Gelbvieh; C: Charolais; RA: Red Angus; Mixed Bos Taurus: Angus, Hereford and Shorthorn; 654 
Repeatability estimates: kBetween animal; lWithin finishing period for DMI; mBetween growing and finishing phases for DMI and nresidual feed intake (RFI); 655 
oDaily feed intake; pWeekly DMI repeatability across lactation and qwithin lactation; rDaily DMI repeatability across lactation and swithin lactation; tWithin stage 656 
of lactation. 657 

 658 

Table 9.  Summary of feed intake experiments in sheep, including average daily dry matter intake (av kgDMI/d ± sd), coefficient of 659 

variation (CV% ± sd) and repeatability (Rep) estimates. 660 

Animals System Breed Expt 
period 

Av kgDMI/d CV% Rep Country Reference 

Autofeeders         

61 ewes (7 mo) GrowSafea Targhee X Rambouillet 68 1.5 ± 0.2 14.1 0.26h USA K. Cammack pers. comm. 

0.20i 

0.14j 

610 progeny (5mo - 2 Yr olds) Auto feederb Merino X Awassi 1 – 90 1.1 ± 0.5  

0.02k 

Australia Jonas et al., (2009) 

Individual penned and refusals weighed        

96 Ewes (12 mo)b Chaffc Merino X 1 – 30 1.2 ± 0.2 13.7 0.711h Australia H. Oddy pers. comm. 

Pelletd 3 – 83 1.4 ± 0.2 11.1 0.24h 

Pellete 3 – 83 1.6 ± 0.2 12.6 0.44h 

36/group Weathers (6-8 mo) 

Pelletf 

BL X M X PDg 

3 – 83 1.7 ± 0.2 13.3 0.40h 

Australia Oddy & Sainz (2002); 
Hegarty et al., (1999) 

Tracer on pasture         

0.32-0.47k 300 Ewes Cr marker Merino  0.6 - 1.1  

0.09-0.27l 

Australia Lee et al., (1995) 

350 Wethers C32 marker Merino    0.78l Australia Lee et al., (2002) 

Diets: aForage diet (15.2% Crude Protein; 50% DM); bPellet (composition unknown); c50% chaffed lucerne hay 50% chaffed oated hay; dPellet energy density 661 
of diet MEMJ/kgDM (M/D) 7.7; ePellet M/D 9.2; fPellet M/D 10.9; g Border Leister X Merino ewes X Poll Dorset sires; Repeatability estimates:  662 
cDaily feed intake (FI); gWeekly FI; hWeekly DMI; iWeekly residual FI (RFI); jDigestible organic matter intake (DOMI) within measurement period; and kacross 663 
periods/seasons;  lDOMI across 2 ages/sites.664 
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The above data suggests that the system of measuring intake, and the 665 

system under which animals are fed, affects the repeatability of feed intake. 666 

However, we do not yet have sufficient data to estimate relationships between 667 

individual animal feed intake (and CH4 emissions) across different 668 

measurement protocols and/or production systems. This is required to 669 

establish the extent to which measurement systems and feed types (for 670 

example) affect the ranking of individual animals.  671 

Further work needs to be done to measure feed intake and the CH4 trait in 672 

different production systems. In the case of beef cattle, sheep and goats 673 

because females produce most CH4 (on a system basis), and predominantly 674 

graze pasture, it puts emphasis on measurement of intake, and CH4 675 

emissions, at pasture. An association between RFI measured in a feedlot and 676 

when grazing has been shown, supporting that selection for RFI measured in 677 

the feedlot will deliver changed RFI of the grazing maternal herd (Herd et al., 678 

2002). This gives hope that selection for CH4 or MY based on modest periods 679 

of measurement may also be adequate to deliver genetic improvement in 680 

these traits in the grazing herd. In the case of dairy cows measurement during 681 

milking seems to provide an appropriate period when emission measures can 682 

be made.  683 

All direct measures of feed efficiency require an accurate measurement of 684 

feed intake and energy sinks such as body weight, growth and body 685 

composition in young cattle (Archer et al., 2001a and b; Basarab et al., 2003; 686 

2007; 2011), and body weight, fat mobilization and milk fat, protein and yield 687 

in lactating dairy cattle (Rius et al., 2012). Typically, young cattle (7-10 688 

months of age; maximum age difference = 60 days) are placed into a feedlot 689 
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pen fitted with feeding stations for the automatic monitoring of individual 690 

animal feed intake and feeding behaviours (e.g., GrowSafe Systems Ltd., 691 

Airdrie, Alberta, Canada; Bindon 2001) and adjusted to their final test diet 692 

over 21-28 days which reduces the effect of non-genetic effects such as 693 

previous nutrition, age of dam and age of calf (Basarab et al., 2003, 2011; BIF, 694 

2010). The adjustment period is followed by a 70 to 112 day test period, which 695 

has been recommended as being adequate for the determination of feed 696 

intake and growth (Wang et al., 2006). Cattle are weighed on two consecutive 697 

days at the start and end of the test period and at approximately 14-28 day 698 

intervals. They are also measured for ultrasound backfat thickness (mm), 699 

longissimus thoracis area (cm2) and marbling score at the start (optional) and 700 

end of the test period.  701 

 702 

Indirect selection on feed efficiency to reduce emi ssions 703 

Measuring CH4 emission rates directly from animals is difficult and thereby 704 

hinders direct selection on reduced CH4 emission. However, improvements 705 

can be made through selection on associated traits (e.g. residual feed intake ), 706 

or through selection on CH4 predicted from feed intake and diet composition. 707 

The objective of a Dutch study was to establish phenotypic and genetic 708 

variation in predicted CH4 output, and to determine the potential that genetic 709 

has in reducing CH4 emissions in dairy cattle (de Haas et al., 2011). 710 

Experimental data was used, and records on daily feed intake, weekly live 711 

weights and weekly milk productions were available from 588 heifers. 712 

Residual feed intake (MJ/d) is the difference between net energy intake and 713 

calculated net energy requirements for maintenance as a function of live 714 
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weight and for fat and protein corrected milk production. Predicted CH4 715 

emission in grams per day (PME) is 6% of gross energy intake (IPCC -716 

method) corrected for energy content of methane (55.65 kJ/g). Along with RFI 717 

and predicted CH4 emission (PME, g/d), milk production was expressed as 718 

kg/d corrected for fat and protein content (FPCM). The estimated heritabilities 719 

for PME and RFI were 0.35, and 0.40, respectively. The positive phenotypic 720 

(Table 10) and genetic (Table 11) correlation between RFI and PME indicated 721 

that cows with lower RFI have lower PME as well (estimates ranging from 722 

0.18 to 0.84). However, the association between these indicator traits and true 723 

CH4 output is unknown. Still, it seems possible to decrease methane 724 

production of a cow by selecting more efficient cows, and the genetic variation 725 

suggests that reductions in the order of 11 to 26% in 10 years are theoretically 726 

possible, and in a genomic selection program even higher. However, several 727 

uncertainties were discussed, for example related to the lack of true methane 728 

measurements (and the key assumption that methane produced per unit feed 729 

is not affected by RFI level), as well the limitations of recording and to predict 730 

the biological consequences of selection. To overcome these limitations an 731 

international effort is required to bring together data on feed intake and 732 

methane emissions of dairy cows.  733 
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Table 10.  Phenotypic correlations between predicted methane emission 734 

(PME), fat and protein corrected milk production (FPCM), DMI and residual 735 

feed intake (RFI) in full lactation. Reproduced from de Haas et al., (2011). 736 

Item PME (g/d) FPCM (kg/d) DMI (kg/d) 

FPCM (kg/d) 0.26   

DMI (kg/d) 0.99 0.31  

RFI (MJ/d) 0.72 -0.45 0.72 

 737 

 738 

Table 11 . Estimated genetic correlations between predicted methane 739 

emission (PME g/d) and fat and protein corrected milk production (FPCM 740 

kg/d), between PME and residual feed intake (RFI MJ/d), between FPCM and 741 

RFI, between PME per FPCM (g/d per kg) and FPCM, and between PME per 742 

FPCM and RFI within the whole lactation (0-42 wk) and in different periods of 743 

the lactation. Reproduced from de Haas et al., (2011). 744 

Period (wk) PME - FPCM PME - RFI FPCM - RFI 
PME/FPCM 

- FPCM 
PME/FPCM - RFI 

0-42 0.31 0.32 -0.84 -0.87 0.98 

1-5 -0.66 0.84 -0.98 -0.95 1.00 

6-10 -0.18 0.50 -0.94 -0.91 0.99 

11-15 0.42 0.18 -0.78 -0.86 0.94 

16-20 0.67 0.21 -0.55 -0.84 0.83 

21-25 0.70 0.34 -0.43 -0.85 0.76 

26-30 0.60 0.43 -0.49 -0.85 0.82 

 745 

The rate of change of CH4 following feeding is clearly shown in a Dutch 746 

study as well. Data were collected from ten trials in the two RCs of 747 

Wageningen UR, each trial involving a pair of cows, reported by Van 748 

Zijderveld et al. (2011). Each trial reported data over a 72 hour period 749 
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spanning four calendar days. The recording equipment alternated between 750 

the two RCs and a reset period such that each observation within a trial 751 

represented a three minute yield with six minute intervals between them. 752 

There were a small number of both random and systematic (associated with 753 

feeding/milking events) missing observations in the data. 754 

Lactating Holstein-Friesian cows producing 27.9 ± 7.0 kg of milk/d and 167 755 

± 99 days in milk (DIM) at the start of the experiment animals remained in tie-756 

stalls for 12d to become accustomed to the diet and restriction in movement. 757 

After this period, animals were housed in one of two identical RCs to 758 

determine gaseous exchange, energy balance, and diet digestibility. The 759 

experimental unit for data measured in the RCs (e.g., CH4 production, diet 760 

digestibility parameters) therefore consisted of a pair of cows. Animals were 761 

fed one out of 4 different diets at equal portions twice during milking. Feed 762 

intake was restricted per block to 95% of the ad libitum feed intake of the 763 

animal consuming the lowest amount of feed during d5 to d8 (i.e. still in the 764 

tie-stall) within a block (Van Zijderveld et al., 2011). This is not completely 765 

comparable with Dutch circumstances, where cows are usually fed roughage 766 

ad lib. The diet consisted of 40% grass silage, 26% corn silage, and 34% 767 

concentrates on a dry matter basis, which is comparable to Dutch 768 

circumstances. 769 

Methane data were provided as estimates of daily CH4 production for the 770 

pair of cows. These data were converted back to three minute CH4 yields in 771 

liters per cow by division by 960, there being 480 three minute periods in a 772 

day. 773 

 774 
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Proxies for intake measurement 775 

Since intake of individual ruminants in a grazing environment remains a 776 

major challenge, the question of whether a proxy for feed intake (even relative 777 

level of intake) may exist and could be used in estimating MY of individuals is 778 

important. If not, it may be that a MY trait can only be determined under 779 

controlled feeding circumstances. A potential intake related parameter that is 780 

easily collected while measuring CH4 emissions even when intake is not 781 

measured, is CO2 production, and possibly O2 uptake.   782 

 From the study of emissions by sheep fed at three levels of intake 783 

(Robinson 2009), CH4 and CO2 production rates were (for a hours) 784 

proportional to substrate supply i,e, feed intake. This observation deserves 785 

further exploration. 786 

 787 

Alternate methods of selection 788 

Methane emissions (as g CH4/d or MY) certainly fit the description of hard 789 

to measure traits. Methods currently available are expensive and time 790 

consuming (RCs, SF6) and subject animals to artificial environments. Those 791 

that measure animals in production situations (pasture, feedlot or dairy 792 

feeding station) sample CH4 for only a part of a day and require repeat 793 

measurements (PACs, Sniffers, GEM) and in some cases calculation back to 794 

known standard procedures. Those methods of estimating CH4 emissions that 795 

rely on computation of differences between feeding standards and production 796 

account for only part of the potential variation in CH4 emissions between 797 

animals.  798 
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Genomic selection opens the possibility to efficiently select for hard to 799 

measure traits. It is increasing being used to increase rate of genetic progress 800 

for production traits that are measured late in life (e.g. meat yield and quality), 801 

expensive to measure (e.g. RFI) and are sex linked (e.g. milk production and 802 

quality). In the dairy and increasingly in the beef and sheep industries leading 803 

sires are routinely genotyped and genomic breeding values (GEBVs) are used 804 

in making selection decisions. It is doubtful that adding the cost of genotyping 805 

onto a population in which CH4 is measured would be cost effective, but by 806 

using industry animals which have measured production traits and have been 807 

genotyped it would be possible to estimate genomic breeding values for CH4 808 

emissions. This is predicated on having a large reference population, where 809 

CH4 emission levels are measured and genome wide DNA marker effects 810 

have been estimated (e.g. to establish the prediction equation for marker 811 

effects). 812 

The key question is how large does this reference population have to be, 813 

that is how many animals need to be measured for CH4 and genotyped for the 814 

genome wide marker panels?  Both Daetwyler et al. (2009), Goddard  (2008) 815 

and Hayes et al. (2009) derived deterministic formula to estimate the accuracy 816 

of GEBV that could be achieved given the size of the reference population, 817 

the heritability of the trait and the effective population size. The accuracy of 818 

genomic selection for selection candidates (i.e. animals with a genotype, but 819 

no measured phenotype) with increasing size of reference population is 820 

shown in Figure 10. This was derived from the heritability of MY of 0.13 821 

(reported in Table 1) and an effective population size of 150 using the 822 

procedure described by Hayes et al (2009). Figure 14 shows the accuracy of 823 
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prediction as a function of the number of animals in the reference population. 824 

Because MY is a new trait, it would be anticipated that even low initial 825 

accuracy will be useful to industry. As further animals are phenotyped the 826 

GEBVs would become increasingly useful. It remains to be determined if MY 827 

is independent of other (production) traits. If it is then adding information from 828 

the GEBVs for MY into a selection index is relatively straightforward. 829 

 830 

 831 

 832 

 833 

Figure 10.  Accuracy of Genomic Breeding Values (GEBV) for methane yield 834 

in selection candidates as a function of heritability of the trait and number of 835 

animals with phenotypes in the reference population. Estimates of heritability 836 

of methane yield in sheep were obtained from Pinares-Patiño et al, (2013a).  837 
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 838 

The numbers of animals with phenotypes in the reference population 839 

required to obtain GEBVs of high accuracy for MY are large and almost 840 

certainly exceeds the resources available to any one country. However, the 841 

research community has considerable experience with combining data from 842 

different countries to enable initial estimates of GEBVs for traits such as milk 843 

production, residual food intake and carcass traits. The challenge for the 844 

community now working on CH4 related traits is to establish measurement 845 

procedures for phenotyping animals that can be combined to facilitate 846 

estimation of genetic parameters and GEBVs in particular. The ASGGN 847 

provides a forum to encourage such collaboration. 848 

 849 

Conclusions 850 

From this review of published and unpublished material the following 851 

observations are made: 852 

• Methane emissions are a heritable and repeatable trait. 853 

• Repeated measurements add value, preferably separated by at least 3-854 

14 days. 855 

• Methane emissions are strongly related to feed intake both in the short 856 

term (minutes to several hours) and over the longer term (days). 857 

• When measured over the long term methane yield (g CH4/KgDMI) i.e. 858 

CH4 corrected (adjusted) for feed intake is a heritable and repeatable 859 

trait albeit with less genetic variation than total CH4 emission (g CH4/d). 860 
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• Methane emissions of individual animals are moderately repeatable 861 

across diets, and across feeding levels, when measured in RCs. 862 

Repeatability is less when short term measurements are used, possibly 863 

due to variation in time and amount of ingested feed prior to the 864 

measurement. This needs to be investigated further.  865 

• Given the above issue is resolved, short term (over minutes to hours) 866 

measurements of CH4 emissions show promise. However we believe 867 

that for short term measurements to be useful, for genetic evaluation, a 868 

number (between 3 – 20) of  measurements will be required over an 869 

extended period of time (weeks to months). 870 

• Opportunities exist for “brief measurements” in standardised feeding 871 

situations such as “sniffers” attached to milking parlours or total mixed 872 

ration feeding bins, but we anticipate these are also subject to the 873 

caveats above about use of short term measurements. 874 

• The measurement “protocol” (i.e. how the animal and its feeding 875 

behaviour are managed prior to measurement) is more important than 876 

the technology used to make the CH4 measurement.  877 

• While there is evidence that correlated and predictor traits exist for CH4 878 

emissions the current level of knowledge is insufficient to recommend 879 

there use in genetic selection to reduce CH4 emissions.  880 

• Genomic selection offers potential for use to reduce CH4 emissions 881 

and methane yield, however, measurements on thousands of 882 

individuals will be required. 883 
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• In summary we consider genetic and genomic selection offers a 884 

significant opportunity to reduce CH4 emissions from ruminants. 885 

However attention needs to be directed to a number of issues if brief 886 

low cost measurements are to be implemented in industry. 887 

 888 

Recommendations for further work 889 

As yet we have insufficient knowledge of the phenotypic and genetic 890 

correlations between CH4 measurements made under different protocols (or 891 

methodologies), to be confident about how we combine such data. This will, at 892 

least in the short term, lead to different estimates of genetic parameters for 893 

CH4 emission traits from different laboratories due to the measurement 894 

protocol/methodology employed. This is to be expected, because the cost of 895 

measurement of a trait will clearly affect the number of animals able to be 896 

measured and low cost, accurate measurement procedures/protocols/ 897 

methods will be sought. Different measurement protocols/methodologies may 898 

not impede genetic progress with selection for CH4 traits in national or 899 

commercial programs (e.g. a breeding company). However, use of different 900 

measurement protocols in different countries or species will almost certainly 901 

make pooling of data less efficient, and increase costs globally. An additional 902 

consideration relates to how the IPCC process for accounting for genetic 903 

change in enteric emissions is implemented. The IPCC process utilizes peer 904 

reviewed publications to change to its accounting rules. We, the ASGGN, can 905 

help by providing leadership as to how best to include inherited differences in 906 

either feed intake or CH4 yield into the accounting framework for enteric 907 

emissions.  908 
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The above leads to the following recommendations for further work, 909 

• Wherever possible measurement protocols used to obtain genetic 910 

parameters are compared with a standardised protocol. Ideally this 911 

should be to a level where heritabilities, repeatabilities and genetic 912 

correlations with key traits e.g. live weight and intake can be 913 

estimated from both techniques. At the minimum a comparison of 914 

measurement repeatability across time, both within and between 915 

measurement protocols is essential.  916 

• Establish a process to enable at least meta-data of different 917 

measurement protocols to be shared across research groups in 918 

different countries. This could be extended across species. 919 

• Encourage development of an international R & D project to analyse 920 

joint data sets and make recommendations that lead to improved 921 

lower cost protocols for measurement of CH4 emissions that can be 922 

employed in member countries. This would prepare the community 923 

for development of preliminary genetic parameters and GEBVs to 924 

act as a catalyst for local/national development of breeding 925 

solutions for reduced emissions of CH4 from farmed ruminants. 926 

• Continue to explore methods that use proxies of feed intake 927 

measured over the same time frame as CH4, for example CO2 928 

output and O2 uptake, to estimate MY. Establish relationships 929 

between proxy measures of MY and reference methods and the 930 

total CH4 production/time measured on animals on pasture. 931 

 932 
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