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Abstract. Enteric methane (CH4) emissions make up approximately one-third of all New Zealand’s carbon dioxide
equivalent greenhouse gas emissions. In current national inventory calculations, fixed values are used to estimate
emissions from sheep; 20.9 g CH4 per kg dry matter intake (DMI) for sheep <1 year old and 16.8 g CH4 per kg DMI
for sheep>1 year old. These values have been principally derived from trialswhere intakewas estimated, andCH4 emissions
were measured indirectly using the sulfur hexafluoride tracer technique. Using New Zealand sheep data collected between
2009 and 2015, where intake was accurately measured and CH4 emissions were measured for a minimum of 48 h in
respiration chambers (n = 817), updated sheep methane prediction algorithms suitable for use in the national greenhouse
gas inventorywerederived.Asingle equation for all sheepbasedondailyDMI (kg) alone (ln(gCH4/day)=0.763· ln(DMI)+
3.039) explained 76% of the variation in CH4 emissions. Splitting the dataset into two age classes (sheep <1 year old and
sheep >1 year old) provided two alternative equations; (sheep >1 year old), ln(g CH4/day) = 0.765 · ln(DMI) + 3.09 and
(sheep <1 year old), ln(g CH4/day) = 0.734 · ln(DMI) + 0.05(metabolisable energy) + 2.46. An analysis of concordance
suggests that a better fit to the data is obtained by using a two-algorithm approach. The use of these updated algorithms in
the national inventory resulted in small changes to estimated emissions both within and between years.
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Introduction

Methane is an end product of the fermentation of ingested feed
and the principal way to dispose of hydrogen from the gut of
ruminant animals. Ruminants produce the largest amounts of
methane (CH4) because all feed is fermented before absorption
of nutrients. New Zealand’s ruminant-dominated agricultural
sector is the largest source of greenhouse gas emissions,
representing 48.4% of all CO2-equivalent emissions (MfE
2015). Enteric emissions from ruminants, predominately sheep
and cattle, account for two-thirds of these agricultural
greenhouse gas emissions. New Zealand is required, as an
Annex 1 party to the United Nations Framework Convention
on Climate Change, to report its emissions annually using
guidelines outlined by the International Panel on Climate
Change (IPCC 2006). It is important that enteric CH4

emissions from ruminant livestock are reported as accurately
as possible. To estimate enteric CH4 emissions from sheep,
New Zealand uses an IPCC Tier 2/3 approach, which
comprises a detailed animal population, performance and feed
characterisation, the estimation of dry matter intake (DMI) for

each category of animal using the Australian Feeding Standards,
and New Zealand developed emissions factors that relate CH4

emissions toDMI (e.g.CH4yield (Ym)=20.9gCH4perkgDMI).
This country-specific methodology ensures that the unique
features of New Zealand agriculture are taken into account
when estimating emissions.

When estimating enteric CH4 emissions from sheep, two Ym
values are used depending on sheep age; for sheep >1 year of
age, the value is 20.9 g CH4 per kg DMI, and for sheep <1 year
of age it is 20% lower at 16.8 g CH4 per kg DMI. These values
were generated from an analysis of experiments conducted
before 2004, with many of these experiments being with
grazing animals where both the CH4 emissions and the DMI
were estimated using indirect methods (Clark et al. 2003).
Current IPCC recommendations (IPCC 2006) are to use
different Ym values according to age (sheep <1 year of age,
4.5% of gross energy (GE) intake; sheep >1 year of age, 6.5% of
GE intake), with these recommendations arising directly
from data obtained in New Zealand. Expressed in the same
units, the current New Zealand Ym values are 6.3% GE intake
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and 5.1% GE intake, respectively, for sheep >1 year old and
sheep <1 year old.

To help develop more robust emission factors for sheep, a
series of four experiments measuring emissions from old and
young sheep fed pasture of differing quality at various feeding
levels were undertaken between 2011 and 2013 (Muetzel and
Clark 2015). Results from this series of experiments (510
measurements from 115 animals) demonstrated that DMI
(kg/day) explained 80% of the variation in CH4 production per
animal per day (pCH4, g/day) and if CH4 emissions were to be
estimated using a single equation, it would be

all sheep : lnðpCH4Þ ¼ 0:792 · lnðDMIÞ þ 3:1: ð1Þ
Muetzel and Clark (2015) also found that diet quality and

animal age in general had little to no effect on pCH4. However,
assessing the effect of age on CH4 emissions was hindered by the
narrow range of ages used in their experiments. Animals <1 year
of age were covered very well in the study and when analysed as
two separate data (<1 year and >1 year) sets, it emerged that
for animals <1 year old including metabolisable energy (ME)
content (MJ/kg DM) of the diet in addition to DMI, improved
predictive ability (Eqns 2, 3), as follows:

Sheep >1year old : lnðpCH4Þ
¼ 0:826 · lnðDMIÞ þ 3:15; and

ð2Þ

Sheep <1year old : lnðpCH4Þ
¼ 0:749 · lnðDMIÞ þ 0:051 · MEþ 2:45:

ð3Þ

The analysis of Muetzel and Clark (2015) was based on
the analysis of four tailored experiments, but additional CH4

data from animals fed fresh-cut pasture in New Zealand were
available to supplement their dataset. These additional data
were collated and analysed in conjunction with the original
dataset, with the aim of obtaining definitive CH4-prediction
equations suitable for inclusion in the New Zealand national
agricultural inventory.

Materials and methods

For inclusion in the additional dataset, the following two
criteria were applied: (1) the diet had to comprise fresh grass-
dominated pasture and (2) CH4 measurements had to be made in
respirations chambers for a minimum of 48 h. This resulted in an
additional 307 CH4 measurements from 289 animals collected
from 14 different experiments conducted between 2009 and
2015. All measurements were conducted at the New Zealand
Ruminant Methane Measurement Centre, Palmerston North.
Data on ME were available only for 174 measurements from
174 sheep and, to remain consistent with the original dataset, the
additional dataset was reduced to 174 animals when analysing
the influence of variables other than DMI on CH4 emissions. If
ME was found to have no significant effect, these discarded
data were then reintroduced into the analysis.

Data fromMuetzel and Clark (2015) named the ‘original’ and
the newly collated data (named the ‘additional’ for ease of
description) were first analysed using simple linear regression
with pCH4 as the independent variable and DMI as the
explanatory variable. The combined dataset was then analysed
using a linear mixed effects model and the REML method of

GENSTAT Version 13 (Payne et al. 2009), with the fixed
effect of dataset and random effects including experiment,
experiment · experimental period and experiment · sheep.
When analysing the whole dataset, the response variables
(pCH4) and the dominant explanatory covariate (DMI) needed
to be transformed using natural logarithms, so as to de-trend the
residuals, and linearise and stabilise variances.

When analysing the combined dataset, age was not used as
an exploratory variable alongside other variables such as DMI,
due to the very limited range of ages used in the trials, namely
ranging from 0.3 to 3.0 years. An approach consistent with the
analysis by Muetzel and Clark (2015) was taken, with data from
young (<1 year old) and older (>1 year old) animals being
analysed separately. Although this demarcation is arbitrary
from a biological perspective, as it is highly unlikely that there
is a sharp change in emissions at any particular age, it is in line
with the New Zealand national inventory calculations where
populations are characterised as <1 year of age or >1 year of
age. This characterisation is also appropriate from an industry
perspective, as up to 70% of lambs born are slaughtered at
<1 year of age. It also allows direct comparison with current
IPCC Tier 2 values.

To compare the algorithms obtained from the datasets
against the actual pCH4 measurements, Lin’s concordance
correlation coefficient was used. This coefficient measures
how well a set of observations is able to reproduce an original
set of measurements. Values of �1 denote perfect concordance
and discordance; a value of zero denotes a complete absence of
concordance. A significant (P < 0.05) difference in concordances
was declared if the confidence intervals did not overlap (Payne
et al. 2009).

Results

The first objective of the present study was to determine
whether the two datasets, original and additional, differed.
These data are presented in Fig. 1 and Table 1. Age structure
and liveweight of animals in the two datasets were similar.
Significant differences in diet composition between the
datasets were limited to a higher ash content in the additional
dataset (P = 0.018).

A simple linear regression between DMI and pCH4 (Fig. 2)
showed that the additional dataset was more variable, with 69%
of the pCH4 being explained by DMI, as compared with 80%
in the original dataset. The additional dataset regression
equation had a higher intercept (P = 0.016) than that of the
original dataset regression equation, but the slopes of the two
regression lines were similar (P = 0.129).

The combined dataset (n = 817) was analysed by REML
analysis, with DMI as the sole explanatory variable for pCH4

(Eqn 4), as follows:

all sheep : lnðpCH4Þ ¼ 0:763 · lnðDMIÞ þ 3:039: ð4Þ
When analysed using REML, the inclusion of feed

characteristics as additional explanatory variables (such as e.g.
ME, digestibility, fibre content) did not significantly improve
the relationship between pCH4 and DMI. Equation 4, which is
obtained from an analysis of the combined dataset, has a slope
and intercept similar to those of eqn 1 of Muetzel and Clark
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(2015). However, as the slope was numerically lower,
predicted emissions were lower (Fig. 3), especially at higher
levels of intake.

The analysis of the combined dataset indicated that age
had a significant (P < 0.001) impact on the relationship
between pCH4 and DMI, but the lack of sheep older than
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Fig. 1. Histogram showing the spread of the data and the median value in the original and additional datasets for sheep
age (0.5 and 1.0 represent animals <1 year old), dry matter intake (DMI), methane production (pCH4, g/day), feeding level
achieved relative to maintenance-energy requirements and metabolisable energy (ME, MJ/kg) content of the diet.
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2.5 years in the dataset precluded the use of age as a
continuous explanatory variable. In sheep >1 year of age,
dietary composition did not affect the relationship between
pCH4 and DMI (P = 0.399) and therefore Eqn 5 (see below),
which applies to sheep >1 year old, contains only DMI as an
explanatory variable. In sheep <1 year old, the inclusion of ME
content of the diet did improve (P < 0.001) the relationship
between DMI and pCH4 (Eqn 6).

Sheep >1year old : lnðpCH4Þ
¼ 0:765 · lnðDMIÞ þ 3:09 ðn ¼ 323Þ; and ð5Þ

sheep < 1year old : lnðpCH4Þ
¼ 0:734 · lnðDMIÞ þ 0:05ðMEÞ þ 2:46 ðn ¼ 386Þ: ð6Þ

The updated equation for sheep >1 year old (Eqn 5), obtained
from splitting the combined dataset by age, resulted in predicted
CH4 emissions (Fig. 4a) being lower than in the corresponding
equation obtained from the original dataset (Eqn 2), especially
at high levels of intake. In contrast, Fig. 4b shows that predicted
emissions for sheep <1 year old from the age-split combined
dataset (Eqn 6) were almost identical to those obtained from the
age-split original dataset (Eqn 3), irrespective of the ME
concentration of the diet.

Discussion

The dataset obtained from the targeted experiments described
by Muetzel and Clark (2015) and additional data sourced from
other New Zealand experiments covered animals of a similar
age, consuming feed with similar chemical characteristics.
Intakes covered the same range and the same method was used
tomeasure CH4 emissions.With the notable exception of the lack
of sheep >3 years of age, these data were also considered to be
representative of the New Zealand sheep population, both in
terms of the range of intakes (combined dataset 0.4–1.8 kg/day;
New Zealand national inventory range 0.4–2 kg) and herbage
quality (combined dataset ME = 8.5–13.5 MJ/kg; New Zealand
national inventory 9.6–11.4 MJ/kg). It was therefore deemed
appropriate that these datasets could be combined and analysed
as a single dataset. The combined dataset contained all current
New Zealand data collected between 2009 and mid-2015 on
CH4 emissions measured in respiration chambers from New
Zealand sheep fed fresh grass-dominated diets where intake
was accurately measured. An analysis of this database can,
therefore, provide robust CH4-prediction algorithms for use in
the New Zealand national agricultural CH4 inventory.

This analysis confirmed that for sheep fed fresh-cut
pasture, DMI alone is a good predictor of CH4 emissions per
animal and a single equation (Eqn 4) using DMI alone can be
used to predict emissions. This relationship explains 76% of

Table 1. Summary of the chemical composition, organic matter
digestibility (OMD), digestible organic matter intake (DOMI),
metabolisable energy (ME) content of pasture offered and animal age,
liveweight, dry matter intake (DMI), methane production (pCH4)
and yield (Ym) of sheep within the original (n = 510) and additional

datasets (n = 307)
mMEr, achieved feeding level relative to maintenance energy
requirements; CP, crude protein; NDF, neutral detergent fibre; SSS,

soluble sugars and starch

Parameter Original Additional s.e.d. P-value

Age (years) 1.6 1.2 0.217 0.750
Liveweight (kg) 41.8 43.9 2.274 0.369
DMI (kg/day) 0.86 0.93 0.048 0.210
DOMI (kg/day)A 0.63 0.72 0.048 0.085
mMEr 1.56 1.63 0.116 0.536
CH4p (g/day) 19.6 19.8 1.124 0.839
Ym (g/kg DMI) 23.0 21.7 0.594 0.040
Ash (g/kg) 81.7 97.6 6.43 0.018
CP (g/kg) 145.3 164.1 12.27 0.134
NDF (g/kg) 505.2 488.6 24.27 0.498
SSS (g/kg)A 127.4 122.5 15.12 0.746
Lipid (g/kg) 26.0 29.9 2.07 0.066
OMD (g/kg)A 736.0 768.6 30.36 0.292
ME (MJ/kg)A 11.0 11.3 0.41 0.505

An = 174, NIRS analysis of diet offered.
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and dry matter intake (DMI, kg/day) for the original (n = 510) and
additional (n = 307) datasets.

40

30

20

10

0

P
re

di
ct

ed
 p

C
H

4 
(g

/d
ay

)

Equation 1
Equation 4

0 0.5 1.0

DMI (kg/day)

1.5 2.0 2.5

Fig. 3. Predicted methane production (pCH4) using dry matter intake
(DMI) where Eqn 1 is based on data from the original dataset and Eqn 4 is
based on data from the combined dataset.

D Animal Production Science N. Swainson et al.



the variation in emissions, a value that is consistent with other
published data (Blaxter and Clapperton 1965; Hammond et al.
2009, 2013; Reynolds et al. 2011). If a simple approach is
required, i.e. one that does not need to take into account such
factors as age and diet quality, the use of Eqn 4 can easily be
justified for pasture-fed animals.

Although a single equation can be used for obtaining robust
predictions of CH4 emissions from sheep in New Zealand,
splitting the dataset by age resulted in separate prediction
equations that provided a better fit to the data. One method for
assessing thefit of amodel todata is touse a concordance analysis.
This is presented in Table 2. This analysis shows that Eqns 4–6 all
have high predictive values (i.e. >0.8) for pCH4. However, the
age-separated equations (Eqns 5, 6) show significantly higher
concordance than does the single Eqn 4, which is based solely
on intake. This concordance analysis along with the fact that
our REML analyses showed that age had a significant effect on
the relationship between DMI and Ym, and that there was an
interaction between age and diet quality, indicated that the use
of a single equation for all sheep using DMI as the explanatory
variable is not appropriate if age and ME data are available.
Since the New Zealand Tier 2/3 agricultural inventory
methodology divides animals into age classes (<1 and >1 year
old), and explicitly uses ME data for calculating DMI, it would
therefore seem most appropriate to use the age-separated
equations (Eqns 5, 6) in national inventory calculations.

The finding in these analyses that DMI is the major
determinant of CH4 emissions is well supported in the literature
(for a comprehensive review, see Hristov et al. 2013). The lack
of a major effect of diet composition is perhaps somewhat
more surprising, given that several authors have found that the
inclusion of dietary variables can improve CH4 predictions
(e.g. Ellis et al. 2007; Doreau et al. 2011; Hristov et al. 2013).
However, the literature is in fact consistent with regard to the
lack of any major influence of dietary quality on CH4 emissions
from temperate grass-based diets (e.g. Molano and Clark 2008;
Hammond et al. 2009, 2013; Hart et al. 2009; Jonker et al.
2015). A recent meta-analysis of cattle data in Australia to
obtain an updated CH4-prediction algorithm for use in the
Australian inventory (Charmley et al. 2016) also found that

emissions could be predicted from DMI alone and that
including diet quality did not significantly improve model fit.
A possible explanation is that, in general, an increase in
digestibility will result in an increases in Ym because more of
the material is fermented, but to offset this, diets with improved
digestibility tend to result in a decreased rumen pH which
tends to reduce Ym (Van Kessel and Russell 1996; Lana et al.
1998); the net effect on Ym of increasing forage, therefore, is
minor. If this hypothesis is correct, in sheep <1 year old the
higher emissions from higher-quality material suggest that the
increased availability of fermentable substrate dominates any
negative pH effect.

Impact of the updated algorithms on predicted CH4

emissions

To quantify the impact that these new CH4 prediction equations
have on estimated emissions fromNewZealand sheep, emissions
from adult ewes and growing lambs were estimated for the Years
1990 and 2012 by using the national agricultural inventory
accounting software. The age-specific equations (Eqns 5, 6)
were used separately to estimate emissions for ewes and lambs
and (1) compared with emissions obtained using a single
equation (Eqn 4) and (2) estimated obtained using the current
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Fig. 4. Predicted methane production (pCH4, g/day) modelled with increasing dry matter intake (DMI) for (a) sheep >1 year old based on the
original dataset (Eqn 2) or the combined dataset (Eqn 5) and (b) for sheep <1 year old based on the original dataset (Eqn 3) or the combined
dataset (Eqn 6) for diets of differing metabolisable energy (ME, MJ/kg dry matter) concentrations.

Table 2. Lin’s concordance of equations based on dry matter intake
(DMI, Eqns 1 and 4) or age (Eqns 2 and 3 applied to sheep >1 year of
age, n = 323, or Eqns 3 and 6 sheep <1 year of age, n = 386) as applied to
the combined dataset for the prediction of methane production (g/day)

and compared with respiration chamber measurements
Significant differences can be declared if confidence intervals do not

overlap (P < 0.05)

Equation n Concordance 95% CI
Lower Upper

4A 816 0.8464 0.8277 0.8631
5/6A,B 709B 0.8975 0.8839 0.9097

AEquations derived from the combined dataset.
BSheep <1year of age without metabolisable energy for diet offered were
not included.
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Ym values of 20.9 g/kg DMI for ewes and 16.8 g/kg for lambs.
Estimates of emissions were calculated per animal per year
(Table 3), and annual emissions for ewes and lambs
(Table 4) or all sheep combined (Table 5).

Emissions per animal per year

Using age-specific equations to predict the CH4 emissions had
little effect on estimated annual emissions for sheep >1 year of
age in 1990, but resulted in a 24.6% (3.46–4.31 kg CH4) increase
above current emissions from sheep <1 year of age. The use of a
single sheep equation in 1990 (Eqn 4) increased emissions from
sheep <1 year of age by 40.4% (3.46–4.84 kg CH4) but reduced
emissions from sheep >1 year of age by 5.5% (9.4–8.9 kg CH4).
The trend for estimated emissions in 2012 was the same, with
a small fall in emissions from sheep >1 year of age and a large
rise in emissions from sheep <1 year of age. The finding that
estimated emissions from sheep <1 year of age, using both
Eqns 4 and 5, differs from the current national inventory
calculations has implications both for New Zealand and for the
current IPCC recommended Tier 2 Ym values. The current IPCC
values were obtained from New Zealand data (IPCC 2006), but
these were data where CH4 was measured less accurately
and intake was estimated rather than measured. The current
dataset overcomes these limitations and, although it does
suggest that emissions from young animals are influenced by
factors additional to DMI, the absolute difference in emissions
between sheep <1 year of age and sheep >1 year of age for a
given level of intake are much lower than previously indicated.
For example, at an intake of 1 kg DM/day, estimated daily
emissions for sheep >1 of age using the current IPCC value of
6.5% are 21.6 g and 22 g using Eqn 5, while those for sheep
<1 of age are 15 g/day using the current IPCC value of 4.5% of
GE and 20.3 g/day using Eqn 6 with an ME value of 11. This
strongly suggests that the current IPCC Ym value for sheep <1
of age needs reviewing.

National emissions

The impact of the new equations on total CH4 emissions from
the New Zealand sheep sector followed a trend similar to that of
the annual emissions per head (Tables 4, 5).

In 1990, emissions from sheep >1 year of age were reduced
by 0–5.3%, and by 4.3–9.1% in 2012, using either the age-
specific or single equation, respectively, when compared with
the current method. In contrast, in 1990, predicted emissions
from sheep <1 year of age were noticeably higher (20.0–36.7%)
than those estimated using the current method, although in 2012
this increase was smaller, being 10.8–28.2% using the age-
specific or single equations respectively. The smaller increase
in 2012 is a reflection of the fact that the size of lambs in New
Zealand has increased by ~30% since 1990 (MfE 2015), meaning
that intake per animal is higher and when using a regression
equation that does not go through the origin, emissions per unit
of intake go down.

The use of a single equation for all sheep made little
difference to the total combined ewe and lamb emissions in
1990 compared with the current estimate, while total
emissions were 2.5% higher when using the age-specific
equations (Table 5). However, in 2012, the total combined
ewe and lamb emissions decreased by just over 1% using
either equations, compared with the current estimated value.
As both the single and age-related equations derived from the
datasets analysed result in slightly higher estimated emissions
in 1990 but slightly lower estimated emissions in 2012 than the
current values, the fall in emissions over time is estimated to be
7000–15 000 t CH4/annum greater.

The adoption of either a new single equation or two new
separate age-related equations to estimate total emissions from
the New Zealand sheep sector makes a small difference to
total estimated emissions in 1990 and 2012 and, on the basis
of these two years, to the change in emissions over time. This is
primarily because the estimated increase in emissions from
sheep <1 year of age is offset by a decrease in estimated
emissions from sheep >1 year of age. The advantage of the
using the updated equations derived from the analyses
presented here are that they better represent Ym values
obtained from a wide range of New Zealand experiments and
that they are better able to capture the underlying biological
relationships, such as, for example, the negative relationship
between increasing DMI and decreasing CH4 per kg of DMI
first shown by Blaxter and Clapperton (1965) and the newly
found relationships in young sheep between DMI, herbage

Table 3. Calculated methane emissions (kg CH4) per animal per year for sheep in 1990 or 2012, using current methodology from the national
greenhouse gas inventory or calculated using a single equation for all sheep (Eqn 4) or age-specific equations (Eqns 5, 6)

Year Sheep >1 year of age Sheep <1 year of age
Current methane yield Equation 5 Equation 4 Current methane yield Equation 6 Equation 4

1990 9.40 9.37 8.90 3.46 4.31 4.84
2012 11.12 10.65 10.11 4.81 5.54 6.34

Table 4. Annual methane emissions (t CH4) from ewes and lambs in 1990 or 2012, calculated using current methodology from the national
greenhouse gas inventory or calculated using a single equation for all sheep (Eqn 4) or age-specific equations (Eqns 5, 6)

Year Sheep >1 year of age Sheep <1 year of age
Current Equation 5 Equation 4 Current Equation 6 Equation 4

1990 391 118 390 004 370 449 64 402 77 268 88 039
2012 230 129 220 281 209 164 58 866 65 219 75 463
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quality and Ym. This, in turn, will allow the New Zealand
inventory methodology to better reflect improvements in
animal performance and the higher levels of feed intake found
in New Zealand sheep over this time period (MfE 2015); since
1990, New Zealand sheep have become larger, more prolific
and, hence, have a greater daily DMI; however, any reduction in
Ym has not been previously captured because a constant value
was used for all years. The updated algorithms, therefore,
have an influence both within and between years, which has
implications for changes in emissions against a fixed baseline
such as 1990.

A weakness in the current New Zealand dataset is that it
contains almost no data on animals >3 years of age. This makes it
difficult to fully examine the influence of age on emissions. The
categorisation of animals into <1 and >1 year of age, while
sensible from an inventory perspective, is difficult to justify
biologically and more data are needed from older animals so
that a more comprehensive understanding can be obtained.

Conclusions

The sourcing of additional data from experiments measuring
CH4 emissions in New Zealand to add to those analysed by
Muetzel and Clark (2015) confirmed that the relationship
between pCH4 and DMI was influenced by the ME of the diet
for sheep <1 year of age, but not for sheep >1 year of age. The
concordance of pCH4 was high both for a single-sheep equation
and separated age-related equations but the separation of
sheep by age significantly improved the concordance between
predicted and measured emissions. We recommend that the
two age-related equations obtained from the combined dataset
should be adopted for use in the New Zealand national sheep
industry as they are sourced from New Zealand measurements,
are undertaken across a broad range of herbage quality, and from
situations inwhich both intake andCH4 emissionsweremeasured
accurately. With regard to the effects of age on emissions, the
available data do not span the full range of ages found in practice
and, hence, no attempt was made to treat age as a continuous
variable in the analysis. Biologically, it is difficult to envisage a
sharp cut off point at which emissions begin to diverge but data
limitations preclude any more detailed analysis.
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