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Abstract 
The objective of the current study was to evaluate the performance of published equations to predict CH4 yield (g CH4/kg dry 
matter intake; DMI) in NZ sheep fed a range of fresh forages. A database with 182 NZ sheep CH4-yield treatment means was 
used to validate 17 published CH4-yield prediction equations. The CH4-yield predictions were evaluated using the square root of 
mean-square prediction error (RMSPE) and Lin’s concordance correlation coefficient (CCC). The three prediction equations with 
the smallest error (<22% of RMSPE) and the only ones with moderate CCC with observed CH4 yield were all based on data from 
animals fed forage only. These three models predicted CH4 yield based on DMI plus dietary neutral detergent fibre, and animal 
body weight, feed crude protein, or feed organic matter digestibility; and they performed better than the DMI only equations that 
are commonly used in national greenhouse gas inventory models and on-farm accounting models. 
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Introduction
Ruminant enteric methane (CH4) emissions in national 

greenhouse gas (GHG) inventories and on-farm accounting 
models are, in most cases, predicted as a function of dry-
matter intake (DMI) only, without considering the effect of 
diet composition and animal characteristics on CH4 output 
(Vibart et al. 2021). For example, enteric methane output 
of cattle in the NZ GHG inventory and the farm model 
Overseer is calculated as DMI (kg/d) × 21.6 g CH4/kg 
DMI (i.e., CH4 yield). These equations do not capture the 
effects of diets that reduce emissions per unit of DMI. For 
example, sheep fed forage rape emitted consistently less 
CH4 per unit of DMI than did sheep fed pasture in multiple 
trials (Sun et al. 2016) and sheep fed a high-sugar diploid 
perennial ryegrass cultivar had a lower CH4 yield than did 
sheep fed a conventional diploid ryegrass cultivar (Jonker 
et al. 2018), but these effects are not captured in the national 
GHG inventory or Overseer (Vibart et al. 2021). Outside 
NZ, more-comprehensive CH4-prediction equations that 
include dietary chemical composition [e.g., starch, neutral 
detergent fibre (NDF), crude protein (CP)] have been 
developed and validated with animal CH4-production 
measurement data (Benaouda et al. 2019). However, to 
our knowledge, no validation of CH4-prediction equations 
has been performed with CH4 production measurement 
data from animals fed largely fresh herbage, either from 
pastures or forage crops. Furthermore, most validations 
have been performed with CH4 expressed as g/d, not as 
g/kg DMI. Methane production measurements data of 
NZ sheep published in literature were collected as part 
of an international project, Capturing the Effects of Diet 
on Emissions from Ruminant Systems (CEDERS; https://
www.eragas.eu/en/eragas/Researchprojects/CEDERS-1.
htm). The objective of the current study was to evaluate the 

performance of published equations in predicting CH4 yield 
in NZ sheep fed a range of fresh forages. 

Materials and methods
A database with 182 treatment means was generated 

from 27 publications reporting CH4 production 
measurements conducted in NZ with sheep. Information 
extracted included animal age and body weight, DMI, 
CH4 production, CH4-measurement technique used 
[i.e., respiration chambers (63% of data) and SF6 tracer 
technique (37% of data)], diet fed (i.e., ryegrass/white 
clover-based pasture (66% of data) and other forages (34% 
of data), including forage brassicas, legumes, herbs, fodder 
beet and maize silage) and feed composition (ash, CP, NDF, 
lipids) and DM and OM digestibility (DMD, OMD; in vivo, 
in vitro and NIRS digestibility) (Table 1). Missing data on 
chemical composition was estimated based on relationships 
with data in the database or based on published equations 
(INRA 2018) and non-fibre carbohydrates (NFC) were 
calculated as 1000 – (ash + lipids + CP + NDF). Missing 
data on diet DMD was estimated using a faecal DM output 
equation based on NZ data of sheep fed a range of fresh 
forages (van Lingen et al. 2021). Conversions between 
DMD, OMD, OMD on DM basis (DOMD), and digestible 
energy (DE) were performed according to equations 
of CSIRO (1990), and OMD at maintenance feeding 
level (OMDm) was calculated as described by Ramin & 
Huhtanen (2013). Dietary metabolisable energy (ME; MJ/
kg DM) was calculated from diet DOMD (CSIRO 1990).  

Prediction equation evaluation
A literature search was performed using ‘Google 

Scholar’ to find CH4 production (g/d) prediction equations 
generated from data of sheep and of multiple species, 
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including sheep. Seventeen CH4 production prediction 
equations were extracted from 11 publications. Of these, 
12 were generated using sheep data only and five from 
multiple species (including sheep); nine of the equations 
were generated using data of animals fed 100% forage and 
eight equations from animals fed a wide range of feeds 
with variable forage-to-concentrate ratios. All 17 equations 
contained intake (DMI or feeding level) as explanatory 
variable. Only results of the five best-performing equations 
(see criteria below) are presented in Table 2, plus two 
additional equations of Zhao et al. (2016) to aid the 
discussion. Three equations had only DMI as a predictor 
variable in the model: 21.6 × DMI (IPCC 2006) and 
MS_2 and YZ_1 in Table 2. The other equations evaluated 
(explanatory variables in equations between brackets), but 
not presented, include eq. 14.1 (OMD, feeding level and 
concentrate proportion in the diet) of Sauvant et al. (2018); 
eq. 1f (DMI, N) and eq. 1l (DMI, N, NDF) of Zhao et al. 
(2016); eq. 17 (feeding level, OMD, lipids, NDF, NFC) 
of Ramin & Huhtanen (2013); eq. 10 (NDF intake, lipid 
intake, NFC intake, CP intake), eq. 11 (DMI, OMD), eq. 
12 (DMI, feeding level, NDF), and eq. 13 (DMI, feeding 
level, OMD) of Patra et al. (2016); and eq. 4 (OMD, lipid, 
feeding level) of Bell et al. (2017).  

Methane production (g/d), observed and predicted, 
were first converted to CH4 yield [CH4 (g/d) / DMI (kg/d)] 
before evaluation of the equations using the database 
described above. This conversion allows evaluation of 
the CH4 predictions independent of differences in DMI, 
the main driver of CH4 production (Swainson et al. 2018). 
Because DMI is the same for observed and predicted 
values, any deviation in CH4 yield is due to errors in CH4 
prediction, and DMI and CH4 measurement errors in the 
sheep trials.  

Errors in the CH4-yield predictions were evaluated as 
detailed by Benaouda et al. (2019) determining the mean-
square prediction error [MSPE; i.e., sum of (observed – 
predicted values)2] and partitioning MSPE into mean bias, 
slope bias, and random error (Bibby & Toutenburg 1977). 
The square root of MSPE (RMSPE) is given in the same 
unit as observed values. Smaller RMSPE, mean bias and 
slope bias values, and greater random error as percentage of 
MSPE indicate better accuracy of the CH4-yield prediction 
equation. Lin’s concordance correlation coefficient (CCC), 
which is the product of Pearson correlation (r) and a bias 
correction factor (Cb), between observed and predicted 
values were determined using GenStat (19th edition; 
VSN International, Hemel Hempstead, UK). In addition, 
Spearman correlation (rs) between observed and predicted 
values was determined using GenStat, which enables the 
evaluation of precision of ranking of treatments independent 
of the accuracy of values predicted. Greater CCC, r, Cb, and 
rs values (range from 0.0 to 1.0) indicate better precision of 
the CH4-yield prediction equation. 

Results
The mean observed CH4 yield in sheep fed a range 

of forages was 21.6 (±4.8) g/kg DMI (Table 1), predicted 
mean CH4 yield ranged from 18.0 to 27.2 g/kg DMI across 
the 17 equations (data not shown), and 20.2 to 23.0 g/kg 
DMI for the seven prediction equations presented in Table 
2. The RMSPE, expressed as a percentage of mean CH4 
yield observed, ranged from 21.2 to 39.2% (4.4 to 8.1 g/
kg DMI) and random error ranged from 100 to 34.9 % of 
MSPE across the 17 prediction equations. The CCC and r 
were moderate (>0.4) only for three prediction equations 
and rs was moderate (>0.4) only for five equations (Table 
2), while all other equations had weak correlations (<0.28) 
with observed CH4 yields. The three best-performing 
equations across the whole sheep CH4 yield database were 
also the best performing equations for predicting CH4 yield 
of sheep in respiration chamber trials only, sheep in SF6 
trials only, sheep fed ryegrass based-pasture only, and of 
sheep fed legumes and forage crops only (data not shown). 

Discussion
The three prediction equations with the smallest error 

(RMSPE) and the only ones with moderate correlations 
(>0.4; CCC, r, rs) with observed CH4 yield were the two 
equations of van Lingen et al. (2021) (VL_1 and VL_2) and 
the equation of Sauvant et al. (2018) for animals fed forage 

Table 1 Mean, standard deviation (Stdev), minimum (min), 
and maximum (max) of animal characteristics, intake, 
forage composition, and methane emissions of the database 
with published treatment means from sheep fed a range of 
fresh forages (n = 182).

Parameter Mean Stdev min max
Age (months) 14.3 9.1 3.3 48.0
Body weight (BW; kg) 45.8 8.3 32.5 77.0
Dry matter intake (DMI; 
kg/d)

0.98 0.32 0.35 2.30

DMI/BW (g/kg) 21.7 6.5 8.4 48.8
Crude protein (g/kg DM) 177 56 58 328
Ether extract (g/kg DM) 31 10 11 57
Ash (g/kg DM) 97 28 11 196
Neutral detergent fibre 
(g/kg DM)

425 120 127 662

Non-fibre carbohydrate 
(g/kg DM)

271 114 74 586

OM digestibility (fraction 
0-1)1

0.76 0.07 0.59 0.96

Metabolisable energy 
(MJ/kg DM)

11.3 1.0 8.7 13.8

CH4 production (g/d) 20.6 6.1 8.1 39.5
CH4 yield (g/kg DMI) 21.6 4.8 8.3 43.9
1OM digestibility, organic matter digestibility at actual intake 
level, includes measured values and estimated values based 
on DMD calculated according to van Lingen et al. (2021) and 
converting DMD to OMD according to CSIRO (1990).
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only (MS_2). These three models predicted CH4 production 
based on DMI plus dietary NDF and BW, CP, or OMD (see 
footnote Table 2). This suggests that equations that include 
dietary variables would be better at capturing the CH4-
mitigating effects of forages and forage crops with variable 
composition fed to sheep than equations that only use 
DMI to predict CH4 production (NS_1 and YZ_1) (Zhao 
et al. 2016; Swainson et al. 2018). Both DMI-only based 
prediction equations were developed from respiration-
chamber trials with sheep fed fresh ryegrass-based pasture 
only and both performed especially poorly with data of 
sheep fed legumes and forage crops (data not shown). 

The equations of van Lingen et al. (2021) were 
generated from individual sheep CH4 respiration-chamber 
data on ryegrass, clover, and fresh forage crops, and the 
Sauvant et al. (2018) equation for ruminants fed forage only 
was generated from 592 dietary-treatment means, including 
data from cattle, sheep, and goats fed mainly grass (C3 
and C4)  or legume based forages (fresh and conserved). 
The range in forage NDF concentration reported by van 
Lingen et al. (2021) was much greater with 166 to 660 g/
kg DM and those reported by Sauvant et al. (2018) with 
127 to 845 g/kg DM compared to the NDF concentration 
across ryegrass batches of 427 to 594 g/kg DM in Zhao et 
al. (2016). This likely explains why NDF concentration is 
an important predictor in the equations of van Lingen et al. 
(2021) and Sauvant et al. (2018), but not in those of Zhao 
et al. (2016) 

In contrast to the above, across the equations of Zhao 
et al. (2016) evaluated in the current analysis (YZ_1, 
YZ_4, and YZ5 plus two others not shown), the equation 
that predicted CH4 production from DMI alone had a 
lower prediction error and stronger correlations than did 
equations that included DMI plus additional nutritional 
parameters like NDF, OM, DE and ME. However, after a 
closer inspection of the CCC components, it is apparent 
that the two DMI-only equations have a much lower Cb 
(i.e., greater slope bias) than any of the equations that 
include nutritional components. When plotting observed vs 
predicted data (for selected equations), it becomes apparent 
that the CH4 yield predicted by the DMI-only equation of 
Swainson et al. (2018) (and of Zhao et al. 2016, not shown) 
was on average close to the observed CH4 yield, and with 
similar precision for the relationship (i.e., r; Fig. 1; Table 
2), however, there was a large slope bias visible, which was 
identified using Cb, but not when using ER% of MSPE. 
Similar observations were made by Ellis et al. (2010) when 
evaluating equations to predict CH4 production of dairy 
cows.

The prediction equations that were generated from 
databases that included CH4-yield data of ruminants fed 
forage plus different levels of concentrates, starch, or oil 
supplementation (Ramin & Huhtanen 2013; Bell et al. 2016; 
Patra et al. 2016; Sauvant et al. 2018) performed poorly 
at predicting CH4 yield for the current database of sheep 
fed fresh forages in NZ (data not shown). These equations 

Table 2 Evaluation of the performance of equations1 to predict CH4 yield [g/kg dry matter intake (DMI)] of sheep fed a range 
of fresh forages

Equation1

Parameter2 VL_1 VL_2 MS_2 NS_1 YZ_1 YZ_4 YZ_5
Mean predicted CH4 yield 20.4 21.0 23.0 22.6 20.2 19.2 22.3
Standard deviation 3.02 3.25 2.74 1.47 1.16 3.13 2.07
RMSPE (g/d) 4.36 4.38 4.41 4.56 4.74 5.71 5.21
RMSPE (% of mean CH4 yield) 21.2 21.3 21.4 22.2 23.0 27.8 25.3
Decomposition of error
ECT (mean bias; % of RMSPE) 7.7 1.9 11.3 4.7 8.6 17.3 2.0
ER (slope bias; % of RMSPE) 1.8 4.8 0.4 0.8 1.4 14.5 12.9
ED (random; % of RMSPE) 90.6 93.3 88.3 94.5 90.1 68.2 85.1
Correlations
CCC 0.44 0.44 0.41 0.21 0.15 0.16 0.03
Pearson r 0.51 0.48 0.51 0.39 0.36 0.20 0.04
Cb (slope bias) 0.86 0.92 0.80 0.54 0.42 0.78 0.71
Spearman r 0.61 0.57 0.50 0.43 0.43 0.27 0.03
1VL_1: CH4 (g/kg DMI) = (-4.00 + 12.9 × DMI + 0.121 × (NDF/10) + 0.132 × BW)/DMI, VL_2: CH4 (g/kg DMI) = (1.98 + 15.1 × DMI 
+ 0.117 × (NDF/10) – 0.138 × (CP/10))/DMI (van Lingen et al. 2021); MS_2: CH4 (g/kg DMI) = (DMI × 0.001 × (OMD × 1000) × (34.95 
– 4.05 × (DMI/BW/10) + 0.27 × (NDF/10) – 0.01 × (OMD × 1000)))/DMI (Sauvant et al. 2018): NS_1, CH4 (g/kg DMI) = (exp(0.763 × 
ln_DMI + 3.039))/DMI (Swainson et al. 2018), YZ_1: CH4 (g/kg DMI) = (16.7 × DMI + 3.1)/DMI, YZ_4: CH4 (g/kg DMI) = (17.9 × DMI 
-84 × (OM/1000) + 18.7 × (NDF/1000) + 69.0)/DMI,  YZ_5: CH4 (g/kg DMI) = (18.8 × DMI + 5.0 × DE – 4.9 × ME – 9.9)/DMI (Zhao et 
al. 2016); where, DMI, dry matter intake (kg/d); NDF, neutral detergent fibre (g/kg DM); BW, body weight (kg); CP, crude protein (g/kg 
DM); OMD, organic matter digestibility at feeding level (fraction 0-1); DMI/BW (g/kg); OM, organic matter (g/kg DM); DE, digestible 
energy (MJ/kg DM); ME, metabolizable energy (MJ/kg DM). 
2RMSPE, square root of the mean square prediction error; ECT, error due to central tendency; ER error due to deviation from the regres-
sion slope; ED, error due to disturbance; CCC, concordance correlation coefficient; r, correlation; Cb, a bias correction factor
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were tested because forage crops fed to sheep in NZ have 
a nutrient composition more similar to concentrates (e.g., 
high non-fibre carbohydrates) than to grass-based herbage. 
But apparently, the physical form of concentrates (dry and 
small particles) results in a different CH4-yield response 
when fed to animals, than does feeding forage crops.  

Collectively, these findings indicate that equations 
based on data from animals fed forage only, and that 
include dietary variables, would be better at capturing the 
CH4-mitigating effects of forages and forage crops with 
variable composition fed to sheep in NZ than equations that 
only use DMI to predict CH4 yield. Therefore, replacing the 
DMI only based CH4 yield prediction equations currently 
used in on-farm accounting models with the more complex 
equations, that include animal and feed characteristics, 
would improve CH4 yield predictions for sheep fed a range 
for fresh forages. However, the evaluation also revealed 
that there remains scope to develop improved CH4-yield 
prediction equations for sheep fed a range of fresh forages.
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