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A B S T R A C T   

Grass-clover silage constitutes a large part of ruminant diets in Northern and Western Europe, but 
the impact of silage quality on methane (CH4) production is largely unknown. This study was 
conducted to identify the quality attributes of grass silage associated with variation in CH4 yield. 
We expected that silage nutrient concentrations and silage fermentation products would affect 
CH4 yield, and that these factors could be used to predict the methanogenic potential of the si
lages. Round bales (n = 78) of grass and grass-clover silage from 37 farms in Norway were 
sampled, incubated, and screened for in vitro CH4 yield, i.e. CH4 production expressed on the basis 
of incubated organic matter (CH4-OM) and digestible OM (CH4-dOM) using sheep. Concentration 
of indigestible neutral detergent fiber (iNDF) was quantified using the in situ technique. The data 
were subjected to correlation and principal component analyses. Stepwise multiple regression 
was used to model methanogenic potential of silages. Among all investigated silage composition 
variables, neutral detergent fiber (aNDFom) and water-soluble carbohydrate (WSC) concentra
tions obtained the greatest correlations to CH4-OM (r = − 0.63 and r = 0.57, respectively, P <
0.001), while concentration of iNDF negatively correlated with CH4-OM (r = − 0.48, P < 0.001). 
In vivo organic matter digestibility (OMD) and concentration of ammonia-N (NH3-N) in silages 
were also correlated to CH4-OM (r = 0.44 and r = − 0.32, P < 0.001 and P < 0.01, respectively). 
The stepwise regression using CH4-OM as response variable included aNDFom, WSC, iNDF, silage 
propionic acid and pH in descending order. The stepwise regression using CH4-dOM as response 
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variable included WSC, aNDFom and iNDF in descending order. Among in vitro rumen short chain 
fatty acids (SCFA), molar proportion of butyrate was the most prominent in increasing CH4-OM 
and CH4-dOM (r = 0.23 and r = 0.36, P < 0.05 and P < 0.01, respectively), while molar pro
portion of propionate was the most prominent SCFA in reducing CH4-OM and CH4-dOM (r =
− 0.23 and r = − 0.26, respectively, P < 0.05). Regression models that account for silage quality 
attributes can be used to predict CH4 yield from silages with a coefficient of determination (R2) 
between 0.33 (CH4-dOM) and 0.65 (CH4-OM). In conclusion, concentration of WSC increased in 
vitro CH4-OM and CH4-dOM, while concentration of aNDFom and iNDF decreased CH4-OM and 
CH4-dOM in grass silages.   

1. Introduction 

Grass and grass-clover silage are predominant forages in Northern and Western Europe and hence constitute a large part of 
ruminant diets. In Norway, multispecies swards based on perennial grasses such as timothy (Phleum pratense L.) and meadow fescue 
(Festuca pratensis Huds.) combined with the legume red clover (Trifolium pratense L.), are the most common species due to their 
agronomic suitability for the climatic conditions (Steinshamn et al., 2016). Grass silages show large variations in feed quality, intake 
and performance in cattle because of differences in botanical composition (Thomas et al., 1981), stage of maturity (Steen, 1984) and 
ensiling quality (Krizsan and Randby, 2007). 

The emission of greenhouse gases from the global agricultural sector has received increased attention over the last decade and is 
estimated at 5.2–5.8 Gt carbon dioxide (CO2) equivalents per year in 2010, or 10–12% of global anthropogenic emissions. Between 1.9 
and 2.1 Gt CO2 equivalents of the total agricultural greenhouse gas emissions arises from enteric methane (CH4) emissions predom
inantly from ruminants (IPCC, 2014). The methanogens play a vital role in the rumen ecosystem by converting excess hydrogen (H2) 
and CO2 into CH4, which allows microbial fermentation of nutrients to short-chain fatty acids (SCFA) to function optimally (Hook 
et al., 2010). 

Fibrous plant material such as grass silage is an important source of fermentable carbohydrates for ruminants, and in this process, 
methanogens produce enteric CH4. In vitro studies (Holtshausen et al., 2012) have shown increased CH4 yield (mL/g dry matter (DM) 
disappeared, mL/g neutral detergent fiber (aNDFom) disappeared) in silages cut at early compared to late stage of maturity. Regrowth 
grass has greater proportion of vegetative material compared to primary growth grass (Kuoppala et al., 2010), but also greater con
centration of indigestible aNDFom (iNDF). As a result, cows fed primary growth grass silages had greater feed intake and milk pro
duction compared to cows fed silages made from regrowth grass (Kuoppala et al., 2008). Therefore, enteric CH4 emissions (per unit of 
DM intake or milk production) are usually lower in cows fed silages cut at an early, compared to late stage of maturity (Brask et al., 
2013; Warner et al., 2016, 2017). 

Manipulation of SCFA production is an effective strategy to reduce CH4 production. The stoichiometric ratio between different 
SCFA and enteric CH4 emissions depends upon feed chemical composition, DM intake and digestibility of the diet (Johnson et al., 1995; 
Hristov et al., 2013). It is well established that there is a negative correlation between the amount of CH4 produced in the rumen and 
the ratio of propionate:[acetate+butyrate] (Janssen, 2010), because production of acetate and butyrate generates H2, which increases 
CH4 production in the rumen. The production of propionate on the other hand, consumes H2, thereby decreasing CH4 production 
(Boadi et al., 2004). According to Janssen (2010) the ruminal fermentation of aNDFom in feed gives less propionate than the 
non-aNDFom fraction [mainly protein, starch and water-soluble carbohydrates (WSC)]. Jentsch et al. (2007) reported that the CH4 
production rate from the digestible fiber fraction was 2.6-fold greater than that from digestible crude protein and digestible nitrogen 
free extracts, respectively. However, results are inconsistent. Ellis et al. (2012) found that feeding ryegrass with increased concen
tration of WSC increased CH4 production (MJ/day), although results were more variable when CH4 was expressed per kg milk or per kg 
DM intake. On the other hand, harvesting at an early phenological plant stage increases the ruminal degradation of aNDFom (Rinne 
et al., 2002; Kuoppala et al., 2008, 2010; Randby et al., 2012), which may increase the proportion of propionate in the fermentation 
end products (Janssen, 2010). The WSC in the harvested forage is subjected to fermentation during ensiling, with lactic acid as the 
major fermentation end-product in well preserved silage. Lactic acid is further fermented to propionate in the rumen (Huhtanen et al., 
2013). Therefore, it is likely that silages with high concentrations of lactic acid yield less enteric CH4 than restricted fermented silages. 

Early maturity silage with a more rapidly fermentable aNDFom fraction, and a greater non-aNDFom fraction compared to late 
maturity silage, may change SCFA proportion from acetate towards propionate and reduce CH4 production. However, the results from 
experiments with cattle studying the effect of grass silage maturity on the propionate:[acetate+butyrate] ratio in the rumen have been 
inconsistent (Kuoppala et al., 2010; Warner et al., 2016). It appears that not only stage of maturity at harvest, but also silage 
fermentation characteristics may affect ruminal SCFA, and the complexity of these interacting factors may contribute to the lack of 
consistency. 

The aim of this study was to identify the most important feed quality parameters and silage fermentation products of diverse grass 
silages with respect to variation in CH4 production determined using the in vitro method. We expected that the diverse concentrations 
of nutrients and silage fermentation products would affect in vitro CH4 yield, and that these factors could be used to develop a regional 
in vitro prediction equation for CH4 yield, measured as CH4 production in vitro expressed relative to OM (CH4-OM) of the silage 
incubated and digestible OM in vivo (CH4-dOM). 
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2. Materials and methods 

The study used in vitro, in situ and in vivo techniques. Grass silage samples were screened for CH4 production using the batch culture 
technique (Ramin and Huhtanen, 2012). In vivo organic matter digestibility (OMD) and in situ digestible aNDFom were measured using 
the methods described by Åkerlind et al. (2011) and concentration of indigestible aNDFom was determined in situ (NorFor 2011; 
Krizsan et al., 2015). The in vitro experiment was performed at the Swedish University of Agricultural Sciences, Umeå, Sweden. The 
handling of animals was approved by the Swedish Ethics Committee on Animal Research (Dnr A 32–16), represented by the Court of 
Appeal for Northern Norrland, Umeå, and the experiment was carried out in accordance with laws and regulations governing ex
periments performed with live animals in Sweden. The in situ and in vivo studies were conducted at the Metabolism Unit of the 
Norwegian University of Life Sciences (NMBU) in Norway. The experiments were approved by the Norwegian Ethical Committee on 
Animal Research. These experiments were done in accordance with regulations controlling live animal experiments in Norway. 

2.1. Selection and sampling of grass silages 

In total 78 round bales of grass and grass-clover silages (referred to herein as grass silage) from 37 farms (Supplementary Fig. S1) 
were sampled from 58◦32’39′′ N, 5◦41’08′′ E in the south of Norway to 69◦13’21′′ N, 19◦14’17′′ E in the north of Norway, with the 
farms positioned from 5 to 530 m above sea level. The silage bales were made in 2016 and 2017, and the harvest window was 71 days 
for the first cut, 70 days for the second cut and 30 days for the third cut (Table 1). 

The silage bales were selected using the feed analysis system database (Volden, 2011), which contains results of feed analysis (near 
infrared reflectance spectroscopy and wet chemistry) for Norwegian farms. The bales were selected to obtain substantial variation in 
DM, aNDFom, crude protein, WSC concentration and digestibility. In addition, the round bales collected represented a variety in 
botanical composition typical of grass silages in Norway, i.e. mixtures of timothy (Phleum pratense L.), meadow fescue (Festuca pratensis 
Huds.), red clover (Trifolium pratense L.), and perennial ryegrass (Lolium perenne L.). To obtain a large variation in the dataset, grass 
silages of pure ryegrass, pure timothy or timothy with a large inclusion of red clover were also selected. The selection of round bales 
represented the use of different types of silage additives, including additives that stimulated or restricted fermentation, as well as grass 
silage bales without silage additives. 

The bales were transported to the Metabolism unit at NMBU in Ås, where each bale was opened and homogenized for approxi
mately 15 min in a mixer wagon (Siloking, Kverneland Duo 1814, 18 m3, 84529 Tittmoning, Germany). Each bale was then sampled 
and retained for use in the study. 

2.2. In vitro incubation of grass silage samples 

The silage samples were dried at 59 ◦C for 48 h. Samples were ground to pass a 1 mm screen using a Retch cutting mill with 
trapezoid sieve holes (Retsch, SM2000, Rheinische, Haan, Germany). Dried and ground samples of 1.00 ± 0.003 g of all grass silage 
bales were weighed into 250 mL serum bottles (Schott, Mainz, Germany). Rumen fluid was collected 2 h after morning feeding from 
two rumen-cannulated Swedish Red cows fed ad libitum a diet consisting of grass silage and concentrate (60:40 on DM basis). The 
rumen fluid was filtered through two layers of cheesecloth into pre-warmed (39 ◦C) and CO2 flushed thermos bottles directly after 
extraction from the rumen of each cow. Equal amounts from each cow were blended, strained through four layers of cheesecloth, and 
added to a buffered mineral solution (Menke and Steingass, 1988) including Peptone™ (pancreatic digested casein; Merck, Darmstadt, 
Germany) at 39 ◦C under constant mixing and CO2 flushing, to give a buffered rumen fluid solution with a rumen fluid:buffer ratio of 
1:4 by volume (Ramin and Huhtanen, 2012). Then, 60 mL of buffered rumen fluid was added to each bottle and the bottles were 
directly placed in a water bath at 39 ◦C under constant agitation. Gas production was measured every 12 min using a fully automated in 
vitro gas system (Gas Production Recorder, GPR-2, Version 1.0 2015, Wageningen UR). The amount of headspace gas released from the 
system through automated valve openings was recorded, and all readings were corrected to normal air pressure (101.3 kPa) (Cone 
et al., 1996). Gas samples were taken after 24 h of incubation from the headspace of each bottle using a gas tight syringe (Hamilton, 
Bondaduz, Switzerland). Additionally, a 1.5-mL sample of liquid was collected from each bottle at the termination of the 24 h in
cubation and immediately frozen at − 20 ◦C. These procedures were repeated for eight runs in total and all samples were incubated 
with triplicates of each sample (n = 3 runs/silage). All runs included 36 bottles. In each run, 33 bottles contained forage samples and 
three bottles contained blanks (i.e., bottles with 60 mL of buffered rumen fluid with no sample included). The 78 silage samples (in 
triplicate) were randomly allocated to the 8 in vitro runs, with the same sample never incubated more than once within a run and never 
in the same bottle. 

Table 1 
Description of the grass silage samples and farms.   

Average Minimum Maximum 

Harvest date 1st cut (n = 38) June 22nd May 24th July 31st 
Harvest date 2nd cut (n = 32) August 13th July 15th September 23rd 
Harvest date 3rd cut (n = 8) September 5th August 20th September 19th 
Farm position (latitude, longitude) 62◦06’ N, 10◦29’ E 58◦32’ N, 5◦41’ E 69◦13’ N, 19◦14’ E 
Farm topography (meters above sea level) 147 5 530  
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2.3. In situ and in vivo studies 

Concentration of iNDF was determined as proportion of NDF remaining in the residue after in situ incubation according to the 
Norfor standard procedure (Åkerlind et al., 2011). The samples were freeze-dried and ground to pass a 1 mm screen using a Retsch 
cutting mill with trapezoid sieve holes (Retsch, SM200, Rheinische, Haan, Germany). Feed samples of 2 g were added to bags (Sefar 
Petex 07–11/5-cloth, Sefar AG, Heiden, Switzerland) and intraruminally incubated 288 h according to recommendations of Krizsan 
et al. (2015). The in situ study was conducted using 2 ruminally cannulated Norwegian Red cows fed forage and concentrate (67:33 on 
DM basis) to meet maintenance energy requirement of the animals. Five bags were incubated into the rumen of each cow, and each 
sample were incubated into two rumen cannulated cows (e.g 10 bags per sample). In vivo apparent OMD of the 78 grass silages was 
determined according to Åkerlind et al. (2011) using three adult castrated male sheep per grass silage sample. The in vivo study was 
conducted in 23 runs from May 2017 to December 2019, where 3–5 round bales were tested in each run. The adaptation period was 11 
days and each round bale was fed for 21 days. The total collection of faeces was conducted over a period of 10 days, and proportional 
subsamples of faeces were taken daily, pooled per individual animal and then across animals fed the same test bale, and stored frozen 
until analysis. Sheep that weighed less than 88 kg daily received 1.0 kg DM of grass silage, and sheep weighing above 88 kg daily 
received 1.2 kg DM of grass silage. All sheep daily received 10 g of sodium chloride (GC-Rieber, Cort Adelers gate 17, 0254 Oslo) and 
35 g of a commercial mixture of vitamins and minerals (VitaMineral Normal Sau, Vilomix, Hensmoveien 30, 3516 Hønefoss, Norway). 

2.4. Laboratory analyses 

Fresh feed samples for analyses of fermentation parameters and in vivo OMD were collected and frozen at − 20 ◦C. Feed and faecal 
samples were oven-dried at 59 ◦C for > 48 h and ground to pass a 1-mm screen using a Retsch cutting mill with trapezoid sieve holes 
(Retsch, SM200, Rheinische, Haan, Germany) prior to chemical analysis of feed and faeces samples and in vitro incubation of feed 
samples. 

The DM content of the pre-dried samples was determined by further oven-drying for 16 h at 105◦C and ash was determined at 
550 ◦C for a minimum of 4 h. The aNDFom concentration was determined with the Ankom200 Fiber Analyzer (Ankom Technology, 
Macedon NY 14502, USA) using sodium sulfite, heat-stable α-amylase, with ash correction (AOAC, 1995; method 2002.04). Total 
nitrogen was analyzed on a Kjeltec™ 8400 (Foss, Hillerød, Denmark) using 95% sulfuric acid and a Cu-catalyst (AOAC method 
968.06). Crude fat was analyzed using an ASE® 350 Accelerated Solvent Extractor (Nerliens Mezanski, Oslo, Norway). For deter
mination of WSC, carbohydrates were extracted in 0.05 M Na-acetate buffer. Sucrose and fructans were hydrolyzed with 0.074 M 
H2SO4 in 90 ◦C for 70 min. Monosaccharides were further converted to glucose-6-phosphate and fructose-6-phospate by an enzymatic 
method using a kit (K-FRUGL, Megazyme, Wicklow, Ireland). The concentrations were determined spectrophotometrically by the 
increase in absorbance of NADPH at 340 nm. Fresh samples of the bales were analyzed for NH3-N, pH, organic acids and ethanol as 
described by Randby et al. (2010). Oven DM concentrations of the grass silages were corrected for volatile losses according to the 
NorFor DM determination method (Åkerlind et al., 2011). Faeces were analyzed for concentrations of DM, ash and aNDFom for 
calculation of OMD and aNDFom digestibility (dNDF). 

The CH4 concentration in gas samples taken from the headspace of each in vitro bottle after 24 h of incubation was measured 
according to Ramin and Huhtanen (2012) by injecting 0.2 mL of gas into a Varian Star 3400 CX gas chromatograph (Varian Analytical 
Instruments, Walnut Creek, California, USA) equipped with a thermal conductivity detector. Gases were separated using a 1.8 m long 
stainless-steel column packed with Haysept T (80–100 mesh) and argon as a carrier gas. The flow rate was 32 mL/min and oven 
temperature was 32 ◦C. Injector and detector temperatures were set to 110 ◦C and 135 ◦C, respectively. For calibration of the gas 
chromatograph, a mixture of CO2 and CH4 (100 mmol CO2/mol CH4) was used (Aga Gas AB, Sundbyberg, Sweden). Peaks were 
identified by comparison with the calibration gas. Samples of liquid from in vitro batch culture were thawed and analyzed for con
centrations of SCFA and NH3-N. Concentrations of SCFA in the liquid samples were analysed using a Waters Alliance 2795 UPLC system 
(Waters, Milford, Massachusetts, USA) equipped with an ultraviolet detector as described by Puhakka et al. (2016). Concentrations of 
NH3-N was determined using a method provided by Seal Analytical (Method no. G-102–93 multitest MT7) using an Autoanalyzer 3 
(SEAL Analytical Ltd., Mequon, Wisconsin, USA). 

2.5. Calculations 

In vivo OMD was calculated as: (OM consumed (g) - OM excreted in faeces (g))/OM consumed (g). The three observations per bale 
were averaged before statistical analysis. In situ dNDF (g/kg aNDFom) was calculated as: (aNDFom (g/kg DM) – iNDF (g/kg DM)) * 
1000 /aNDFom (g/kg DM). The molar proportions of individual SCFA were calculated related to total SCFA. Total in vitro SCFA 
production was calculated according to the following equation: 

Total SCFA (mmol/L) = (
∑

individual SCFA concentration (mmol/L) – mean of blank SCFA (mmol/L)) × 0.06 L (i.e., fraction of 
buffered rumen fluid). 

Total gas production was calculated by subtracting mean blank gas production from sample gas production. Methane production 
was predicted from CH4 concentration and total gas production measured in vitro as described by Ramin and Huhtanen (2012) using a 
dynamic, mechanistic two-compartment rumen model: 

CH4 = 265 × CH4 concentration + total gas production × CH4 concentration × 0.55, 
where CH4 is in mL, 265 is the total headspace volume (mL), CH4 concentration is in %, total gas production is in mL and 0.55 is the 

ratio of CH4 concentration in outflow gas to headspace volume. A mean retention time of 50 h (20 h in the first compartment and 30 h 
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in the second compartment) corresponding to the maintenance level of feed intake was used in model simulations. 
The CH4 production (mL) was converted to CH4 yield on the basis of OM of the silage incubated and digestible OM (dOM), 

respectively: 
CH4-OM (mL/g OM) = CH4 (mL) / OM (g) and 
CH4-dOM (mL/g dOM) = CH4 (mL/kg OM) / in vivo dOM (g/kg OM). 

2.6. Statistical analyses 

Data for CH4 yield (mL/g DM) were subjected to analysis of variance using the MIXED procedure in SAS version 9.4 (SAS Institute 
Inc., Cary, NC) according to the model: 

Yijk= µ + Ti + Rj + Bk + Eijk, where Yijk is the dependent variable, µ is the overall mean, Ti is the fixed effect of grass silage (i = 78), 
Rj is the fixed effect of run (j = 8), Bk is the random effect of bottle (k = 36), and Eijk represents the random residual error. Run was 
considered as fixed effect because the run effect is standardized regarding system, rumen fluid, diet and cows. Bottles were considered 
as random effect because the precalibration of each bottle revealed differences in the gas volume leaving each bottle upon opening of 
the valve and therefore bottles were randomized between each run. Differences were considered statistically significant when P < 0.05, 
and trends were apparent when 0.05 ≤P < 0.10. 

The statistical correlation analysis for grass silage parameters and rumen fermentation variables was performed using the statistical 
software R (R Core Team, 2020). Pearson correlation coefficients were calculated to determine relationships between the individual 
grass silage or rumen fermentation variables and CH4-OM or CH4-dOM. A similar approach was used to determine correlations be
tween CH4-dOM and grass silage variables within different cuts. Principal component analysis (PCA) was performed using the pro
cedure prcomp in R (scale=TRUE), and grass silage variables from the correlation analysis that were significant or tended to be 
significant (P < 0.1) were included in the analysis, as well as crude protein and crude fat because of their great relevance in cattle 
nutrition and the potential mitigating effect of crude fat on CH4 yield. 

To determine whether CH4-OM and CH4-dOM could be predicted from grass silage variables, a forward stepwise multiple 
regression approach was performed using the stepwise procedure in R (direction=forward). Akaike Information Criterion (AIC) was 
used as a selection criterion, and new variables were included in the model if AIC was reduced after inclusion. Although it was of great 
interest to obtain a large variety in botanical composition of the silage round bales, the collected data were incomplete and botanical 
composition was therefore excluded as a variable in the dataset. 

3. Results 

3.1. Chemical composition of the grass silages 

There was substantial variation in the DM concentration, nutritive value, silage fermentation products and in vitro CH4 yield of the 
grass silages as intended (Table 2). The silage fermentation products were among the traits with greatest coefficient of variation (CV) 
(butyric acid> formic acid> propionic acid> acetic acid> ethanol> lactic acid). Concentration of WSC also obtained a large CV, with 
the lowest WSC concentration being almost zero. Concentration of iNDF varied with a CV of about 30%, and the CV of aNDFom, CH4- 
dOM and CH4-OM were smaller with about 10%. 

Table 2 
Chemical composition, in vivo digestibility and in vitro methane yield of the 78 grass silage round bales collected from farms in Norway.  

Trait Mean Minimum Maximum SD CV (%) 

Dry matter (g/kg wet weight)  372  179  705  123  32.9 
Organic matter (g/kg DM)  925  856  960  18.1  1.96 
Neutral detergent fiber (g/kg DM)  537  408  665  57.9  10.8 
In situ indigestible aNDFom (g/kg aNDFom)  198  109  422  57.5  29.0 
In situ digestible aNDFom (g/kg aNDFom)  802  578  891  57.5  7.17 
Crude protein (g/kg DM)  139  77.2  230  31.3  22.5 
Crude fat (g/kg DM)  25.2  13.7  46.2  5.88  23.3 
Water soluble carbohydrates (g/kg DM)  42.6  0.32  137  36.8  86.3 
Lactic acid (g/kg DM)  31.9  2.00  101  22.5  70.7 
Acetic acid (g/kg DM)  8.41  2.00  40.0  7.08  84.2 
Propionic acid (g/kg DM)  0.47  0.10  2.50  0.44  93.7 
Butyric acid (g/kg DM)  0.92  0.01  12.6  2.29  248 
Formic acid (g/kg DM)  2.49  0.00  14.0  3.49  140 
pH  4.58  3.90  5.90  0.44  9.61 
Ethanol (g/kg DM)  7.98  0.50  36.9  6.46  81.0 
Ammonia-nitrogen (g/kg nitrogen)  114  42.0  220  35.0  30.6 
In vivo OMD (g/kg OM)  733  590  832  54.4  7.42 
CH4-OM (mL/g OM)  25.3  18.9  34.1  2.93  11.6 
CH4-dOM (mL/g dOM)  34.6  26.0  48.4  3.71  10.7 

aNDFom: Neutral detergent fiber, OM: Organic matter, OMD: In vivo organic matter digestibility (g/kg OM), CH4-OM (mL/g OM): mL methane/g OM; 
CH4-dOM (mL/g dOM): (mL methane /kg OM) / (g digestible OM/kg OM). 
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Table 3 
Pearson correlation coefficients between grass silage chemical composition, silage fermentation quality, in vivo digestibility and in vitro methane yield (n = 78 round bales).  

g/kg DM aNDFom iNDF, g/kg 
aNDFom 

Crude 
Protein 

Crude 
Fat 

WSC Formic 
acid 

Acetic 
acid 

Propionic 
acid 

Butyric 
acid 

Lactic 
acid 

Ethanol NH3-N, g/kg 
N 

pH OMD, g/kg 
OM 

dNDF, g/kg 
aNDFom 

CH4-OM, mL/g 
OM 

iNDF, g/kg 
aNDFom 

0.26*                 

Crude protein -0.46*** -0.11                
Crude fat -0.33** -0.14 0.66***               
WSC -0.27* -0.32** -0.33** -0.40***              
Formic acid 0.00 0.15 0.18 -0.05 0.00             
Acetic acid -0.07 0.03 0.37** 0.42*** -0.28* 0.14            
Propionic acid 0.03 0.06 0.13 0.08 -0.07 0.33** 0.54***           
Butyric acid 0.20† 0.07 -0.19† -0.14 -0.23* 0.01 0.18  0.09         
Lactic acid -0.23* -0.06 0.13 0.31** -0.22† -0.01 0.59***  0.14 0.08        
Ethanol -0.01 0.03 -0.35** -0.17 -0.02 -0.14 0.00  0.04 0.03 0.18       
NH3-N, g/kg N 0.02 0.17 0.39*** 0.58*** -0.69*** -0.12 0.50***  0.15 0.33** 0.24* 0.09      
pH 0.06 -0.22† 0.07 -0.17 0.28* -0.15 -0.12  -0.04 0.10 -0.53*** -0.36** -0.13     
OMD, g/kg OM -0.51*** -0.67*** 0.37*** 0.27* 0.19† 0.00 -0.06  -0.02 -0.20† 0.06 0.04 -0.05 0.14    
dNDF, g/kg 

aNDFom 
-0.26* -1.00*** 0.11 0.14 0.32** -0.15 -0.03  -0.06 -0.07 -0.06 -0.03 -0.17 0.22† 0.67***   

CH4-OM, mL/g 
OM 

-0.63*** -0.48*** 0.11 -0.02 0.57*** 0.03 -0.03  0.07 -0.14 0.00 0.03 -0.32** 0.22† 0.44*** 0.48***  

CH4-dOM, mL/g 
dOM 

-0.32** -0.06 -0.15 -0.21† 0.49*** 0.02 0.00  0.07 -0.02 -0.05 -0.01 -0.32** 0.15 -0.24* 0.06 0.76*** 

aNDFom: Neutral detergent fiber; dNDF: in situ digestible aNDFom; iNDF: in situ indigestible fiber; OM: organic matter; OMD: In vivo organic matter digestibility (g/kg OM); WSC: Water soluble car
bohydrates; CH4 -OM (mL/g OM): mL methane/g OM; CH4-dOM (mL/g dOM): (mL methane /kg OM) / (g digestible OM/kg OM) 
As dNDF is calculated as aNDFom – iNDF, the correlation between dNDF (g/kg aNDFom) and iNDF (g/kg aNDFom) is − 1. 
†P < 0.1.* P < 0.05.** P < 0.01.*** P < 0.001. 
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Fig. 1. Principal component analysis (PCA) biplot showing the relationship between grass silage composition variables (g/kg DM), in vivo di
gestibility of organic matter (OMD) and in situ digestible aNDFom (dNDF) with methane production expressed on the basis of OM and dOM as a) 
methane yield CH4-OM (mL/g OM): mL methane/g OM or b) CH4-dOM (mL/g dOM): (mL methane /kg OM) / (g digestible OM/kg OM). Principal 
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3.2. Correlations between different grass silage composition factors 

Among all investigated grass silage composition factors, aNDFom concentration had the greatest correlation to CH4-OM (r = - 0.63, 
P < 0.001, Table 3), but also iNDF and dNDF concentration were moderately correlated with CH4-OM (r = − 0.48 and r = 0.48 
respectively, P < 0.001). The results also showed a strong positive correlation between the concentration of WSC and CH4-OM (r =
0.57, P < 0.001). Methane yield (mL/g OM) was positively correlated with OMD (r = 0.44, P < 0.001) and dNDF (r = 0.48, P < 0.001), 
but negatively correlated with NH3-N (r = − 0.32, P < 0.01). The correlation between the pH of the grass silages and CH4-OM only 
tended to be significant (P < 0.10). There was no correlation between any of the other silage fermentation products and CH4-OM or 
CH4-dOM. When CH4 was expressed per dOM, the greatest correlation obtained was between CH4-dOM and WSC (r = 0.49, P < 0.001). 
However, the correlation between CH4-dOM and aNDFom concentration in grass silages was less pronounced (r = − 0.32, P < 0.01) 
compared to when CH4 yield was expressed as CH4-OM (r = − 0.63, P < 0.001). There was no correlation between iNDF or dNDF and 
CH4-dOM. CH4-dOM tended to decrease when concentration of crude fat increased (r = − 0.21, P < 0.1). The correlation between 
concentration of NH3-N and CH4-dOM was the same as for CH4-OM (r = − 0.32, P < 0.01). The greatest correlation coefficient obtained 

component 1 (PC1) and principal component 2 (PC2) explained 69% (a) and 65% (b) of the variance in the data. The dots show each round bale (PC- 
score), and the arrows show the loadings of each vector. The further away the vectors are from a PC origin (arrow length), the more influence they 
have on that PC. A small angle between different vectors (e.g., WSC and CH4-dOM) indicate positive correlation and a large angle (e.g., iNDF and 
dNDF concentration) indicate negative correlation. A 90◦ angle between the vectors indicate low correlation (e.g. CH4-OM and crude protein 
concentration). 

Fig. 2. Relationships of methane production (mL) on the basis of digestible organic matter (dOM, g dOM), i.e., methane yield (CH4-dOM), from first, 
second and third cut grass silages with concentrations of a) aNDFom (g/kg DM), b) digestible aNDFom (g/kg aNDFom), c) in situ indigestible 
aNDFom (g/kg aNDFom), d) water soluble carbohydrates (g/kg DM) and e) ammonia nitrogen (g/kg N). Black trendline indicates significant 
(P < 0.05) relationship in 1st cut, gray trendline indicates significant (P < 0.05) relationship in 2nd cut and dotted black trendline indicates sig
nificant (P < 0.05) relationship in 3rd cut. 
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in the dataset was between concentration of WSC and NH3-N (r = − 0.69, P < 0.001), and increased concentration of either aNDFom or 
iNDF was associated with a low in vivo OMD (r = − 0.51 and r = − 0.67 respectively, P < 0.001). 

3.3. Principal component analyses of the different grass silage composition factors and in vitro CH4 yield and comparison with correlation 
analysis 

The result of the PCA was in line with the correlation analysis. The further away the vectors are from a principal component (PC) 
origin (arrow length), the more they influence that PC. Grass silage characteristics with longer arrows (e.g. WSC) explained the PC 
more than shorter arrows (e.g. dNDF). The large angle between CH4-OM or CH4-dOM and crude protein or crude fat concentration 
indicated a weak relationship to CH4 yield. The grass silage samples positioned close to CH4-OM or CH4-dOM in the biplot have a great 
methanogenic potential, and those positioned orthogonally have a small methanogenic potential. Principal component 1 (PC1) and 
principal component 2 (PC2) explained 69% of the variation in the dataset for CH4-OM (40% and 29% for PC1 and PC2, respectively) 
(Fig. 1a). For CH4-dOM, the combination of PC1 and PC2 explained 65% of the variation in the dataset (34% and 31% for PC1 and PC2, 
respectively) (Fig. 1b). Grass silage characteristics positioned close to CH4-OM in the PCA biplot (Fig. 1a), such as concentrations of 
dNDF and WSC, were positively correlated to CH4-OM. For CH4-dOM (Fig. 1b) the distance to dNDF is larger compared to CH4-OM and 
dNDF in Fig. 1a, which is in line with the correlation result (Table 3). Further, the distance between CH4-dOM and WSC was very small 
(Fig. 1b) which is in line with the large positive correlation presented in Section 3.2. 

3.4. Effect of cut number on the relationship between chemical composition and CH4-dOM 

The decrease in CH4-dOM with increasing aNDFom concentration was only significant for second cut silages (r = − 0.41, P < 0.05,  
Fig. 2a), although the relationship tended to be significant also in the first cut (r = − 0.31, P < 0.1). The correlation between CH4-dOM 
and dNDF or iNDF concentration was not significant for any of the cuts. The increase in CH4-dOM with increasing concentration of 
WSC was only significant in second cut grass silages (r = 0.64, P < 0.05). The reduction in CH4-dOM as the concentration of NH3-N 
increased was only significant for second cut silages (r = − 0.51, P < 0.05). 

3.5. Results of the stepwise forward regression modeling 

The stepwise forward regression analysis for CH4-OM (Model 1) included the following explanatory variables in descending order: 
aNDFom (P < 0.001, AIC = 130.7), WSC (P = 0.14, AIC = 106.5), iNDF (P < 0.01, AIC = 98.7), propionic acid (P = 0.34, AIC = 97.6) 

Fig. 3. Relationship between the observed and predicted in vitro methane production expressed on the basis of organic matter (OM) and digested 
OM (dOM), as a) CH4-OM, mL methane/g OM using Model 1 and b) CH4-dOM, mL methane/g dOM using model 2. 
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and pH (P = 0.16, AIC = 97.4). 
Model 1: CH4-OM (mL CH4/g OM) = 36.22–0.02 × aNDFom (g/kg DM) + 0.03 × WSC (g/kg DM) – 0.01 × iNDF (g/kg aNDFom) 

+ 0.82 × propionic acid (g/kg DM) + 0.71 × pH. Coefficient of determination (R2) = 0.65. 
The OMD was excluded in the stepwise forward regression analysis for CH4-dOM (Model 2). The analysis included the following 

explanatory variables in descending order: WSC (P = 0.27, AIC = 187.5), aNDFom (P < 0.01, AIC = 185.7) and iNDF (P = 0.31, AIC =
185.5). 

Model 2: CH4-dOM (mL CH4/g dOM) = 38.38 + 0.05 × WSC (g/kg DM) – 0.01 × aNDFom (g/kg DM) + 0.01 × iNDF (g/kg 
aNDFom) (R2 = 0.33)Fig. 3. 

3.6. Correlation between in vitro rumen fermentation characteristics, CH4 yield and grass silage parameters 

Increased molar proportion of butyrate increased CH4-dOM (r = 0.36, P < 0.001, Table 4), but the effect was less pronounced when 
expressed as CH4-OM (r = 0.23, P < 0.05). Increasing molar proportion of propionate was associated with a reduction in CH4-dOM 
(r = − 0.26, P < 0.05), but the effect was slightly less with CH4-OM (r = − 0.23, P < 0.05). Increased molar proportion of acetate 
tended to be associated with increased CH4-OM and CH4-dOM (r = 0.19 and r = 0.20 respectively, P < 0.10), and increased ratio 
between acetate and propionate was associated with increased CH4-OM and CH4-dOM (r = 0.25 and r = 0.26 respectively, P < 0.05). 
In vitro rumen fermentation characteristics are depicted in Supplementary Table S1. 

The WSC concentration was the variable with greatest influence on in vitro rumen fermentation characteristics. The WSC con
centration was negatively correlated to in vitro NH3 (r = − 0.50, P < 0.001) and molar proportion of propionate (r = − 0.34, P < 0.01), 
but positively correlated to molar proportion of acetate (r = 0.39, P < 0.001), molar proportion of butyrate (r = 0.33, P < 0.01) and 
the ratio between molar proportion of acetate and propionate (C2:C3) (r = 0.40, P < 0.001). 

Increased molar proportion of acetate was negatively correlated to molar proportion of propionate (r = − 0.83, P < 0.001), 
butyrate (r = − 0.28, P < 0.05), iso-butyrate (r = − 0.53, P < 0.001), valerate (r = − 0.52, P < 0.001), iso-valerate (r = − 0.33, 
P < 0.01) and hexanoate (r = − 0.25, P < 0.05). When the in vitro molar proportion of propionate increased, the molar proportion of 
valerate also increased (r = 0.24, P < 0.05). In vitro NH3 concentration was positively correlated to molar proportion of iso-valerate 
(r = 0.86, P < 0.001), iso-butyrate (r = 0.82, P < 0.001) and valerate (r = 0.71, P < 0.001), but was negatively correlated to molar 
proportion of acetate (r = − 0.26, P < 0.05). 

3.7. Principal component analysis of in vitro ruminal SCFA and NH3 concentrations and in vitro CH4 yield 

According to the PCA analysis 61% of the total variation in the dataset was explained by the two first principal components (38% 
and 22% respectively; Fig. 4a, b). Methane yield expressed as CH4-OM or CH4-dOM did not explain a significant portion of the total 
variation in the dataset, as indicated by the short length of the arrows. However, CH4 yield was positively correlated to both acetate 
molar proportion and the acetate: propionate ratio, and negatively correlated to propionate molar proportion. Propionate and acetate 

Table 4 
Pearson correlation between in vitro rumen fermentation characteristics, methane (CH4) yield and grass silage parameters (n = 78 round bales).   

NH3 

(mmol/ 
L) 

Total SCFA (mmol/l) and molar proportions (mmol/mol) in incubated rumen fluid   

Total 
SCFA 

Acetate Propionate Butyrate Iso- 
butyrate 

Valerate Iso- 
valerate 

Hexanoate C2:C3 

Total SCFA (mmol/L) 
Molar proportions 
(mmol/mol) 

-0.17          

Acetate (C2) -0.26* 0.26*         
Propionate (C3) -0.08 -0.04 -0.83***        
Butyrate 0.00 -0.21† -0.28* -0.09       
Iso- butyrate 0.82*** -0.35** -0.53*** 0.15 0.00      
Valerate 0.71*** -0.23* -0.52*** 0.24* -0.15 0.85***     
Iso- valerate 0.86*** -0.31** -0.33** -0.06 0.00 0.93*** 0.75***    
Hexanoate -0.07 -0.22† -0.25* -0.01 0.26* 0.11 -0.04 0.03   
C2:C3 

Grass silage 
parameters 

-0.05 0.15 0.93*** -0.97*** -0.04 -0.30** -0.36*** -0.10 -0.11  

aNDFom (g/kg DM) -0.11 0.02 0.15 -0.14 -0.13 -0.04 -0.22† -0.05 0.34** 0.13 
dNDF (g/kg aNDFom) -0.13 0.21† 0.08 -0.01 -0.09 -0.19† -0.02 -0.26* 0.15 0.06 
iNDF (g/kg aNDFom) 0.13 -0.21† -0.08 0.01 0.09 0.19† 0.02 0.26* -0.15 -0.06 
WSC (g/kg DM) -0.50*** 0.03 0.39*** -0.34** 0.33** -0.57*** -0.48*** -0.58*** 0.00 0.40*** 

CH4-OM (mL/g OM) -0.10 0.14 0.19† -0.23* 0.23* -0.16 -0.06 -0.19† -0.18 0.25* 
CH4-dOM (mL/g dOM) -0.13 0.00 0.20† -0.26* 0.36** -0.17 -0.19† -0.22† -0.13 0.26* 

C2, acetate; C3, propionate; aNDFom, neutral detergent fiber; iNDF, indigestible neutral detergent fiber; NH3, ammonia, OM, organic matter; WSC, 
water-soluble carbohydrates; CH4-OM (mL/g OM): mL methane/g OM; CH4-dOM (mL/g dOM): (mL methane /kg OM) / (g digestible OM/kg OM). 
† P < 0.1 * P < 0.05. ** P < 0.01. *** P < 0.001. 
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molar proportions and the ratio between the two SCFA were identified as very important factors in explaining the total variation in the 
dataset unlike for molar proportions of butyrate and hexanoate which had very short arrows. 

4. Discussion 

In this study CH4 yield was expressed as CH4-OM (mL/g OM) because silages largely differed in OM concentration, the main 
determinant of CH4 yield. Further, it was important to express CH4 yield as CH4-dOM (mL/g dOM) to explain factors within the 

Fig. 4. Principal component analysis biplot showing the relationship between methane production expressed on the basis of organic matter (OM) or 
digestible OM (dOM) as methane yield CH4-OM and CH4-dOM, respectively, and rumen fermentation characteristics. Principal component (PC) 1 
and 2 explained 61% of the variation in the dataset. The dots show each round bale (pc-score) and the arrows show the loadings of each vector. The 
further away the vector is from a PC origin (arrow length), the greater the influence on that PC. A small angle between two vectors indicates a 
positive correlation, and a large angle indicates a negative correlation. An 90◦ angle indicates low correlation. 
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digestible OM that affect CH4 production. We were successful in obtaining a large variation in DM, aNDFom, crude protein, WSC 
concentration and digestibility as depicted in Table 2. This study showed that grass silage nutrients and fermentation products affected 
CH4-OM and CH4-dOM as expected, with 1.8-fold and 1.85-fold difference respectively, between the greatest and lowest CH4-OM (34 
vs 19 mL/g OM) and CH4-dOM (48 vs 26 mL/g dOM). This large range in CH4 yield was partly explained by differences among silages 
in concentrations of aNDFom, dNDF, iNDF, WSC, NH3-N, propionic acid and pH of the silages, in addition to differences in in vivo OMD. 

4.1. Relationship between aNDFom and iNDF concentration in grass silages and CH4 yield 

The observed negative associations between CH4 yield and concentrations of aNDFom and iNDF were in accordance with our 
expectations and other in vitro studies on grass silage (Holtshausen et al., 2012; Macome et al., 2018), and the strong correlations 
indicate that aNDFom and iNDF concentrations are two major determinants of the methanogenic potential of grass silages. Thus, 
increased aNDFom and iNDF concentrations in grass silage are associated with reduced in vitro CH4 yield. The importance of aNDFom 
and iNDF are further strengthened by inclusion as significant explanatory variables in both CH4 yield regression models. 

Previous in vivo experiments have shown greater proportions of ruminal acetate and lower proportions of ruminal butyrate in grass 
silages with high compared to low concentration of aNDFom and iNDF at ensiling (Rinne et al., 1997, 2002). However, we found no 
consistent effect of silage aNDFom and iNDF concentration and the proportions of SCFA, and hence the lack of effect of SCFA on CH4 
yield. Holtshausen et al. (2012) showed that increased maturity at harvest had no significant effect on in vitro molar proportion of 
acetate at 24 or 48 h of incubation. But surprisingly, increased maturity at harvest gave greater molar proportion of propionate at 48 h 
of incubation, which might explain the reduced CH4 production and yield (mL and mL/g NDF disappeared) in that experiment. Their 
finding is not in accordance with the present study, as we did not find significant correlations between aNDFom or iNDF concentrations 
of the grass silages and molar proportions of ruminal acetate, propionate or butyrate in the rumen fluid. It is possible that the greater 
CH4 yield of less mature grass silages was partly due to the non-aNDFom fraction (mainly WSC) as suggested by Holtshausen et al. 
(2012), as grass harvested at an earlier stage of maturity usually has a greater concentration of WSC compared with more mature grass 
(Randby et al., 2012). In addition, Johnson and Johnson (1995) argued that the two primary mechanisms regulating CH4 yield are: 1) 
the amount of dietary carbohydrates fermented in the rumen fluid, and 2) the available H2 supply through changes in SCFA production. 
It is possible that grass silages with greater OMD increased the supply of in vitro fermentable carbohydrates, which overshadowed the 
effect of changed metabolic H2 supply due to changes in the ratio between propionate: [acetate+butyrate] in the incubated rumen 
fluid. 

4.2. Relationship between WSC concentration in grass silages and methane yield 

It has been reported that molar proportion of ruminal propionate increases at the expense of acetate as WSC concentration in silage 
increases (Lee et al., 2003b; Purcell et al., 2014; Rivero et al., 2020), which may lower CH4 yield. However, our results showed the 
opposite effect; increased concentration of WSC in grass silages was associated with increased molar proportion of acetate and butyrate 
at the expense of propionate molar proportions. 

Type of WSC fermented in the rumen affect rumen SCFA profile (Sutton, 1968, 1969; Czerkawski and Breckenridge, 1969) and 
potentially CH4 yield. Kellogg and Owen (1969a,b) reported increased butyrate proportion in rumen fluid in vivo when feeding sucrose, 
and in contrast to propionate, butyrate production is known to increase CH4 formation in the rumen because it generates H2 which is 
used by methanogens to produce CH4 (Boadi et al., 2004). Others have reported no such effect of feeding sucrose (Sannes et al., 2002; 
Broderick et al., 2008; Penner and Oba, 2009) or even a tendency for a decrease in rumen butyrate (McCormick et al., 2001). Børsting 
et al. (2020) reported greater H2 production and greater CH4 yield per kg DM intake and per kg energy corrected milk (ECM) when 
feeding a diet supplemented with sugar from molasses compared to a diet supplemented with starch from wheat, which supports the 
association between WSC and CH4 yield as was found in the present study. In the present study, ruminal butyrate was the single SCFA 
with the greatest correlation to CH4-dOM, which might partly explain the positive correlation between WSC and CH4-dOM. Molar 
proportion of acetate obtained a lower correlation to both CH4-OM and CH4-dOM compared to molar proportion of butyrate, although 
the correlation to CH4-OM and CH4-dOM tended to be significant. Ellis et al. (2012) modeled the effect of feeding grasses high in WSC 
concentration on in vivo CH4 yield (relative to gross energy intake) and found that simulated CH4 yield increased in grasses high in WSC 
concentration, which is in accordance with our in vitro results. 

The ensiling process depends on forage WSC concentration, DM concentration at ensiling, buffering capacity, and the use or type 
and dosing level of silage additives. Extensive fermentation of WSC during ensiling results in increased concentrations of lactic acid in 
grass silages (Huhtanen et al., 2013), which is supported by the tendency for a negative association between silage WSC and silage 
lactic acid concentration as was found in the present study. There is limited information on in vitro CH4 yield as affected by silage 
fermentation products in the literature, although it is well known that lactic acid in grass silage is subjected to fermentation in the 
rumen, with propionate as end product (Chamberlain et al., 1983; Jaakkola and Huhtanen, 1992; Huhtanen et al., 2013). Our study 
showed a negative correlation between molar proportion of propionate and CH4-OM or CH4-dOM. Despite the strong correlation 
between WSC and CH4-OM and CH4-dOM, there was no correlation between lactic acid in grass silage and CH4-OM or CH4-dOM, which 
suggests that silage sugar concentration and rumen SCFA production have a greater impact on CH4 yield than the fermentation profile 
due to ensiling of grass. 
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4.3. Relationship between OMD of grass silages and CH4 yield 

The positive correlation between in vivo OMD and CH4-OM corresponds to the results of Holtshausen et al. (2012) who found that in 
vitro CH4 yield (mL CH4/g DM disappeared) decreased when grass was ensiled at increasing maturity with reduced in vitro DM 
disappearance. The present study is also in accordance with previous in vivo results using respiration chambers showing that increased 
digestibility of feeds leads to greater CH4 production (Blaxter and Clapperton, 1965). These results were later confirmed by Ramin and 
Huhtanen (2013) who developed in vivo CH4 prediction equations based on 52 published papers and found that increased digestibility 
at maintenance level increased CH4 yield per unit of gross energy or DM intake. Jonker et al. (2016) reported a similar effect for beef 
cattle fed fresh pasture. We speculate that the positive correlation observed in our study between in vivo OMD and in vitro CH4-OM 
relates to a greater amount of fermentable substrate in the rumen fluid when OMD increases. The positive correlation between in vivo 
OMD and CH4-OM corresponds to the negative correlation between iNDF and CH4-OM and further to the negative correlation between 
iNDF and WSC indicating that highly digestible grass silage with low iNDF concentrations provides greater amounts of highly 
fermentable carbohydrates (e.g. WSC) to the rumen microbiota. Despite the positive correlation between OMD and CH4-OM (r = 0.44, 
P < 0.001), OMD was not included as a significant explanatory variable in the prediction of CH4-OM (model 1) likely because of the 
co-linearity with the other significant explanatory variables (aNDFom, WSC, iNDF). Correlations only indicate associations between 
two variables, whereas regression analysis reveals how multiple variables interact. Thus, increased OMD did not cause a direct increase 
in CH4-OM, although there was a positive correlation between the two variables. 

4.4. Predicting methane yield based on regression modeling 

Regression modeling can be used to predict enteric CH4 yield by ruminants, as confirmed in the present study using forward step by 
step regression analyses. Results from the regression analyses deviated from correlation analyses because the latter only consider the 
relationship between two variables whereas regression analyses consider multiple variables and interactions between these. The re
view by Yáñez-Ruiz et al. (2016) indicated that it is possible to obtain a high R2 when comparing in vitro and in vivo CH4 measurements 
when these are conducted simultaneously and using the same diets, but that the R2 depends on diet tested, animal species, adaptation 
period and in vitro and in vivo methods applied. Few in vitro studies have developed prediction equations to estimate CH4 yield from 
forages. Lee et al. (2003a) used CH4 yield data from in vitro incubation (24 h) of alfalfa hay, rice straw and orchard grass hay to develop 
CH4 prediction equations and found that increased concentration of crude protein and crude fiber increased CH4 yield, while increased 
concentration of nitrogen free extracts reduced CH4 yield (mL/0.2 g DM) (R2 = 0.99). Both aNDFom and WSC were included in the 
prediction model of Lee et al. (2003a) and in the present models. However, the results are contradictory as we found a negative 
relationship between aNDFom and CH4 yield, and a positive relationship between WSC and CH4 yield, which is opposite to Lee et al. 
(2003a). Our study is not completely comparable to Lee et al. (2003a) because that study did not measure NDF or WSC, but instead 
reported crude fiber and nitrogen-free extracts. Additionally, the contradictory results for the effects of these variables might in part be 
explained by the low crude fiber concentrations in the study by Lee et al. (2003a) which were not greater than 34% and the small range 
in nitrogen-free extracts of 44–45%. The number of observations was 78 in our study compared to only 15 observations (5 samples per 
forage type) in the analysis of Lee et al. (2003a). The present study obtained a high R2 when plotting the relationship between observed 
and predicted CH4-OM (R2 = 0.65), but the R2 was substantially lower for CH4-dOM (R2 = 0.33). The CH4-dOM is largely under
estimated at high observed CH4-dOM which might be explained by differences in nutrient concentrations of higher compared to lower 
digestible grass silages. 

4.5. Implications for grass silage production 

Our study showed that greater WSC and lower aNDFom and iNDF concentrations in grass silages are associated with greater in vitro 
CH4 yield, with CH4 production expressed relative to the composition of the forage incubated in vitro (CH4-OM). Thus, as farmers 
implement production practices such as earlier harvest (which influences concentration of aNDFom, iNDF and WSC) and choice of 
botanical composition (use of species with greater content of WSC) to improve digestibility and animal performance, CH4 production 
potential per kilogram of forage DM consumed may also increase. Expressing CH4 yield relative to dOM to account for the variability in 
digestibility revealed similar relationships between nutritional quality and CH4 yield. We recognize that the relationship between in 
vitro CH4 yield of grass silages and nutritional quality variables reported in the study must be confirmed in vivo along with animal 
production. However, in commercial feeding operations, low in vitro CH4 yielding silages characterized by lower WSC and greater 
aNDFom and iNDF concentrations would be expected to lower ECM production in dairy cows and average daily gain in youngstock and 
thereby unfavorable increase CH4 emission intensity (CH4/kg ECM, CH4/kg average daily gain). Thus, there appears to be a contra
diction between selecting forages that have low in vitro CH4 yield, and those that support high levels of animal production and low CH4 
intensity. 
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