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ABSTRACT

The digestive physiology of ruminants is sufficiently 
different (e.g., with respect to mean retention time of 
digesta, digestibility of the feed offered, digestion, and 
fermentation characteristics) that caution is needed 
before extrapolating results from one type of ruminant 
to another. The objectives of the present study were (1) 
to provide an overview of some essential differences in 
rumen physiology between dairy cattle, beef cattle, and 
sheep that are related to methane (CH4) emission; and 
(2) to evaluate whether dietary strategies to mitigate 
CH4 emission with various modes of action are equally 
effective in dairy cattle, beef cattle, and sheep. A lit-
erature search was performed using Web of Science and 
Scopus, and 94 studies were selected from the litera-
ture. Per study, the effect size of the dietary strategies 
was expressed as a proportion (%) of the control level 
of CH4 emission, as this enabled a comparison across 
ruminant types. Evaluation of the literature indicated 
that the effectiveness of forage-related CH4 mitigation 
strategies, including feeding more highly digestible 
grass (herbage or silage) or replacing different forage 
types with corn silage, differs across ruminant types. 
These strategies are most effective for dairy cattle, are 
effective for beef cattle to a certain extent, but seem to 
have minor or no effects in sheep. In general, the effec-
tiveness of other dietary mitigation strategies, includ-
ing increased concentrate feeding and feed additives 
(e.g., nitrate), appeared to be similar for dairy cattle, 
beef cattle, and sheep. We concluded that if the mode 
of action of a dietary CH4 mitigation strategy is related 
to ruminant-specific factors, such as feed intake or ru-
men physiology, the effectiveness of the strategy differs 
across ruminant types, whereas if the mode of action 
is associated with methanogenesis-related fermentation 
pathways, the strategy is effective across ruminant 
types. Hence, caution is needed when translating ef-

fectiveness of dietary CH4 mitigation strategies across 
different ruminant types or production systems.
Key words: methane, dietary strategy, ruminant, in 
vivo measurement

INTRODUCTION

Enteric fermentation enables ruminants to effectively 
turn human inedible biomass, such as coarse plant 
material, into high quality human-consumable protein 
in the form of milk and meat (Gerber et al., 2015), 
but this process also coincides with methane (CH4) 
production by methanogenic Archaea (McAllister and 
Newbold, 2008). The amount of feed consumed and the 
composition of the diet have major impacts on enteric 
CH4 production. Hence, several dietary strategies (e.g., 
supplementing lipids or specific additives, improv-
ing forage quality, feeding different forage types) to 
mitigate enteric CH4 have been studied (e.g., Martin 
et al., 2010; Hristov et al., 2013a). Although all types 
of ruminant animals (e.g., cattle, goats, sheep) might 
have similar CH4-forming pathways in the rumen, they 
differ considerably in their level of feed intake, rumen 
morphology, and rumen physiology. Consequently, 
the effectiveness of dietary strategies to mitigate CH4 
emission might also differ across different types of 
ruminants. The number of studies directly comparing 
rumen physiology across different types of ruminants is 
limited. Additionally, studies involving the evaluation 
of dietary CH4 mitigation strategies in multiple rumi-
nant types are lacking. Hence, in the present paper, 
we aimed (1) to provide a brief overview of differences 
in rumen physiology between dairy cattle, beef cattle, 
and sheep that are related to CH4 emission; and (2) 
to evaluate whether dietary strategies to mitigate CH4 
emission with various modes of action are equally effec-
tive in dairy cattle, beef cattle, and sheep.

MATERIALS AND METHODS

To evaluate whether CH4-mitigating dietary strate-
gies with various modes of action are equally effective 
in dairy cattle, beef cattle, and sheep, we first identi-

Are dietary strategies to mitigate enteric methane emission 
equally effective across dairy cattle, beef cattle, and sheep?
Sanne van Gastelen,1,2* Jan Dijkstra,1 and André Bannink2
1Animal Nutrition Group, Wageningen University & Research, PO Box 338, 6700 AH, Wageningen, the Netherlands
2Wageningen Livestock Research, Wageningen University & Research, PO Box 338, 6700 AH, Wageningen, the Netherlands

 

J. Dairy Sci. 102:6109–6130
https://doi.org/10.3168/jds.2018-15785
© 2019, The Authors. Published by FASS Inc. and Elsevier Inc. on behalf of the American Dairy Science Association®. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Received October 2, 2018.
Accepted March 12, 2019.
*Corresponding author: sanne.vangastelen@ wur .nl



6110 VAN GASTELEN ET AL.

Journal of Dairy Science Vol. 102 No. 7, 2019

fied key areas of differences directly related to rumen 
physiology and rumen functioning, including feed intake 
level, ruminal degradation, passage rate and mean re-
tention time (MRT), rumen fermentation parameters, 
rumen microbial community, total-tract digestibility, 
and ruminant genotype. 

Second, we performed a literature search to evaluate 
the effectiveness of CH4 mitigation strategies, using Web 
of Science (Thomson Reuters Science, New York, NY) 
and Scopus (Elsevier, Amsterdam, the Netherlands), 
with a focus on forage quality, forage type and for-
age replacement, forage to concentrate ratio, and feed 
additives that have been tested in multiple ruminant 
types. These dietary strategies are recommended CH4-
mitigation practices according to a review by Hristov 
et al. (2013a,b). Scientific papers were selected if they 
met all the following criteria: (1) an in vivo experiment 
was conducted; (2) the CH4 emissions were measured 
directly (i.e., not estimated); (3) the composition of the 
basal diet was described; (4) the results were available 
on DMI, and on CH4 production (g/d) or CH4 yield 
[g/kg of DMI or % of gross energy intake (GEI)]; and 
(5) a statistical analysis was performed. Although pre-
ferred, the studies did not have to involve the testing 
of dietary strategies in multiple types of ruminants. A 
total of 94 studies were selected. 

The effect size of the dietary strategies was deter-
mined for each individual study, expressed as a propor-
tion (%) of the CH4 emission for the control treatment 
and based on the reported treatment means [percent-
age increase or decrease relative to the value estab-
lished with the “baseline” or control treatment (e.g., 
the percentage change in CH4 emission with supple-
mentation of the highest nitrate dose compared with 
no supplementation of nitrate)]. The level of DMI and 
CH4 emission varies greatly across studies and from one 
type of ruminant to another. Hence, comparing the size 
of the effect in absolute terms (e.g., kg/d for DMI and 
g/d or g/kg of DMI for CH4) is difficult. Expressing 
effect size as a percentage therefore served as a more 
feasible alternative. The size of effect was calculated 
including all studies, irrespective of whether significant 
differences were reported by the respected studies. If 
fewer than 3 studies per dietary strategy × ruminant 
type were available, however, the studies were only in-
cluded in the tables to provide a complete overview but 
not used to calculate effect sizes or used to formulate 
conclusions.

RESULTS AND DISCUSSION

Comparative Rumen Physiology
The total daily CH4 production of a sheep is typically 

only 12% of that of a dairy cow (Ulyatt et al., 2002). 

However, results are less consistently reported for CH4 
expressed per unit of feed intake [g/kg of DMI or as 
a percent of GEI; e.g., Blaxter and Wainman, 1961; 
Swainson et al., 2008]. Although studies comparing 
rumen digestive physiology across different ruminant 
types are limited, some have argued that differences 
in fractional passage rate, rumen fermentation condi-
tions, and apparent digestibility across ruminant types 
caused differences in CH4 yield (both as g/kg of DMI 
and as % of GEI; Aerts et al., 1984; Pearson et al., 
2006), whereas others have argued that differences in 
microbial populations and site of digestion were respon-
sible for differences in CH4 yield across ruminant types 
(e.g., Swainson et al., 2008).

Feed Intake Level

On a daily basis, in grams per day, it is obvious that 
both dairy and beef cattle have a higher DMI capacity 
and a higher realized DMI than sheep because of their 
larger body size, greater nutritional requirements, and 
larger rumen capacity. Soto-Navarro et al. (2014) dem-
onstrated that beef cattle consumed more feed than 
sheep when DMI was expressed per unit of metabolic 
BW. However, as forage quality decreased (lower OM 
digestibility, OMD), this difference in DMI relative to 
metabolic BW became smaller. Colucci et al. (1989) 
observed a depression in digestibility of different feed 
fractions with increasing feed intake for dairy cattle 
and sheep. This is most likely the result of a shorter 
MRT in the rumen, increased fractional passage rate, 
and decreased ruminal fermentation for both dairy 
cattle and sheep as feed intake increases. Notably, the 
depression of digestibility appeared to be greater for 
cattle than for sheep, most likely because cattle appear 
to have a lower digestive capacity than sheep (Colucci 
et al., 1989).

Ruminal Degradation

Siddons and Paradine (1983) demonstrated that in 
situ rumen degradation of several feedstuffs was lower 
for beef steers than for sheep, irrespective of incubation 
time. Lower fractional degradation rates in beef and 
dairy cattle than in sheep have been observed in other 
studies as well (e.g., Poppi et al., 1981; Udén and Van 
Soest, 1984; Šebek and Everts, 1999). These observed 
differences between cattle and sheep in in situ fraction-
al degradation rates may have several causes, such as 
differences in the rations offered, differences in in situ 
techniques, and differences in the amount of nutrient 
recycling in the rumen (Lindberg, 1985; Nocek, 1988). 
The consistent findings reported across the literature 
indicate that differences in rumen fractional degrada-
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tion kinetics between cattle (beef and dairy) and sheep 
are not caused by methodological differences alone, 
but are also due to between-ruminant differences. It 
has been suggested that differences in feed fractional 
degradation rates in the rumen might be caused by 
lower rumen ammonia levels in dairy and beef cattle 
compared with sheep (Poppi et al., 1981; Siddons and 
Paradine, 1983). Other factors that may play a role 
are body size and, subsequently, rumen size and rumen 
fluid volumes (Lechner-Doll et al., 1991), as well as 
feed intake relative to rumen volume, passage rate, and 
ruminal pH.

Passage Rate and MRT

The passage rate of digesta through the digestive 
tract, particularly through the rumen, has been linked 
to CH4 emissions (Swainson et al., 2008). Okine et 
al. (1989) reported significant inverse relationships 
between fractional passage rate constants of both ru-
minal fluid and particulate matter and CH4 production 
in beef steers. Low CH4 yield (g/kg of DMI) of sheep 
was associated with shorter MRT of liquid and of par-
ticulate digesta (Goopy et al., 2014). The association 
between CH4 emissions and both fractional passage 
rate and MRT seems to apply to beef cattle and sheep, 
and most likely to dairy cattle as well. Therefore, it is 
important to know whether there are differences across 
ruminant types in terms of fractional passage rate or 
MRT, as this may affect the CH4 mitigation potential 
of a dietary strategy.

Lechner-Doll et al. (1991) compared retention times 
of fluid and small particles in the rumen of zebu cattle 
and 2 breeds of indigenous sheep. The MRT of fluid 
in the rumen was similar for both ruminant types (ap-
proximately 10 h), whereas the labeled particles were 
retained substantially longer for cattle (28 h) than for 
sheep (20 h). This was consistent with the findings of 
Reid et al. (1990), Prigge et al. (1984), and Colucci et 
al. (1990). These results imply that particles are more 
selectively retained in the rumen of cattle compared 
with sheep, and that this selective retention is not af-
fected by variation in MRT arising from changes in feed 
intake level or feed quality (e.g., Grovum and Williams, 
1977; Lindberg, 1988).

Rumen Fermentation Parameters

Rumen fermentation characteristics may or may not 
differ between different types of ruminants, depend-
ing on the type of diet fed and the amount of feed 
consumed relative to rumen volume. When sheep and 
beef steers were fed similar diets at maintenance level, 
Siddons and Paradine (1983) reported a higher total 

VFA concentration and molar proportion of propionate 
in beef steers than in sheep, whereas the molar propor-
tion of acetate was lower. However, Norton et al. (1994) 
reported a higher molar proportion of butyric acid and 
lower proportion of acetic acid in beef steers than in 
sheep for both a molasses diet and a sorghum grain 
diet, but a lower proportion of propionic acid in beef 
steers than in sheep was observed only on a molasses 
diet and not on a sorghum grain diet. Soto-Navarro 
et al. (2014) demonstrated that ruminal pH was in-
fluenced by a ruminant × forage quality interaction. 
Ruminal pH was higher for sheep than for beef steers 
when alfalfa hay was fed but did not differ when grass 
hay or lovegrass hay was fed.

Rumen Microbial Community

Henderson et al. (2015) determined the effect of 
multiple factors on rumen microbial community com-
position across a wide geographical range. The differ-
ences in composition of microbial communities were 
predominantly attributed to diet, but an effect of host 
was also found. Microbial communities could clearly be 
discriminated by host (i.e., bovines, including dairy and 
beef cattle, vs. caprids, including sheep), with bacteria, 
rather than Archaea or protozoa, being the main drivers 
behind the observed differences. Further, Jeyanathan et 
al. (2011) reported similar archaeal communities in the 
rumen of nonlactating dairy cattle and sheep, suggest-
ing a common core of ruminal methanogen species in 
ruminants. This suggests that the main players in the 
CH4 production pathway are similar across ruminant 
types, indicating a similar effectiveness if a dietary 
strategy targeted the methanogens directly.

Total-Tract Digestibility

Hindgut fermentation contributes to digestion in the 
total gastrointestinal tract of ruminants. However, en-
teric fermentation, and consequently CH4 production, 
occurs predominantly within the rumen (~87%) and to 
a small extent in the large intestines (~13%; Murray 
et al., 1976). In addition, CH4 production per unit of 
fermented nutrients in the hindgut is generally lower 
compared with CH4 production per unit of fermented 
nutrients in the rumen. This is mainly because hindgut 
fermentation differs from ruminal fermentation (due 
to absence of active protozoa; Fievez et al., 1999). 
Therefore, discussion in this section has been limited 
specifically to digestion within the rumen. Greater di-
gestibility values for OM and fiber have been reported 
for dairy and beef cattle than for sheep (e.g., Blaxter 
et al., 1966; Leaver et al., 1969; McDonald et al., 2002; 
Pearson et al., 2006) and the difference in digestive 
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capacity appears to become larger as roughage quality 
decreases (Rees and Little, 1980; Aerts et al., 1984; 
Prigge et al., 1984; Soto-Navarro et al., 2014). This sug-
gests that when fed a low-quality roughage, dairy and 
beef cattle appear to have a greater capacity to digest 
nutrients, in particular fiber and OM compared with 
sheep. According to Poppi et al. (1980) and Aerts et 
al. (1984), this may result from ruminal MRT. Sheep, 
on the other hand, appear to have a greater capacity 
to digest proteins. Alexander et al. (1962), Aerts et al. 
(1984), and Südekum et al. (1995) reported that sheep 
had a greater ability to digest CP than dairy and beef 
cattle, especially when low-protein forages were fed.

Ruminant Genotype

Overall, literature findings indicate that the digestive 
physiology of ruminants is sufficiently different to rec-
ommend caution in the extrapolation of the perceived 
efficacy of CH4-mitigating dietary strategies from one 
ruminant type to another. It should be noted that a 
significant proportion of the literature findings in the 
current overview were reported two or more decades 
ago. Developments in management and breeding of ru-
minant animals in the past decades may have affected 
elements of digestive physiology and the differences 
across ruminant types. Potts et al. (2017) reported a 
decline in feed digestibility in dairy cattle between 1970 
and 2014, mainly caused by an increased passage rate 
of feed through the digestive tract. No such develop-
ments in intake and digestibility in time are known for 
sheep, although we expect that such developments have 
been far more pronounced in cattle than in sheep. We 
therefore suggest that the observed differences between 
dairy cattle, beef cattle, and sheep in studies from the 
1980s or earlier might not be presently valid due to the 
development of ruminants and ruminant production 
systems since that time (e.g., breeding and manage-
ment factors). Unfortunately, comparative studies from 
recent years are lacking, and confirming these previ-
ous findings proves challenging. That being said, it is 
important to note that studies describing dietary CH4 
mitigation strategies are predominantly from the last 
2 decades. Hence, caution should be taken when using 
results from comparative physiology studies conducted 
before 1980s to explain differences observed across ru-
minant types in the effectiveness of dietary CH4 mitiga-
tion strategies.

Comparative Effects of Dietary Strategies  
on Methanogenesis

Tables 1 to 6 summarize the studies used to deter-
mine the effect of several CH4-mitigating dietary strate-T
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gies on the response variables DMI and CH4 emission 
expressed in multiple units (i.e., production: L/d per 
animal or g/d per animal; yield: L/kg of DMI, g/kg 
of DMI, or % of GEI; intensity: g/kg of product, with 
product being milk yield for dairy cattle and ADG 
for beef cattle and sheep). The symbols used in the 
tables (i.e., −, +, and =) illustrate whether the re-
sponse variables were affected; that is, decreased (P ≤ 
0.10), increased (P ≤ 0.10), or unaffected (P > 0.10), 
respectively. If more than 2 dietary treatments were 
applied in a study, the effect on the response variables 
was rated for the extremes of the treatments of interest 
(e.g., a diet of lowest digestibility vs. a diet of highest 
digestibility). If reported, we indicated whether a linear 
or quadratic effect was found in the respective studies. 

Forage Quality

Table 1 summarizes the studies that investigated 
the effect of forage digestibility (grass herbage, grass 
silage, and corn silage) on CH4 emission from dairy 
cattle, beef cattle, and sheep. Improved digestibility, 
as reflected by OMD, of grass herbage or grass silage 
(on average 25%) for dairy cattle increased DMI (on 
average 14%) and CH4 production (g/d; on average 
8%), whereas CH4 yield (g/kg of DMI or as % of GEI) 
and, if available, CH4 intensity (g/kg of milk) decreased 
10 and 19%, respectively, on average. For beef cattle, 
DMI and CH4 production also increased (on average, 10 
and 7%, respectively), but CH4 yield (both in g/kg of 
DMI and as % of GEI) was unaffected with improved 
OMD (average 33% OMD improvement). For sheep, 
improved OMD (on average 17%) did not affect DMI 
but increased CH4 yield (% of GEI) 7%. The number of 
studies (3) on effect of increased digestibility of other 
forages was too small to allow quantitative evaluation. 
Upon an increase in digestibility of corn silage, CH4 
emissions were unchanged or increased for both dairy 
cattle and beef cattle; no data were available for sheep.

These results indicate that the effect of increased 
grass (herbage or silage) digestibility on CH4 mitigation 
differs between ruminant types. This strategy seems 
to be the most effective for dairy cattle, whereas it 
is not effective for beef cattle, and has no or opposite 
effects in sheep. Feed allowance in all studies (dairy 
cattle, beef cattle, and sheep) ranged from restricted 
(based on free access feed intake for dairy cattle or 
on ME requirements for beef and sheep) to ad libi-
tum. However, in all beef cattle and sheep studies, no 
concentrate was fed (F:C ratio of 100:0), whereas in 5 
out of 7 dairy cattle studies, concentrate was fed. This 
difference in F:C ratio between studies on dairy cattle 
and those on beef cattle or sheep might explain part 
of the difference found across these ruminant types in T
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the effectiveness of increased grass (silage or herbage) 
or corn silage digestibly on CH4 emissions. The results 
for dairy cattle agree with the general assumption that 
forages containing a smaller concentration of structural 
carbohydrates, a characteristic associated with higher 
OMD, may result in decreased CH4 yield (g/kg of DMI 
or as % of GEI) due to a shorter MRT of the feed in the 
rumen (Moe and Tyrrell, 1979), faster fermentation, 
and a trend toward increased propionate production 
(Pacheco et al., 2014; van Lingen et al., 2016). Accord-
ing to the work of Blaxter and Clapperton (1965), this 
inverse relationship between diet digestibility and CH4 
production is valid at feeding levels of 3 times main-
tenance or more. Upon feeding at maintenance level, 
a positive linear relationship was found between diet 
digestibility and CH4 production. The latter relation-
ship is in line with the findings of Pelchen and Peters 
(1998). With feed intake levels of sheep ranging from 
0.8 × ME to 1.4 × ME, those authors reported in-
creased daily CH4 production (g/d) when OMD of the 
ration increased up to approximately 72% digestibility, 
but not when OMD increased further. Additionally, 
Moss et al. (1995) found a positive linear relationship 
between OMD and CH4 yield (as % of GEI) for sheep 
fed at 1.2 times maintenance. When sheep were fed 
at 1.6 times maintenance, Moss et al. (1995) reported 
an increase in CH4 yield (% of GEI) up to an OMD 
of 78%, at which point any further increase in OMD 
resulted in a decrease in CH4 yield (% of GEI). Overall, 
the above-mentioned studies support the findings in the 
present study for sheep, where increased CH4 yield was 
observed with increased OMD.

The observed difference in the effect of increased for-
age quality on CH4 emission across the different types 
of ruminants is most likely related to the differences 
in feed intake relative to BW. The average increase in 
DMI relative to BW is largest for dairy cattle, result-
ing in increased ruminal fermentation and subsequently 
increased H2 production and concentration that, by 
thermodynamic control of NADH oxidation, will drive 
end products of fermentation toward greater propionate 
production (van Lingen et al., 2016). This also occurs 
in beef cattle, but the observed increase in DMI rela-
tive to BW might be too small to change ruminal fer-
mentation, H2 production, and propionate production. 
Sheep have a relatively low feed intake, which is also 
not affected by increased forage quality. This results in 
a relatively low and unaffected H2 concentration, and 
no trend toward elevated propionate production. Addi-
tionally, as stated earlier, cattle appear to digest low- to 
medium-quality forages to a greater extent than sheep 
due to the longer ruminal MRT, whereas the apparent 
total-tract digestibility of high-quality forages is more 
similar between these ruminant types. This means that 

an increase in forage quality increases ruminal fermen-
tation relatively more in sheep than in cattle, result-
ing in relatively more CH4 production, unless a shift 
toward H2 sinks (i.e., propionate production) occurs. 
As suggested above, the latter does not seem to be the 
case for sheep.

Different Types of Forages

Corn Silage. Table 2 summarizes the studies that 
have investigated the effect of partially or completely 
replacing grass pasture, grass silage, or alfalfa silage 
with corn silage on CH4 emission from dairy cattle, 
beef cattle, and sheep. In dairy cattle, increased lev-
els of corn silage resulted in increased DMI and CH4 
production (11 and 8%, respectively), whereas CH4 
emissions generally decreased [CH4 yield (g/kg of DMI) 
5%, CH4 yield (% of GEI) 7%, and CH4 intensity (g/
kg of milk) 8%]. This dietary strategy did not affect 
CH4 emission to the same extent in beef cattle; DMI 
generally decreased 5% with increased levels of corn 
silage, with CH4 production (g/d) following the same 
trend, and with CH4 yield (g/kg of DMI) being unaf-
fected. It should be noted that a critical level of dietary 
starch concentration appears to be required in order for 
this strategy to be effective in mitigating CH4 emissions 
from dairy or beef cattle. This is based on the quadratic 
responses between dietary corn silage level and CH4 
emissions reported for dairy cattle (Hassanat et al., 
2013; van Gastelen et al., 2015) as well as for beef cattle 
(Jonker et al., 2016b). Only 2 studies were available to 
investigate the effect of this dietary strategy on CH4 
emissions from sheep, and CH4 emissions in these stud-
ies were largely unaffected by changes in dietary corn 
silage inclusion. The effectiveness of replacing various 
forage types with corn silage in reducing CH4 emissions 
appears to differ between dairy cattle and beef cattle. 
Although the results show that increasing corn silage 
at the expense of another forage is an effective strategy 
to mitigate CH4 emissions and stimulate feed intake 
for dairy cattle, effects observed for beef cattle are less 
clear. Studies on dairy and beef cattle included in the 
current analysis were balanced across these ruminant 
types with regard to the number of studies employing 
ad libitum or restricted feeding, as well as to those feed-
ing diets with and without concentrate. Therefore, the 
difference between dairy and beef cattle in the effective-
ness of reducing CH4 emissions by replacing various for-
age types by corn silage is likely not due to differences 
in feed allowance or presence of concentrate in the diet, 
but is instead due to the different response in DMI 
and apparent total-tract digestibility between these 
ruminant types. For dairy cattle, the increase in DMI 
observed with this strategy likely results in increased 
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ruminal fermentation, and subsequently increased H2 
production and concentration, driving end products of 
fermentation toward more propionate production (van 
Lingen et al., 2016). Additionally, if the dietary starch 
level is above a certain threshold (described previous-
ly), fermentation of starch favors ruminal production 
of propionate at the expense of acetate and decreases 
rumen pH, which reduces H2 availability and activity 
of rumen methanogens even further (Van Kessel and 
Russell, 1996; Hook et al., 2011). The latter process 
also applies to beef cattle, but the decrease in DMI 
(and subsequently ruminal fermentation) might have 
counterbalanced this effect.

Legumes. Table 3 summarizes the studies investi-
gating the effect of increased levels of dietary legumes 
on CH4 emissions from dairy cattle, beef cattle, and 
sheep. This section focuses only on legumes with negli-
gible concentrations of condensed tannins (alfalfa and 
clover). Condensed tannins in, for example, birdsfoot 
trefoil and sainfoin, will be discussed in more detail in 
the following section. Increased levels of legumes at the 
expense of grass pasture or grass silage for dairy cattle 
resulted in increased DMI and CH4 production (16% 
and 9%, respectively), whereas CH4 yield decreased 
[CH4 yield (g/kg of DMI) 17%, CH4 yield (% of GEI) 
18%)] and CH4 intensity (g/kg of milk) was unaffected. 
This strategy did not affect CH4 emission to the same 
extent in sheep; DMI generally decreased 5%, with CH4 
production following the same trend, but CH4 yield in 
g/kg of DMI and as % of GEI increased slightly by 
2%. Only 1 study was available that investigated the 
effect of this dietary strategy on CH4 emissions from 
beef cattle. In this single study, the strategy resulted in 
increased DMI and CH4 production and decreased CH4 
yield (% of GEI), which is qualitatively in line with 
dairy cattle.

These results indicate that the CH4-mitigating po-
tential of legumes is effective in dairy cattle but not in 
sheep. In contrast to the dairy cattle studies describing 
ad libitum feeding, the sheep studies mostly involved 
restricted feeding. Hammond et al. (2013) offered feeds 
at fixed maintenance levels to sheep, and Carulla et al. 
(2005) suggested that the limited excess of feed offered 
to sheep in their study might have been insufficient 
to allow the full expression of potentially different vol-
untary feed intake. Lower feed intake of sheep when 
fed legumes may have led to an increase in CH4 yield, 
therefore masking a potential decline in CH4 emissions 
due to replacement of grass by legumes. Contrary to 
differences in feed allowance between dairy cattle and 
sheep (i.e., ad libitum vs. restricted, as described above), 
the F:C ratio was 100:0 in almost all studies (with the 
exception of Enriquez-Hidalgo et al., 2014) for both 
dairy cattle and sheep, and therefore does not explain 

the differences found in the effectiveness of legumes on 
CH4 mitigation between dairy cattle and sheep.

Tannin-Rich Forages. Table 3 summarizes the 
studies investigating the effect of increased levels of 
tannin-rich forages (in general; not one particular type) 
on CH4 emissions from dairy cattle, beef cattle, and 
sheep. In dairy cattle, increased levels of tannin-rich 
forages increased DMI 20%, whereas CH4 production 
(g/d) remained unaffected, and CH4 yield (g/kg of 
DMI or % of GEI) and, if available, CH4 intensity (g/
kg of milk) decreased 16, 11, and 18%, respectively. 
Similar to dairy cattle, DMI increased 34% for sheep, 
whereas CH4 production remained unaffected and CH4 
yield (g/kg DMI and % of GEI) decreased 23 and 36%, 
respectively. Only 1 study investigated the effect of this 
dietary strategy on CH4 emissions from beef cattle and, 
in that study, no significant changes in CH4 emission 
were reported.

These results indicate that substituting grass pasture 
or grass silage partially or completely with tannin-rich 
forages decreases CH4 emissions from both dairy cattle 
and sheep. The CH4-mitigating effect of condensed 
tannins, especially when combined with grass herbage 
or silage, might be related to a decrease in digestibil-
ity of nutrients, and subsequently H2 formation and 
methanogenesis (Jayanegara et al., 2012), as well as 
toxicity properties suppressing both ruminal protozoa 
and methanogens (Tavendale et al., 2005; Bhatta et al., 
2009).

Forage to Concentrate Ratio

Table 4 summarizes the studies investigating the ef-
fect of increased levels of concentrates in the diet at the 
expense of forage on CH4 emissions from dairy cattle, 
beef cattle, and sheep. Increased levels of concentrates 
increased DMI in cattle (19% for dairy and 23% for 
beef) but not in sheep, where CH4 production (g/d) 
generally followed the same trend, with the excep-
tion of beef cattle where CH4 production decreased 
7%. Methane yield (g/kg of DMI) generally decreased 
for all ruminants (6% for sheep, 14% for dairy cattle, 
and 26% for beef cattle) as well as CH4 intensity (g/
kg of product; i.e., milk yield for dairy, ADG for beef 
and sheep; 10% for sheep, 27% for dairy cattle, and 
31% for beef cattle). Only CH4 yield (as % of GEI) 
produced contrasting results, increasing 19% for sheep 
but decreasing 12 and 32% for dairy and beef cattle, 
respectively. The results suggest that an increasing 
level of concentrates is, despite differences in the feed-
ing allowance (i.e., ad libitum feeding for dairy cattle 
vs. mainly restricted feeding for beef cattle and sheep), 
an effective CH4 mitigation strategy for dairy cattle, 
beef cattle, and sheep.
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Feed Additives

Tannins. Table 5 summarizes the studies investigat-
ing the effect of feeding tannin-rich extracts on CH4 
emissions from dairy cattle, beef cattle, and sheep. 
Only 2 studies each were available to investigate the 
effect of this dietary strategy on CH4 emissions from 
dairy and beef cattle, and effects on CH4 emissions in 
those studies were not consistent. For sheep, DMI and 
daily CH4 production (g/d) were unaffected, whereas 
CH4 yield (g/kg of DMI) was decreased 13%. These 
results indicate that tannin-rich extracts are an effec-
tive CH4 mitigation strategy for sheep. More research 
is required to determine the effectiveness for dairy and 
beef cattle, although the results of the limited number 
of studies appear to be promising.

3-Nitrooxypropanol. Table 5 summarizes the stud-
ies investigating the effect of feeding 3-nitrooxypropa-
nol (3NOP) on CH4 emissions from dairy cattle, beef 
cattle, and sheep. Dry matter intake was not affected, 
whereas CH4 emissions expressed in any unit consid-
ered decreased; CH4 production (g/d) and CH4 yield 
(g/kg of DMI) (35% for dairy cattle and 50% for beef 
cattle for both units of CH4 emission), CH4 yield (as % 
of GEI; 41% for dairy cattle and 43% for beef cattle), 
and CH4 intensity (g/kg of milk; 25% for dairy cattle). 
Only 1 study investigated the effect of 3NOP on CH4 
emissions in sheep, and found that DMI and CH4 pro-
duction were not affected and CH4 yield (g/kg of DM) 
decreased upon 3NOP supply. These results illustrate 
that 3NOP is an effective CH4-mitigating feed addi-
tive for both dairy cattle and beef cattle, despite dairy 
cattle being mainly fed ad libitum and beef cattle being 
fed restricted. This is most likely because the mode of 
action of 3NOP is directly related to methanogenesis 
(Duin et al., 2016), a process that is similar across ru-
minant types. In a recent meta-analysis, Dijkstra et 
al. (2018) concluded that 3NOP indeed reduced CH4 
production and yield in both dairy and beef cattle, but 
that the antimethanogenic effect of 3NOP was stronger 
in dairy cattle than in beef cattle when corrected for 
3NOP dose and dietary NDF level.

Nitrate. Table 6 summarizes the studies investigat-
ing the effect of feeding nitrate on CH4 emissions from 
dairy cattle, beef cattle, and sheep. Dry matter intake 
was generally not affected for dairy cattle and sheep, 
whereas DMI decreased 4% in beef cattle. Decreases 
in CH4 production (g/d; 22% for dairy, 18% for beef, 
and 28% for sheep), CH4 yield (g/kg of DMI; 22% for 
dairy, 12% for beef, and 26% for sheep), CH4 yield 
(as % of GEI; 22% for dairy and 14% for beef), and 
CH4 intensity (g/kg of product; 20% for dairy) were 
consistent across ruminant types. Nitrate reduction is 

energetically more favorable than methanogenesis (Un-
gerfeld and Kohn, 2006), and the presence of nitrate in 
the rumen redirects H2 from methanogenesis to nitrate 
reduction, thereby decreasing CH4 emission (Allison 
and Reddy, 1984). Approximately the same proportion 
of the theoretical CH4 reduction potential of nitrate 
was reached for dairy cattle (72%), beef cattle (72%), 
and sheep (74%), indicating that the same amount of 
nitrate was reduced to ammonia across different types 
of ruminants.

Garlic. Garlic oil is known to possess antimicrobial 
properties and has been shown to decrease CH4 produc-
tion in vitro (García-Martínez et al., 2005; Chaves et 
al., 2008). This also applies to the main component 
of garlic oil; namely, diallyl disulfide (Busquet et al., 
2005). Despite the great potential demonstrated in vi-
tro, none of the in vivo studies in the present overview 
found a CH4-mitigating effect when feeding garlic, or 
any of its components, to dairy cattle, beef cattle, or 
sheep (Table 6). Given these consistent results across 
ruminant types, we conclude that garlic is an ineffective 
strategy to reduce CH4 emission.

CONCLUSIONS

The effectiveness of forage-related CH4 mitigation 
strategies, including feeding grass (herbage or silage) 
with increased levels of digestibility or replacing differ-
ent forage types with corn silage, differs across dairy 
cattle, beef cattle, and sheep. These strategies are most 
effective for dairy cattle, are effective to some extent for 
beef cattle, but have no or minor effects in sheep. This 
is most likely due to differences in feed intake level and 
rumen physiology between the different types of rumi-
nants. In general, the effectiveness of other dietary CH4 
mitigation strategies, including increased concentrate 
feeding and the use of feed additives (e.g., nitrate), ap-
pears to be similar for dairy cattle, beef cattle, and 
sheep. This illustrates that the modes of action of these 
strategies are independent of differences in feed intake, 
rumen physiology, and fermentation characteristics 
across ruminant types. Therefore, we conclude that if 
the mode of action of a dietary CH4 mitigation strategy 
is directly associated with methanogenesis-related fer-
mentation pathways, the strategy is more likely to have 
a similar effect across different types of ruminants. If 
the mode of action of a dietary CH4 mitigation strategy 
is related to ruminant-specific factors such as feed in-
take or rumen physiology, the effectiveness of the strat-
egy is more likely to differ between ruminant types. 
Subsequently, reductions in CH4 emission obtained in 
one type of ruminant may not apply to other ruminant 
types, as observed in the present study.
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