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Introduction

Agricultural production systems are increasingly recognised as major contributors to global
greenhouse gas (GHG) emissions, particularly through biogenic methane and carbon dioxide
released from ruminant livestock (UNFCCC, 2022). As regulatory pressure and societal
expectations around emissions reduction intensity, breeding programmes have begun to explore
genetic improvement as a permanent and cumulative mitigation strategy. A central challenge of
the incorporation of methane into a breeding objective is how methane emissions are defined
and quantified. Numerous methane trait definitions have been proposed, including total daily
emissions, emissions adjusted for body weight, and yield-based expressions (Jonker et al.,
2018). Ideally the methane trait definition would reduce methane output whilst breaking the
nuisance positive genetic correlation between methane and animal size and performance traits.
Furthermore, in pasture-based livestock industries, particularly those constrained by land
availability, methane expressed relative to feed intake may provide a more meaningful indicator
of system-level efficiency than absolute emissions (Ryan et al., 2024). New Zealand provides
a compelling case study for examining these issues, with the agricultural sector accounting for
approximately half of the country’s total gross greenhouse gas emissions, placing ruminant
livestock systems at the centre of national climate policy discussions (Ministry for the
Environment, 2022). The present study evaluates alternative methane trait definitions using
simulated replicate flocks representing New Zealand maternal sheep populations. By
comparing the genetic performance of a range of methane metrics, this work aims to provide
guidance on the most appropriate methane trait for inclusion in national selection indices.

Materials & Methods

Thirty replicates of a sheep flock were simulated over six generations using R (R Core Team,
2024). The simulation parameters were adopted from research on New Zealand maternal flocks
(Johnson et al., 2022). Each replicate consisted of approximately 6,500 animals born between
the years 2018 to 2023. The data included information on pedigrees, survival, fixed effects (i.e.
sex, year of birth, dam parity, and litter size), true breeding values (TBVs) and phenotypes for
the traits weaning weight, feed intake, methane yield (g/kg of dry matter intake), and carbon
dioxide yield (g/kg of dry matter intake). Phenotypes for methane and carbon dioxide yields
were both multiplied by the phenotypic feed intake to derive the variables daily methane and
daily carbon dioxide. These phenotypes correspond to those obtained from portable
accumulation chamber (PAC) data. In each generation, the 60 male animals with the highest
weaning weight phenotypes were selected as sires. The probability of a female or male
surviving to produce offspring in a subsequent year were 0.8 and 0.7, respectively.

Statistical analysis. A total of 6 traits were analysed within the dataset, including phenotypic
data corresponding to weaning weight, daily methane and daily carbon dioxide. In addition,
three residual methane traits were created whereby daily methane was adjusted for weaning
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weight, carbon dioxide, or both weaning weight and daily carbon dioxide simultaneously. Each
of the three residual traits was also adjusted for the fixed effects of sex, year of birth, dam parity,
and litter size using least squares regression. In the case of each residual trait, the resultant
model phenotypic residuals were assumed to represent the residual trait. Variance components
for the three residual methane definitions were estimated using a univariate animal model in
ASReml (Gilmour et al., 2021).

For the traits weaning weight, daily methane, and daily carbon dioxide, a multivariate animal
model was utilised to estimate the genetic (co)variance components simultaneously in ASReml
(Gilmour et al., 2021). Sex, year of birth, dam parity, and litter size were considered as fixed
effects.

For the three residual traits and the traits weaning weight, daily methane, and daily carbon
dioxide, the resultant estimated breeding values (EBVs; hereon referred to as unadjusted EBV's
for the trait of interest) were then compared to a number of adjusted daily methane EBVs. In
all simulations the adjusted daily methane EBVs were obtained as the residuals from linear
regression models. In these models, the daily methane EBV was the dependent variable and
was adjusted for either weaning weight EBV, daily carbon dioxide EBV, or both weaning weight
EBV and daily carbon dioxide EBV simultaneously.

Means and standard errors for correlations and biases were calculated as averages among the
30 replicates. Analyses were undertaken where all animals were assumed to have phenotypic
PAC records (referred to as 0% masked) or where 70% of randomly selected animals had
masked PAC records (referred to as 70% masked). In addition, in the 70% masked scenario
results from animals with and without PAC records were compared independently of one
another.

Results

Correlations. The correlations between TBVs for both methane yield and weaning weight, and
the EBVs for each daily methane trait are presented in Fig. 1. Compared to unadjusted daily
methane EBVs, the correlation between TBVs for methane yield and all daily methane
adjustments strengthened by between 0.012 (daily methane adjusted for weaning weight alone)
to 0.127 (daily methane adjusted for both weaning weight and daily carbon dioxide) units in
0% masked datasets. Although there was a noticeable strengthening of the correlation between
methane yield TBVs and daily methane EBV's adjusted for daily carbon dioxide alone, a further
(modest) increase in the strength of the correlation was observed when daily methane EBVs
were simultaneously adjusted for both weaning weight and daily carbon dioxide.

A moderate correlation was observed between weaning weight TBVs and the unadjusted daily
methane EBVs suggesting that the unadjusted daily methane EBVs carried a nuisance weaning
weight signal. However, the correlations between weaning weight TBVs and the daily methane
EBV adjustments weakened to different degrees with each proposed adjustment (Fig 1). The
correlation between daily methane EBVs simultaneously adjusted for weaning weight and daily
carbon dioxide and weaning weight TBVs was closest to zero.

Masking of data. Data masking weakened methane yield TBVs and daily methane EBV
correlations and strengthened nuisance weaning weight TBVs and daily methane EBV
correlations (Fig 1). Stratification of results was observed within masked datasets as animals
with PAC data had stronger correlations with methane yield TBVs and weaker correlations with
weaning weight TBVs compared to animals with no PAC data.

Bias analyses indicated overprediction of methane yield TBVs in all daily methane EBVs (both
the unadjusted and adjusted EBVs). Regardless of masking, unadjusted daily methane EBV's
had the least levels of overprediction compared to adjusted EBVs, with unadjusted daily



methane EBV biases ranging from -18.09 (SE = 0.04) in the 0% PAC scenario to -18.08 (SE =
0.04) in the 70% PAC scenario.
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Figure 1. Correlations between methane yield (MY) and weaning weight (WW) true breeding
values (TBVs) and daily methane corrected traits (MD corrected traits) consisting of the
unadjusted daily methane (EBV), residual or daily methane EBV correction for: weaning
weight EBV (WW), daily carbon dioxide EBV (CD), or weaning weight and daily carbon
dioxide EBVs (WW + CD) in both the 0% and 70% PAC masking scenario. The average
correlation for animals with PAC (A) and without PAC (e) are also shown in the 70% PAC
masking scenario. Error bars denote standard errors.

Discussion

Deployment of methane traits into industry breeding objectives can be highly contentious.
Careful and informed consideration is advantageous to avoid definitions of methane traits that
are antagonistic with primary selection goals that drive profitability. The ideal methane trait
would be measured and expressed per unit of feed, thereby providing direct insight into the
efficiency of animals at producing methane without being (negatively) correlated with growth
traits. Because of practical difficulties with recording feed intake, common industry practice is
to use daily methane, for example when PACs are the source of methane records. This study
evaluated adjustments to daily methane EBVs as a means of disentangling information on their
underlying components - feed intake and gas emissions per unit feed. The objective was to
extract genetic information that was as independent as possible from primary production traits
such as weaning weight.

In practice, simulation is a useful tool in this scenario, as records of both feed intake and
methane are scarce in many recording systems. In such cases, simulation can help quantify the
risks of unwanted and inconsistent antagonisms. Furthermore, it allows for a certain level of
malleability to a) align with novel records pertaining to genetic and phenotypic parameters and
b) extrapolate to other nations and their agricultural systems. For example, the current study
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assumed that methane yield and carbon dioxide yield were uncorrelated, as to the authors’
knowledge no genetic correlations between both traits are available in literature. However, as
new research becomes available, it can be incorporated into the simulation or sensitivity
analysis can be applied.

Given the labour and cost constraints around capturing methane and feed intake data, it is
unlikely, at least in the short-term, that a large proportion of animals will be directly recorded
for both traits. Results from the present study show that with incomplete recording of methane
(i.e. masking scenario), modest differences were observed in the results of animals with and
without PAC data. For animals without PAC data, the correlation between daily methane and
methane yield TBVs was weaker, while the correlation between daily methane and weaning
weight TBVs was stronger. This suggests that the impact of including methane into a multi-trait
breeding objective is highly dependent on the number of methane phenotypes available on the
given population.

The model described here provides a useful starting point to test additional situations which
might be expected to occur in practice, for example where phenotypes from the PAC chamber
traits are estimated genetically independently of each other and independent of weaning weight
(i.e. univariate trait analysis), or when the correlation between traits such as methane yield and
carbon dioxide yield is reported.

Based on current assumptions, adjusting daily methane simultaneously for weaning weight and
daily carbon dioxide gave the best representation of the true genetic methane yield measure
whilst mitigating the nuisance correlation with weaning weight. In accordance with these results
capturing a live weight and a carbon dioxide measure as well as a methane record, is
recommended in practice.

Conclusion

This study highlights the importance of careful methane trait definition particularly when
aiming to a) select for genetic variation in methane emitted per unit of feed and b) reduce
antagonistic correlations with productivity traits.
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