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Executive summary 
The inclusion of feed additives in livestock diets or supplements is a routine 

global nutritional management practice. Consequently, the existing commercial 

feed additive marketing and delivery pathways will be able to deliver rapid 

market penetration of feed additives specifically developed to reduce enteric 

methane emissions. So, the delivery path is clear, but are the methane 

mitigating additives available, effective, and are there any constraints or risks 

associated with their use? To answer these questions an assessment of the ten 

leading classes of compounds being studied for methane mitigation efficacy in 

ruminants was made. The assessment is provided as a concise resource that can 

serve as an evidence base to guide investment and management decisions by all 

actors in the livestock additive supply chain. 

Key findings of the review of these 10 additive groups include: 

• Only two of the additives (3-Nitrooxypropanol) and dried Asparagopsis 

(red algae) have routinely delivered over 20% mitigation of enteric 

methane by the consuming ruminants. 

• The level of confidence in efficacy is greater for 3-Nitrooxypropanol than 

for Asparagopsis because of a greater number of refereed publications 

demonstrating this efficacy. 

• Dietary nitrate is the third most effective additive and can safely deliver 

10% or more mitigation when consumed. 

• The other classes of additive cannot be expected to deliver 10% 

mitigation when fed. 

• There are two major constraints to any of the ten additives achieving 

substantial global impact on livestock emissions in the immediate future, 

being: 

o Insufficient evidence exists to be confident that any of these feed 

additives will deliver a co-benefit of increased production (growth or 

milk) from the animal in association with decreasing methane 

output.  

o Almost all studies have relied on additives mixed into a total mixed 

ration; that is, in a diet which provides the additive in every 

mouthful. There is almost no evidence of how much mitigation will 

be achieved if the additive is provided in a supplement that the 

animal may only consume once daily or once every few days, as in 

rangeland systems. 

 

• To establish a business case for on-farm use of these additives, there is 

an absolute requirement for further research to: 

o Conduct highly replicated studies of animal production responses to 

inclusion of the leading additives. These need to have sufficient 

statistical power to detect differences of 5% or less, in keeping with 

the differences sporadically observed in smaller studies. 

o Quantify the mitigation achieved and optimise delivery strategies 

when additives are supplied in supplements provided separate from 
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the basal feed. This will require assessment at a range of 

supplementation frequencies pertinent to major feeding systems. 

 

• Without co-benefit and pulse dose efficacy data there is no way of 

establishing the commercial argument for additive use or identifying the 

market sectors in which they may be applicable. 

• The assessment identifies that the global livestock industries have a very 

limited suite of emerging feed additives suitable for enteric methane 

suppression. Therefore, it would be appropriate that basic research be 

expanded to extend the range of additives under development. 

• A small survey of the actors in the feed additive pipeline from the 

manufacturers through feed millers to livestock managers, showed: 

o A poor understanding of the efficacy and co-benefits of potential 

additives. 

o A recognition by all livestock managers that they required more 

information on these additives. 

o Not one additive manufacturer identified the grazing industry as an 

extremely high priority market for a methane mitigating product. 

o When matched with the scientific concern about additives not being 

optimised for pulsed intake as supplements, the grazing livestock in 

the developing world may not achieve significant mitigation through 

feed additives in the near future. 
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Feedlot cattle receiving additives in total mixed rations (TMR). (Credit: Nicky Oelbrandt) 

 
Rangeland supplement delivery of additives in northern Australia (Credit: Roger Heagarty) 
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Project synthesis 

Project objectives 
As the livestock sector seeks to achieve carbon neutrality by 2050 to meet the 

goals of the Paris Agreement, the research and commercial communities have 

accelerated efforts to identify greenhouse gas emission mitigation opportunities. 

With increasing attention on feed additives and the accompanying proliferation 

of products claiming to reduce emissions, a thorough evaluation of the evidence 

for feed additives intended to reduce emissions can help guide further action.  

The objective of this report is to provide evidence to policy makers, industry 

investors and feed industry advisers about the effectiveness, applicability, and 

broader commercial issues regarding feed additives used for the purpose of 

reducing methane emissions. By scoping the full breadth from technical 

effectiveness to industry applicability and research needs, the report goes 

beyond what is normally presented in scientific reviews. We present this 

information as a concise resource that can serve as a basis to guide investment 

and management decisions by all actors in the livestock supply chain. 

Key information is provided as a reference library, consisting of a four-page 

summary of each additive’s attributes with links to the source information.  

Methods and scope 
This synthesis and reference library were developed assessing the 10 leading 

categories of methane-suppressing feed additives based on chemical grouping. 

Their mode of action, efficacy, and stage of development were individually 

summarized. The assessment excluded feed ingredients that would constitute 

more than 5% of the diet, such as dietary lipids. Commercial names of products 

were identified but the assessments are made by chemical-group, rather than by 

commercial product. The assessments of efficacy are principally derived from 

published peer-reviewed meta-analyses for most of the additives considered. 

It should be noted that the report is for additives that are available and well 

researched at this time. There is a range of additional early-stage research 

products which are not yet well researched. It is also possible that new additives 

in some categories, that have shown poor performance to date, may be further 

developed (e.g., more active direct fed microbials or biochars) for higher 

efficacy. 

To augment this evaluation, questionnaires were developed to assess interest, 

activity, and time to commercialization of methane mitigating additives for 

livestock producers, feed or supplement manufacturers and producers of feed 

additives.  
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Evaluation of climate change mitigation efficacy 
A graded and color-coded estimate of efficacy in mitigation was developed, 

based on the percentage reduction in methane emission resulting from the 

average dose used in animal studies in meta-analyses and/or reviews (Figure 1). 

Confidence in that efficacy was ranked (1-5), based on the robustness of data, 

being the number of peer-reviewed animal-based publications, and the 

subjectively assessed level of agreement on efficacy within that data (Figure 1). 

 
Figure 1. Key to Table 1 for estimating and describing efficacy and confidence in 

the estimate for each methane mitigating additive. 

The key attributes of the ten additives most researched for methane mitigation 

are summarized in Table 1 below. In summary, among the additives examined, 

the evidence is most robust for the synthetic product 3-Nitrooxypropanol (3-

NOP, which provided substantial efficacy in total mixed rations, with no apparent 

health, or product safety risk. The natural product Asparagopsis has shown 

higher efficacy but with less supporting data, and residual levels of bromine and 

iodine in animal production need further study. Nitrate can achieve over 20% 

mitigation, but risks of animal toxicity need to be managed, so Cargill 

recommends inclusion levels that would only provide 10% mitigation. Beyond 

these three additives, there are no other additives assessed for which there is 

robust evidence of even a 10% mitigation. Absolutely no additive exhibits robust 

evidence of co-benefit impacts on productivity of more than 10%. 
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Table 1. Summary of mitigation efficacy, applicability, co-benefits, and constraints of feed additives. Numerical and colour codes for 

efficacy parameters are explained in Figure 1. 
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Implications for feed additives’ role in global climate change 
With 44% of anthropogenic methane emissions arising from livestock systems1, 

managing feed to minimize enteric methane emissions is an important strategy 

to controlling global climate change. Aside from changing the quantity of feed 

supplied, the nutritional value of the forage (in grazing systems) or the quality of 

the ration in Total Mixed Ration (TMR) feeding systems can also be changed. 

Additives can readily be applied in the TMRs, but feedlots contribute only 2.1% 

of global livestock enteric emissions (Figure 2). Almost all published research on 

additives has been carried out under conditions of providing the additive in a 

TMR ration, that is, the additive is in every mouthful the animal eats. 

Consequently, most of the existing research on mitigation additives is only 

directly applicable to the small global emission from the feedlot sector.  

Figure 2. Proportions of 

enteric methane emission 

from grassland, mixed or 

feedlot animal systems; data 

is from 2010. FAO. 2017. 

Global Livestock 

Environmental Assessment 

Model (GLEAM) [online]. 

Rome. [Cited 18 May 2017]. 

www.fao.org/gleam/en/ 

There is scope for including additives in mixed feeding systems (60.5% of 

emissions) where supplements or partial mixed rations are fed. But even here 

there is an extreme lack of data to answer the pivotal following question. “Will 

the results observed from placing additives in TMR feeds be replicated when the 

additive is not in every mouthful, but rather is provided in a ‘pulse dose’, either 

in a supplement while grazing or in a partial ration? For example, when animals 

are fed at milking or in cut and carry forage systems.” 

In these systems the additive may (1) have to be provided at a higher inclusion 

rate than if mixed in the entire diet, which could affect efficacy and feed intake. 

Conversely, or (2) be expected to only work for a short period due to rumen 

dilution or destruction of the additive. 

This issue of short-term efficacy is easily visualized in the time-course of 

emissions from dairy cattle provided 3-NOP twice daily in a pre-feed supplement 

(Figure 3). The difference in methane emission rate lasted for less than 6h after 

the additive was provided. 

https://apc01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.fao.org%2Fgleam%2Fen%2F&data=04%7C01%7CRoger.Hegarty%40nzagrc.org.nz%7Cf79501f0037c4cf3eaa808d9a8b996b9%7C0dce4a686d804298847ac04815157957%7C0%7C0%7C637726337367625735%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000&sdata=mPlekUrtatNQUW%2FGvK4TUKgAL3Z14hLQ4%2F7ECmJBC5k%3D&reserved=0
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Figure 3. Moment by moment enteric CH4 emission rates over 2 days in dairy 

cattle offered 3-Nitrooxypropanol (3-NOP) in supplements provided twice daily 

(arrows indicate supplement time). Graphs show the mitigation effect persists 

for less than 6 h post supplement2. 

Consequently, to achieve global enteric methane mitigation, there is an 

outstanding need for development of methane inhibitor delivery systems that 

are robust in achieving mitigation in pasture-based systems. Some efforts have 

already been made to prolong rumen mitigation (e.g., with 3-NOP2 and 

cyclodextrin protected haloforms3). Preserving stability of volatile additives 

within the feed has also been studied4. However, current evidence for effective 

delivery of methane-suppressing feed additives is insufficient to enable their use 

in substantive mitigation in grazing and mixed farming sectors in any country. 

There has been a strong expectation by commercial developers that the energy 

saved by suppressing enteric (gut) methane production would be captured in 

improved productivity of ruminants. As the subsequent review indicates, this 

does not reliably occur for most methane inhibiting additives. None of the 

currently available additives can consistently offer a “productivity gain” to justify 

feeding the additive across all ruminant production systems. Other motivations 

as listed below may be needed to raise use of methane suppressing additives. 

• Corporate environmental reputation 
• Income from carbon credits 

• Government subsidies to change nutritional management 
• Corporate premiums for low carbon products 

• Market access for low carbon products 
• Government subsidies for low carbon products 
• Legislative requirements 

Supplementation of grazing animals is an early step to agricultural intensification 

and is viewed as an industry advance in rangeland environments and the 
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developing world. Sustainable intensification of food production is seen as the 

way to secure humanity’s future5, although it remains aspirational in some 

regions. Even assuming adequate availability and efficacy of methane-mitigating 

feed additives, a critical weakness remains in that almost nothing is known of 

the efficacy of leading products, such as 3-nitrooxypropanol and Asparagopsis, 

when consumed intermittently by free-ranging ruminants. 

How prepared is the global livestock industry? 
In addition to identifying the above ‘gaps in the science’ by review of literature, 

a survey-based assessment of awareness and understanding in the feed additive 

pipeline (additive manufacturers, feed or supplement manufacturers, and 

livestock managers) was undertaken. This provided a range of broad insights 

that are important if feed additive use is to lead to major reductions in global 

enteric emissions from livestock. 

Regarding additive manufacturers this industry assessment found: 

• Additive manufacturers are largely targeting livestock in the developed 

rather than developing world. 

• Not one additive manufacturer identified the grazing industry as an 

extremely high priority market for a methane mitigating product. 

• When matched with the scientific concern about additives not being 

optimised for pulsed intake as supplements, this suggests the developing 

world will not achieve significant mitigation through feed additives in the 

near future. 

The feed and supplement manufacturing industries were found to: 

• Place no or low priority on supply of methane lowering feeds currently, but 

they expect that priority to increase over the next 5 years. 

• Be poorly informed regarding appropriate additives, with 4 or less of the 

14 respondents being aware of the three additives with highest efficacy 

(3-NOP, Asparagopsis and nitrate). 

• Have a belief that existing probiotics, essential oils and antibiotic rumen 

modifiers can be used for methane mitigation. 

Livestock managers themselves (largely in Brazil and Indonesia, and principally 

cattle managers) identified that they: 

• Saw greenhouse gas (GHG) reduction as a low priority but as increasing 

concern over the next 10 years. 

• Expected methane inhibitors to deliver an increase in animal performance 

and feed efficiency. 

• All 24 livestock managers said they would need additional information to 

support decisions on feed additive use for methane, with the majority 

anticipating seeking that information from current feed/additive suppliers. 
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Consequently, the industry assessment (completed after the technical reviews of 

additives) extends the list of research and development required (below) if feed 

additives are to be used to impact global climate change substantially. The 

industry assessment confirms the need to provide information on methane 

lowering additives to feed manufacturers and livestock managers. Clear market 

forces to promote adoption are just as important as the discovery of safe and 

effective additives if methane mitigation in global ruminant livestock systems is 

to be achieved. 

Outstanding research and development needs 
• For feed additives to act as agents for global change in livestock 

emissions, the over-riding need is for a quantitative understanding of the 

time-course and extent of mitigation when additives are provided in ‘pulse 

fed’ supplements rather than in every mouthful of a TMR. 

• Associated with this is the need to quantify the efficacy of methane 

mitigating additives in grazing and mixed feeding systems where feed 

intake is largely uncontrolled, and levels and variation in supplement 

intake between animals are largely unknown. 

• A strong economic argument for additive development and use requires 

the co-benefits from methane mitigating additives be defined. This is 

particularly true for animal production co-benefits such as liveweight gain 

and milk production. Because co-benefits are mostly 5% or less of current 

production, their estimation needs highly replicated studies to confirm 

statistical significance and so confidence in the scale of effect. Currently 

there is an optimism among feed or supplement manufacturers as well as 

livestock producers that these additives will improve animal performance 

and feed use efficiency. This is not strongly supported by the research. 

• There is a range of additive-specific issues (such as testing for residues in 

animal products or for animal welfare effects) that need to be identified 

and addressed. 

• The low number of additives identified as providing high level mitigation 

(>25%) even in total mixed rations is very low (3-NOP and Asparagopsis) 

and there is little sign of novel products emerging from within the other 

less effective additive groups reviewed. Consequently, the investment in 

novel additives (and non-nutritional means) to mitigate enteric emissions 

must be expanded. 

• Improved communication is required to overcome poor understanding 

among feed manufacturers and livestock managers about what methane 

suppressing additives exist and their efficacy in reducing enteric 

emissions. 
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Assessment of the 10 leading feed additives 

considered for livestock methane mitigation 
There has been a recent proliferation of research, publications, scientific reviews, 

and meta-analyses of strategies to reduce enteric methane emissions from 

livestock. A search on Scopus* revealed 187 unique, relevant publications arising 

in 2010/2011 but 461 in 2020/2021.  

In this assessment, we have primarily relied on reviews and meta-analyses. 

Before presenting our assessment, and with a view to providing a ready resource 

to expand the reader’s understanding, a list of recent broad-based scientific 

reviews of feeds and additives suppressing ruminant methane production is 

provided below. A list of more detailed reviews and meta-analyses for as many 

individual additives as were available is then presented before providing our 

consolidated assessment in a tabular form for each additive. 

Existing reviews on dietary inhibition of rumen 

methanogenesis 
 2021: Feed additives as a strategic approach to reduce enteric 

methane production in cattle: Modes of action, effectiveness and 

safety 

Honan M, Feng X, Tricarico JM, Kebreab E. Animal Production Science, 51(6), 

491-514. 

 2021: Methane Emissions from Ruminants in Australia: Mitigation 

Potential and Applicability of Mitigation Strategies 

Black JL, Davison TM, Box I. Animals, 11(4). 

 2021: Research progress on the application of feed additives in ruminal 

methane emission reduction: a review 

Sun K, Liu H, Fan H, Liu T, Zheng C. Zooilogical Science, 9.  

 2021: Recent Nutritional Advances to Mitigate Methane Emission in 

Cattle: A Review 

Hadipour A, Mohit A, Darmani Kuhi H, Hashemzadeh F. Iranian Journal of Applied 

Animal Science, 11(1), 1. 

 2020: Fifty years of research on rumen methanogenesis: lessons learned 

and future challenges for mitigation 

Beauchemin KA, Ungerfeld EM, Eckard RJ, Wang M. Animal, 48(2), 21-27. 

 2018: Dietary manipulation: A sustainable way to mitigate methane 

emissions from ruminants 

Haque MN. Journal of Animal Science and Technology, 60(1), 1-10. 

*Scopus search for “methane AND (mitigate* OR reduc*) AND (livestock OR sheep OR cattle) 

AND NOT (biogas)” 

https://dx.doi.org/10.1071/AN20295
https://dx.doi.org/10.1071/AN20295
https://dx.doi.org/10.1071/AN20295
https://doi.org/10.3390/ani11040951
https://doi.org/10.3390/ani11040951
https://doi.org/10.7717/peerj.11151
https://doi.org/10.7717/peerj.11151
http://ijas.iaurasht.ac.ir/article_680279_877d2935bda8044acfcdd9671a6bcec1.pdf
http://ijas.iaurasht.ac.ir/article_680279_877d2935bda8044acfcdd9671a6bcec1.pdf
https://doi.org/10.1017/s1751731119003100
https://doi.org/10.1017/s1751731119003100
https://doi.org/10.1186/s40781-018-0175-7
https://doi.org/10.1186/s40781-018-0175-7
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 2013: Special topics—Mitigation of methane and nitrous oxide emissions 

from animal operations: I. A review of enteric methane mitigation 

options 

Hristov AN, Oh J, Firkins JL, Dijkstra J, Kebreab E, et al. Journal of Animal 

Science, 91(11), 5045.  

Existing inhibitor-specific reviews of methane mitigating feed 

additives 
3-Nitrooxypropanol 

 2020: The effects of dietary supplementation with 3-

nitrooxypropanol on enteric methane emissions, rumen fermentation, 

and production performance in ruminants: a meta-analysis 

Kim H, Lee HG, Baek Y-C, Lee S, Seo J. Journal of Animal Science and 

Technology, 62(1), 31-42. 

 2018: Antimethanogenic effects of 3-nitrooxypropanol depend on 

supplementation 

Dijkstra J, Bannink A, France J, Kebreab E, van Gastelen S. Journal of Dairy 

Science, 101(10), 9041-9047. 

 2018: Use of 3-nitrooxypropanol as feed additive for mitigating 

enteric methane emissions from ruminants: a meta-analysis 

Jayanegara A, Sarwono KA, Kondo M, Matsui H, Ridla M, Laconi EB, Nahrowi. 

Italian Journal of Animal Science, 17(3). 

Micro and macroalgae 

 2020: Management of enteric methanogenesis in ruminants by algal-

derived feed additives 

McCauley JI, Labeeuw L, Jaramillo-Madrid AC, Nguyen LN, Nghiem LD, Chaves 

AV, Ralph PJ. Current Pollution Reports, 6, 188-205. 

 2020: Seaweed and seaweed bioactives for mitigation of enteric 

methane: Challenges and opportunities 

Abbott DW, Aasen IM, Beauchemin KA, Grondahl F, et al. Animals, 10(12). 

Nitrate 

 2020: Antimethanogenic effects of nitrate supplementation in cattle: 

A meta-analysis  

Feng XY, Dijkstra J, Bannink A, van Gastelen S, France J, Kebreab E. Journal of 

Dairy Science, 103(12), 11375-11385.  

 2014: A review of feeding supplementary nitrate to ruminant 

animals: nitrate toxicity, methane emissions, and production 

performance 

Lee C, Beauchemin KA. Canadian Journal of Animal Science, 94(4). 

https://doi.org/10.2527/jas.2013-6583
https://doi.org/10.2527/jas.2013-6583
https://doi.org/10.2527/jas.2013-6583
https://doi.org/10.5187/jast.2020.62.1.31
https://doi.org/10.5187/jast.2020.62.1.31
https://doi.org/10.5187/jast.2020.62.1.31
https://doi.org/10.3168/jds.2018-14456
https://doi.org/10.3168/jds.2018-14456
https://doi.org/10.1080/1828051X.2017.1404945
https://doi.org/10.1080/1828051X.2017.1404945
https://doi.org/10.1007/s40726-020-00151-7
https://doi.org/10.1007/s40726-020-00151-7
https://doi.org/10.3390/ani10122432
https://doi.org/10.3390/ani10122432
https://doi.org/10.3168/jds.2020-18541
https://doi.org/10.3168/jds.2020-18541
https://doi.org/10.4141/cjas-2014-069
https://doi.org/10.4141/cjas-2014-069
https://doi.org/10.4141/cjas-2014-069
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Essential oils 

 2020: A meta-analysis describing the effects of the essential oils 

blend Agolin Ruminant on performance, rumen fermentation and 

methane emissions in dairy cows 

Belanche A, Newbold C, Morgavi D, Bach A, Zweifel B, Yáñez-Ruiz D. 

Animals, 10(4). 

 2014: Essential oils and opportunities to mitigate enteric methane 

emissions from ruminants 

Benchaar C, Greathead H. Animal Feed Science and Technology, 166, 338-355. 

Antibiotic rumen modifiers 

 2013: Anti-methanogenic effects of monensin in dairy and beef 

cattle: A meta-analysis 

Appuhamy JADRN, Strathe AB, Jayasundara S, Wagner-Riddle C, Dijkstra J, 

France J, Kebreab E. Journal of Dairy Science, 96(8), 5161-5173. 

Saponins and Tannins  

 2021: The effects of dietary saponins on ruminal methane production 

and fermentation parameters in sheep: a meta-analysis 

Darabighane B, Mahdavi A, Aghjehgheshlagh FM, Navidshad B, Yousefi MH, Lee 

MRF. Iranian Journal of Applied Animal Science, 11(1), 15-21. 

 2021: Effects of Dietary Tannins’ Supplementation on Growth 

Performance, Rumen Fermentation, and Enteric Methane Emissions in 

Beef Cattle: A Meta-Analysis  

Orzuna-Orzuna J, Dorantes-Iturbide G, Lara-Bueno A, Mendoza-Martínez G, 

Miranda-Romero L, Hernández-García P. Sustainability, 13(13). 

 2021: Effects of saponin on enteric methane emission and nutrient 

digestibility of ruminants: An in vivo meta-analysis 

Ridla M, Laconi EB, Jayanegara A. In IOP Conference Series: Earth and 

Environmental Science, 788. 

 2012: Methane mitigation from ruminants using tannins and saponins 

Goel G, Makkar HP. Tropical animal health and production, 44(4), 729-739. 

Biochar 

 2019: The use of biochar in animal feeding  

Schmidt H-P, Hagemann N, Draper K, Kammann C. Peer, 7. 

Direct fed microbials 

 2019: Environmental efficiency of Saccharomyces cerevisiae on 

methane production in dairy and beef cattle via a meta-analysis 

Darabighane B, Salem AZM, Mirzaei Aghjehgheshlagh F, Mahdavi A, Zarei A, et 

al. Environmental Science and Pollution Research, 26, 3651–3658

https://doi.org/10.3390/ani10040620
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Broad-based assessment of methane 

mitigating feed additives for ruminant use 
The following pages comprise consolidated assessments of a broad range of 

commercially important attributes, as per the Table below, for additives being 

considered for livestock methane mitigation. All references cited are provided 

in a combined bibliography at the rear of this report and can be immediately 

reached by the “See the reference list” hyperlink for each additive. 

Evidence of 
efficacy 

Magnitude of mitigation defined in meta-analyses and 
scientific reviews. Only relies on animal (in-vivo) studies. 
Meta-analyses of laboratory studies (in-vitro) may be noted 
but were not used in efficacy assessment.  

Mode of action What is the biochemical or microbiological basis of action? 

Dose Recommended inclusion rate of additive in feed. 

Manufacturer Current or emerging manufacturers of the additive. 

Availability Is the product available locally, globally, or restricted? 

Impacts on animal 

production 

How does the additive affect growth, milk production and 

feed-use efficiency or nitrogen use efficiency where known? 

Applicability What livestock sectors is this additive suitable for? 

Expected market 
trajectory 

Based on its efficacy, market availability, applicability and co-
benefits or constraints. 

Expected cost US$ /kg where known. 

Constraints to use Availability, registration requirements or prohibitions, 

stability, and suitability of additive for delivery.  

Residue in animal 
product 

Evidence of additive derived materials in blood, milk, or meat. 

Impacts on manure Nitrogen distribution effects (manure v urine). 

Potential regional 

distribution 

Is distribution limited by feeding system, by site of 

production, or by regional regulations? 

Life-cycle 
Assessment (LCA) 

LCA analysis on the carbon cost of the additive itself and/or 
the effect on the carbon cost of livestock enterprises when 

using this additive. 

Actions needed to 
accelerate the roll-
out 

Research, marketing, and development tasks required to 
advance this additive to commercial delivery. 

Assessment 
Summary 

Provides a concise summary of key factors affecting this 
additive’s potential to contribute to GHG mitigation from 
agriculture. 
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3-Nitrooxypropanol (3-NOP) 
See the reference list 

Evidence of 
efficacy 

Refereed literature shows a consistent efficacy of 3-NOP in reducing daily methane production (g/d) and 
methane yield (g CH4/kg dry matter (DM)) and there is a strong positive linear association between 3-NOP 

dose and level of mitigation achieved8, with CH4/kg DMI declining linearly at 0.41 per 1 mg 3-NOP/kg feed9. 
The average dose in the literature of 123 mg 3-NOP/kg DMI was shown to cause 23% (in beef) and 39% (in 

dairy) reduction in emissions10. At lower doses persistence over several months declined11,12 but not at 
expected commercial dosages. Efficacy does show some diet dependency, being greatest in low forage diets8. 

Meta-analyses of 3-NOP efficacy have been undertaken by Dijkstra et al.10, Jayanegara et al.13, Kim et al.9 
and de Almeida et al.14. De Almeida et al.14 reported a mean 29% reduction in methane yield associated with 
3-NOP inclusion. 

Mode of action In the normal final reaction of Archaeal methane production, the methyl-coenzyme M reductase (MCR) 
enzyme docks with methyl-coenzyme M and methane is produced. 3-NOP has a similar chemical structure to 

methyl-coenzyme M so it can take methyl-coenzyme M’s place and bind to MCR, although no methane is 
produced15. Rather the 3-NOP oxidises the Nickel in MCR to make it no longer able to bind to methyl-

coenzyme M. This oxidation by 3-NOP produces nitrate and nitrite, and ultimately 1,3-propanediol as 3-NOP 
is degraded in the rumen15.   

Dose 40-340 mg 3-NOP/kg DM has been used in research, but practical doses of approximately 100 ppm are 
expected, offering mitigation without feed intake inhibition. 

Manufacturer DSM (Koninklijke DSM N.V. or Royal DSM). The use of feeding nitro-oxy organic compounds to reduce 
ruminant methane emissions and or improve ruminant performance is patented (WO2012084629A1). 

Availability The commercial name of 3-NOP in the EU is Bovaer®. Bovaer is still in research trials to support global 
product registrations but has been used in large scale commercial trials in beef cattle16. It has just received a 

positive opinion from the European Food Safety Association (EFSA) for Bovaer® in the European Union 
(22/11/2021) as a step-in clearance to enable ratification for use by member countries in the EU and is 

awaiting registration through the FDA for North America. Many of the Latin American countries can be 
expected to also accept registration based on EFSA approval, with recent approval in Brazil and Chile. 
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Australia, North America and New Zealand lack a registration pathway for additives with environmental 

claims, but the positive EFSA opinion may facilitate registration in these countries also. 

Impacts on 

animal 

production 

Overall, there is minimal effect on production, but due to a slight reduction in feed intake by 3-NOP fed 

animals, there may be an improvement in feed efficiency. Meta-analyses of 3-NOP actions reported the 
following overall effects from the literature: 

Diet Digestibility: 3-NOP supplementation did not alter fibre digestibility14. 

Feed Intake: 3-NOP supplementation reduced DMI up to 4.5 % overall14 (P = 0.02) but showed no effect in 

many studies and was not significant in Jayanegara’s meta-analysis in 201713. Kim et al.9 reported a (near 
significant) decline in DMI with 3-NOP inclusion in beef but no effect in dairy cattle.  

Live weight gain: Significant data on grain-based diets showed no advantage to live weight gain from 3-NOP 
inclusion14 and there may be reductions in growth at high levels of 3-NOP inclusion8. 

Milk production: Melgar et al.17 found no effect on milk production in high yielding Holsteins but an increase 
in milk fat with 3-NOP. Haisan et al.18,19 also found no change in milk yield with 3-NOP. 

Applicability As a synthetic compound being introduced into the human food chain, registration of 3-NOP is likely to be 
required wherever it is used. Initial registration applications are likely to be sought for the intensively fed 

industries, primarily feedlot and dairy. It has recently (09/09/2021) received full market registration 
approvals for Brazil and Chile.The positive opinion of Bovaer® from EFSA will facilitate Bovaer’s delivery into 

Europe. 

Feedlot: 3-NOP is highly suited to feedlot application as an exact control of 3-NOP/kg DMI is possible due to 
regulation of DM offered. 

Cut and carry: Inclusion of 3-NOP in concentrate or premix for ruminants fed cut pasture is highly possible as 
has been done in research trials2. 

Dairy: In farms where cattle are housed for much or all of the year, 3-NOP can be added directly to the 
ration, supplement, or premix to regulate daily 3-NOP intake. 

Grazing: While 3-NOP could conceivably be delivered in licks, blocks and concentrate supplements, this 
extremely large sector is likely to be the last for commercial development due to the need: to develop 

suitable delivery products; address any needs for stability and slow release in products that may demand a 
considerable shelf life before use; and accommodate diet effects on efficacy10. 

https://www.dsm.com/anh/en_US/news-events/press-releases.html
https://www.dsm.com/anh/en_US/news-events/press-releases.html
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Expected 

market 

trajectory 

As a patented product, the marketing of 3-NOP will be controlled by the manufacturer but the probable 

pattern for release seems to be in intensive feeding environments for milking cows and feedlot beef, and then 
grazing ruminants once a delivery pathway in supplements is developed. 

Expected cost While no costing data has been released by the manufacturer, DSM already supply other pure additives as 
well as commercial premixes globally, so have solid basis for pricing. 

Constraints to 

use 
The initial constraint is that 3-NOP is only registered for use in Brazil and Chile and therefore not 
commercially releasable for use elsewhere. Label development will require the manufacturer to state a target 

dose or dose range with directions on administration. The lack of research in grazing livestock and in sheep 
will further delay use from these emission sources. There is a small amount of evidence for residual 

mitigating impact of short term 3-NOP administration to young stock on long-term methane emissions20, 
which may create a new option for supplementation. 

Residue in 

animal product 
3-NOP is metabolized rapidly, and does not accumulate in the mammalian bloodstream9. Moreover, 3-NOP 

and its metabolites were not found to have mutagenic or genotoxic potential8. In compliance with regulatory 
requirements, the manufacturer has a dossier on residues and health impacts of 3-NOP. 

Impacts on 

manure 
Reynolds et al.21 found while high levels of 3-NOP could increase faecal DM and N output, this did not occur 
at more practical levels (500 vs 2500 mg 3-NOP/d). Manure from 3-NOP fed cattle did not produce less 

methane in a biogas digester than that of control cattle, though initial production may be delayed22. Owens et 
al.23 concluded “composted and stockpiled 3-NOP manure can be used as a nutrient source for forage crops 

without requiring changes to current manure management because it has minimal influence on soil health.” 
In summary there appears to be no adverse attributes affecting manure disposal or use as a result of dietary 

3-NOP inclusion. 

Potential 

regional 

distribution 

3-NOP can be a globally available product, subject to registrations and future development into a product 

deliverable to grazing livestock. While research has primarily addressed efficacy in cattle, it may be expected 
to perform in a similar manner in small ruminants24. 

Life-cycle 

Assessment 

(LCA) 

Feng and Kebreab25 state “the carbon footprint of emissions associated with 3-NOP production…to be 52 kg 
CO2e/kg 3-NOP produced (DSM Nutritional Products)”. They modelled enterprise emissions and reported 3-

NOP use across the whole dairy herd in California could reduce the GHG footprint by 13.7%.  
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Alavarez-Hess et al.26 conducted a partial life cycle assessment of 3-NOP use, including emissions associated 

with on-farm activities and emissions associated with production and transport of major production inputs. 
They studied two Australian dairy farms, one Australian beef farm, one Canadian dairy farm and one 

Canadian beef farm. The reductions in emissions from feeding 86 mg/kg DMI on dairy farms in Australia and 
Canada over 120 d were 6% and 15% respectively, and 12% and 19% for a 300 d lactation. On Australian 

and Canadian beef farms, the reduction in emissions from 200 mg 3-NOP/kg DMI in the diet of growing stock 
were 9% and 6% respectively, while considered over the whole herd mitigation was greater at 23% and 

15%.  

Actions needed 

to accelerate 

technology 

roll-out 

Bovaer® is progressing through registration in Europe and the USA. In Australia and New Zealand its 
registration will require formation of a new class in the registration process for feed additives of 

environmental impact. DSM is managing the marketing, manufacture, and release of this patented product. 
Because productivity gains have typically been small, it may require large scale trials to confirm and quantify 

any productivity effects. Confirmation of increased productivity would support a business case for use that 
was not dependent upon the availability of a carbon market. 

For global impact, there is also needed to evaluate the efficacy of 3-NOP in supplements suitable for grazing 
livestock, rather than just in total mixed rations. This may well need product modification to enable sustained 

rumen efficacy, an understanding of levels and variation in supplement consumption, and research on the 
frequency of supplementation to achieve target herd mitigation. Current evidence suggests that CH4 

emissions return to pre-treatment levels within a few days after the administration of 3-NOP ceases. 

Assessment 

Summary 
3-NOP is a commercially patented, globally applicable synthetic methane-suppressing feed additive used at 

very low inclusion rates (60-200 mg/kg diet DM). It has a high and consistent mitigation efficacy across fully-
fed sheep, dairy, and beef cattle although little data on delivery to, or efficacy in, grazing ruminants is 

available. Life cycle assessment analysis (LCA) of the product manufacture and of its system impact on whole 
farm emissions shows the embedded manufacturing emissions and associated on-farm system emission 

changes with 3-NOP are minor compared to its enteric mitigation impacts. Residues in animal products do not 
occur. Published meta-analyses identify there is high agreement and robust evidence of very high 

(>25%) efficacy in reducing enteric methane production. There is medium agreement and limited evidence 
that 3-NOP increases animal growth or milk production of supplemented cattle. 3-NOP is undergoing 
registration in Europe (Bovaer®) and North America. Registration laws may require registration by a name 

other than Bovaer® in some countries. 
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Freeze-dried Asparagopsis meal 
See the reference list 

Evidence of 

efficacy 

The efficacy of freeze-dried Asparagopsis meal has been shown in the laboratory 27,28,217,219 and in sheep30, 

beef cattle31,40, and dairy cattle32,41. Efficacy of methane reductions has varied across these studies, due to 

different rations and variable concentrations of bromoform in the Asparagopsis used. A meta-analysis of 

effects of feeding predominantly Asparagopsis algae to cattle found a reduction in methane yield of 37% or 

5.3gCH4/kg DMI33 (8 comparisons, 4 publications). There is an indication that efficacy is affected by dietary 

fibre with greater efficacy on high concentrate diets than on high forage diets31. 

The only study to test the efficacy of Asparagopsis fed to sheep30, offered loosely with their total diet at 

inclusion in diet formulation and seaweed quality in all the aforementioned studies resulting in a large 

variation in levels of 1.0%, to 5.7% on a DM basis, achieved 15% through to 81% mitigation for these 

inclusion levels, respectively.  

A test of the efficacy of Asparagopsis in feedlot steers found up to a 98% reduction in methane40 using a 

0.38% DM inclusion rate, coupled with a 42% improvement in average daily weight gain. Similar trends were 

found by Roque et al (2021)31 where beef cattle were supplemented with between 0.45% DM and 0.91% DM 

Asparagopsis, and methane was reduced by up to 80% and feed-to-gain efficiencies were increased by 14%. 

This study also demonstrated the efficacy of Asparagopsis for high-, mid- and low-forage diets, as well as 

persistent methane reductions for the 21-week period.  

Two studies have been conducted in dairy cows and are the most variable in terms of methane reductions. 

Roque et al (2019)32 found as much as a 43% methane reduction when 1.84% Asparagopsis DM was included 

in the diet. Stefenoni et al (2021)41 reported methane reductions as high as 80% using 0.5% DM.  

There is a large variation antimethanogenic response. A recent meta-analysis showed a mean methane 

reduction of 49% inclusive of variable feeding rates across the Asparagopsis studies14. However, this analysis 

did not include the two most recent studies to be published, both with methane reductions up to 80%31,41.  

Mode of 

action 

The bioactive array of algal chemicals is complex35 and many compounds have potential methane-suppressing 

effects. Some, but not all, seaweeds have the capability of synthesizing and encapsulating halogenated 

methane analogues (such as bromoform) within specialized gland cells219. In Asparagopsis, bromoform has 
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been shown to be the principal compound suppressing methane emissions29. Bromoform (CHBr3) and other 

halogenated methane analogues such as bromochloromethane (BCM) work to inhibit methanogenesis by 

binding to and sequestering the prosthetic group required by methyl co-enzyme M reductase (MCR), which is 

ultimately responsible for the last step in methanogenesis37, 221,222,223. 

Inclusion 

Rate 

It has been hypothesized that Asparagopsis inclusion rates should not exceed 1% DM due to reductions in dry 

matter intake at higher inclusion levels, with many studies using 0.2–0.5% Asparagopsis DM in diet DM. 

Additionally, inclusion levels ranging from 0.20–0.91% DM may also contribute to increased animal 

productivity concomitant with methane inhibition31,40. An appropriate inclusion level will need to be based on 

diet formulation and consistency of concentration of bromoform within the Asparagopsis material.  

Manufacturer Asparagopsis is sourced from both wild harvest and from commercial farms with an increasing number of 

Asparagopsis producers developing in both the northern (e.g., Greener Grazing, Blue Ocean Barns, 

Symbrosia, Volta Greentech) and southern hemisphere (e.g., Sea Forest, CH4 Global, Seascape Restorations, 

The Aquaculture Group). However, the majority of growers are currently (October 2021) in the development 

phase and are building up stocks for commercial sale. The use of Asparagopsis for methane mitigation and 

productivity gains in ruminants is protected by patents controlled exclusively by FutureFeed 

(https://www.future-feed.com/) and commercial suppliers must be licensed by FutureFeed. Specifically, there 

are patents around a ‘Method for reducing total gas production and/or methane production in a ruminant 

animal’ (Ref: WO2015109362; TW8808; PCT/AU2015/000030) and for ‘Growth performance improvements in 

pasture and feedlot systems’ (Ref: WO2018018062; TW9069; PCT/AU2016/050689). Further details of patent 

coverage are available from https://www.future-feed.com/our-patents. 

Availability It is expected that commercial availability of Asparagopsis will begin in early to mid 2022.  

Impacts on 

animal 

production 

In a meta-analysis of cattle studies, Lean et al.33 found no effect of (predominantly) Asparagopsis algae on 

growth rate, nor any effects on DMI. Across these cattle studies, Asparagopsis improved feed conversion 

efficiency by 7%. However, severe feed refusals at approximately 6% inclusion in DM30 and a reduction in 

feed intake at 1.84% vs 0.92% in diet DM32 have been observed, and a reduction in intake at 0.5% vs 0.25% 

in DM41, suggests inclusion levels should be restricted to <1% in diet DM. Lactating dairy cows appear to be 

the most sensitive to Asparagopsis inclusion in the diet, with DMI reductions of 38% at a 1.84% in DM 

inclusion rate and a reduced milk production as a direct consequence32. When incorporated in a TMR, 

Asparagopsis inclusion should be kept under 1% DM to avoid decreases in intake of the seaweed resulting 

https://www.future-feed.com/
https://www.future-feed.com/our-patents
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from reduced diet DMI (R. Kinley pers. comm.), but reduced intake has on occasion been linked to an 

increase in feed-to-gain conversions in growing beef steers31. At inclusion levels below 0.5% animal 

performance response has been variable, with Kinley et al.40 finding 0.18 and 0.37% inclusion in DM resulted 

in a 53% and 42% increase in daily weight gain respectively. In contrast, Li et al.30 found no effect of 

Asparagopsis inclusion on live weight change of 2-year-old sheep. Daily milk production41 was not reduced by 

Asparagopsis at 0.25% inclusion in DM41 but was reduced by 0.5% inclusion, and was reduced at 1.84% 

Asparagopsis in DM in another study31.  

Applicability Preparation and storage conditions are important to minimize bromoform volatilization39. Freeze dried product 

is currently the gold standard, although other forms of processing, including an Asparagopsis oil suspension, 

are being investigated4.  

There are co-benefits from Asparagopsis farming because seaweed production can be improved by utilizing 

waste nutrients (P, N, CO2) from other forms of aquaculture (finfish, shellfish, prawns), if co-located. 

Asparagopsis farming can also enhance regional economies by using local labour, and Asparagopsis is seen as 

a multifunction feed ingredient in a circular economy. However, potential impacts of harvest on biodiversity 

and ecosystem health need to be considered in natural aquatic systems. 

Expected 

market 

trajectory 

There are multiple Asparagopsis producers advancing in capability and scale in Australia, New Zealand, North 

America, and Europe, and it is expected that the algae farming industry in SE Asia will be engaged to produce 

Asparagopsis and expand the capability for large scale global supply. Industrial production facilities in 

temperate latitudes are also under development. 

Expected cost The market will determine pricing. One Oceania supplier has been quoted at US$26/kg (AU$35) although 

price is expected to drop rapidly from the current high when product supply increases. 

Constraints to 

use 

Bromoform can be produced in drinking water naturally or as a result of chlorination after desalination and is 

considered a probable human carcinogen, with low levels of inhalation and oral ingestion thought to occur 

from drinking water and pools (refer to: https://www.epa.gov/sites/default/files/2016-

09/documents/bromoform.pdf). Bromoform is recognized as an animal carcinogen (ACGIH: A3) and has been 

associated with renal and liver toxicity42. However, Kinley et al.40 found no bromoform residue in meat or 

kidneys of cattle fed Asparagopsis. There is currently (October 2021) no literature on the metabolic fate of 

bromoform in the ruminant digestive system. Reductive dehalogenation, the breakdown of halogenated 

https://www.epa.gov/sites/default/files/2016-09/documents/bromoform.pdf
https://www.epa.gov/sites/default/files/2016-09/documents/bromoform.pdf
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compounds such as bromoform, has been shown in certain types of bacteria such as Dehalobacter and 

Desulfovibrio species224.  

Bromoform released into the atmosphere from any source can contribute to ozone depletion43,225. Due to the 

need to preserve Asparagopsis bromoform concentrations in the feed for enteric methane reductions, loss 

from livestock feeds will always be minimized. While excess iodine intake from marine algae is possible, iodine 

level in algae can be reduced by processing44 and by managed cultivation. 

Residue in 

animal 

product 

No bromoform residues were found in samples of kidney, liver, faeces, fat, muscle tissue, or milk, taken from 

sheep30 and beef cattle31,40 which had been offered Asparagopsis at the low effective levels. Low levels of 

bromoform have been found in milk (even from cows not consuming Asparagopsis), although no significant 

increases in milk bromoform concentrations have been found in cows fed Asparagopsis 32,41. In a study with 

lactating dairy cows the level of safety of inclusion of Asparagopsis in cattle feed was tested under extreme 

conditions45. Trace levels of bromoform were found in a milk sample from a cow normally consuming up to 18 

kg/d DMI which was restricted to only 1.2 kg DMI and provided with an extreme concentration of 

Asparagopsis on the day prior to morning milk collection. The milk bromoform content was less than half the 

USEPA drinking water standard for bromoform45. 

Iodine residues have not been tested widely and the information is very limited. Roque et al. (2021)31 tested 

beef strip loins for iodine residues and found 0.00015 mg/g of iodine in steers fed 0.5% OM Asparagopsis for 

147 days. Total Asparagopsis iodine fed per day was approximately 199.1 mg/day, which indicates a very low 

iodine transfer rate between Asparagopsis and meat for human consumption. Stefenoni et al. (2021)41 

reported milk iodine concentrations of 0.00297 mg/g but did not report levels of iodine in Asparagopsis fed or 

the transfer rate between that and milk. 

Impacts on 

manure 

Marine and freshwater macroalgae have long been used as soil conditioners, both in raw46 and biochar47 form. 

Furthermore, liquified seaweed or its extracts have been widely used as bioactives for soil/plant health48. 

Being of marine origin, Asparagopsis is rich in bromine and iodine. No bromoform residue has been found in 

manure samples, although impacts on compost and/or anaerobic digestors warrant investigation. Muizelaar et 

al (2021)45 found low levels of bromoform in the urine of dairy cows near the USEPA standard for drinking 

water for up to the first 10 days of receiving high levels of dietary Asparagopsis, although in subsequent urine 

testing bromoform could not be detected. As livestock have no way of storing bromine or iodine derivatives, 
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these must ultimately be excreted but there is no indication that this has adverse effects on soil. Other algal 

bioactives from unprocessed or pyrolyzed seaweeds potentially are beneficial to soil health. 

Potential 

regional 

distribution 

There are tropical (A. taxiformis) and temperate (A. armata) Asparagopsis species being farmed. These can 

be grown in diverse marine habitats as well as cultured in artificial growth environments including land-based 

systems, capitalizing on the different growth stages of the life cycle. Key market regions identified by 

FutureFeed are Australia, NZ, EU, USA and Canada. 

Life-cycle 

Assessment 

(LCA) 

Many LCAs have been conducted for growing algae for biofuel production49 but these growth systems are 

quite different to those which will be used for Asparagopsis, for which no LCA is currently available. At the 

time of this publication, there are three independent articles under review.  

Actions 

needed to 

accelerate 

technology 

roll-out 

Currently (2021) most Asparagopsis grown is being used as seed material to scale up production. FutureFeed 

expects supply for early adopters in beef feedlots in 2022, and in dairies in 2022/23. Commercial expansion 

will require: 

• Clarification of any biosafety issues (bromine, iodine levels in animal products) 

• Shelf-stability of product and data and guidelines on inclusion rates for all industries  

• delivery mechanisms for grazing industries 

• Description of mitigation when provided as infrequent pulse in supplement instead of a total mixed ration 

• Clarification of Asparagopsis percentage in DM verses bromoform intake as the basis for describing 

inclusion level 

• Appropriate jurisdictional regulatory approval for use as a feed ingredient in each country. 

Assessment 

Summary 

There is growing capacity to farm Asparagopsis in natural marine locations or tanks. The feeding of 

Asparagopsis to ruminants for methane mitigating purposes is patented. Asparagopsis has at least one natural 

methane inhibiting compound (bromoform). Pure bromoform can have undesirable impacts on the animal as 

well as the atmospheric ozone layer. Whether bromoform levels in livestock Asparagopsis supplements are of 

a safety or environmental concern and the potential for residual bromine and iodine in food products are 

under investigation. While there is a need or more animal studies, Asparagopsis is highly effective in reducing 

methane emission and there is high agreement and modest evidence (<10 publications) that low levels of 

inclusion of <0.5% Asparagopsis in a TMR feed will achieve very high mitigation (>25%) of rumen methane 

output. There is also limited evidence and low agreement that Asparagopsis increases growth rate in 

ruminants, but it does show a consistent improvement in feed efficiency. 
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Nitrate 
Nitrates (NO3) are highly soluble salts and are readily reduced in the anaerobic rumen. Their reduction to ammonia uses hydrogen 

that would otherwise be used in methane production, so they competitively reduce methane emissions. They also provide a source 

of nitrogen for microbial protein synthesis in the rumen. However, there is some dose-dependent risk of toxicity to the animal from 

accumulation of the chemical intermediate nitrite (NO2). 

See the reference list 

Evidence of 

efficacy 

Based on stoichiometric relationships, 1% NO3 in the diet DM should reduce methane production for grazing 

animals by 12.5% (from 20.7 to 18.1 g CH4/kg DMI) assuming the methane yield for grazing cattle50. This 

percentage would be higher in feedlot diets where methane yield is already low. In a meta-analysis of cattle data, 

Feng et al.51 reported an overall mitigation of 11.4% per 1% nitrate mitigation or 13.2% if slow-release nitrate 

studies were excluded. Where slow-release nitrates have been fed (to protect from nitrite toxicity), the 

appearance of NO3 in faeces suggests the nitrates were not adequately released in the rumen52,53. Simulation of 

on-farm usage in three enterprises26 showed less than a 5% methane mitigation in 2 of 3 enterprises. 

Mode of 

action 

Microbial reduction of nitrates (NO3
-) through to ammonia (NH3) provides a thermodynamically favourable 

electron (and hydrogen) sink in the rumen compared to reduction of CO2 to CH4. Consequently, nitrate can be 

expected to competitively reduce methane production in a predictable manner, such that for every mole (62 g) of 

nitrate consumed, methane production would be reduced by one mole (16 g). While this strict relationship is not 

always seen, typically the mitigation is >80% of that expected. It has been hypothesized that nitrate may also 

support methane oxidation54, but this should not change the total impact of nitrate on CH4 production. 

Dose Because a potentially toxic intermediate, nitrite (NO2
-), is produced and can accumulate in the rumen and enter 

the blood55, the dose is typically limited to 2% nitrate in the diet DM. Dosage can be higher if the rumen 

microbiota is adapted to increasing concentrations of nitrate, but to minimise risks to animal health commercially 

1% inclusion is recommended for SilvAir by Cargill. 
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Manufacturer Nitrates are widely produced for fertilizer use. Because of the risk of ammonium nitrate being used in explosives, 

its availability is often restricted and so calcium nitrate is the preferred source. There are multiple suppliers of 

calcium nitrate with the global fertilizer manufacturer Yara preparing a feed-grade source. Calcium nitrate for use 

as animal feed is trademarked by Cargill as “SilvAir”.  

Availability Nitrate salts are widely available globally for agronomic use. 

Impacts on 

animal 

production 

In nutrient-adequate diets, there is often no performance response to nitrate in grazing56, feedlot57 or dairy58 

animals. Nitrate can suppress feed intake at higher inclusion levels57,59 and can cause sorting of feed53, so 

ruminants must be introduced slowly to 2% nitrate in dietary increments. 

Applicability The two most likely applications of dietary nitrate are in feedlots, where it can be mixed in a total mixed ration in 

either dry form or in liquid supplement to avoid toxicity, and in ruminants grazing low protein forages such as in 

the dry season tropics60. In either situation it can be used to replace urea. Achieving 2% nitrate in the total diet 

via supplements is difficult due to the large mass required, the risk of nitrite accumulation from rapid ingestion, 

as well as the finding that the desired mitigation may not be achieved56. 

Expected 

market 

trajectory 

The uptake of nitrate has been minimal, but its two most likely points of uptake are in feedlots (where it can be 

more safely mixed and fed in rations), and in the tropics where it may provide a source of nonprotein nitrogen in 

supplements.  

Expected 

cost 

While calcium nitrate and urea have similar costs (US$730 vs US$606/t landed Australia) the lower N content of 

calcium nitrate (15.5% N v 44.6% N) means the cost/unit N is almost 2.5-fold higher for calcium nitrate as a N 

supplement. Since there are few reports of productivity gains from calcium nitrate over urea, the carbon credit 

value of the methane deferred would be the economic justification for using nitrate.  

Constraints 

to use 

The two principal constraints to nitrate feeding are the purchase cost and the risk of poisoning and death of 

animals from nitrite absorption. For this reason, slow-release forms have been evaluated53,61, but as nitrates are 

already an expensive source of feed nitrogen relative to urea, incurring further costs to regulate rumen release is 

unlikely to be economically feasible. 
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A further practical constraint to nitrates as feed supplement is that because the N% is low (15-23% N), providing 

nitrate in a loose-lick or lick block for grazing animals requires at least twice the space in a supplement mixture 

as the same quantity of N as urea. Given that rangeland cattle only consume 100-150 g of supplement/d it 

becomes very difficult to get in the desired level of N supplement as nitrate. Further, the supplement is often 

consumed in a short period, so the risk of nitrite toxicity is increased and there can be substantial variation in 

supplement intake in pastured animals. 

In the manufacturing sector avoidance of potentially explosive nitrates is important to minimize warehousing and 

processing safety requirements. 

The feeding of nitrates for methane mitigation is covered by global patents (e.g., WO2011010921A2 originally 

implemented by Cargill). 

Residue in 

animal 

product 

Nitrates naturally occur in feeds and are naturally produced in mammalian metabolism. A study of nitrate and 

nitrite disposal in sheep showed substantial accumulation in the skin55. No evidence of potentially toxic 

nitrosamines was found in tissues of nitrate-fed cattle57. 

Impacts on 

manure 

Dietary nitrate is readily reduced in the rumen and Villar et al.55 found that in sheep over 6 days, 14% of nitrate-

N was excreted in faeces and 49% in urine, with some of the urinary nitrogen present as urea. A portion of the 

nitrate was also recycled back into the gut. In beef heifers, encapsulated nitrate has been shown to increase the 

nitrate content in urine and faeces but not total nitrogen excretion62. 

Potential 

regional 

distribution 

Globally available as sodium, potassium, calcium or ammonium nitrate fertilizer. The commercial feed-grade 

product SilvAir is already available and in commercial demonstrations in Brazil and Europe, while incentive 

schemes are being implemented. 

Life-cycle 

Assessment 

(LCA) 

Calcium nitrate manufacture shows a carbon cost of 650 grams of CO2/kg SilvAir using LCA methods (value from 

Cargill). LCA of the production and use of ammonium nitrate or calcium ammonium nitrate shows the GHG 

impact primarily arising from on-farm emissions but that the global warming potential for their production is 

approximately 3 times that of urea63. 
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Actions 

needed to 

accelerate 

technology 

roll-out 

Nitrate is a chemically simple, widely available synthetic nutrient that has a high, predictable and well understood 

mechanism for reducing methane production. It is suitable for implementation in total mixed ration feeding 

systems, but more studies at a commercial scale are required. It is unlikely to be applicable in extensive 

environments due to the difficulty in safely delivering the required quantity through supplements, without 

incurring extra cost through developing slow-release formulations. Cargill have negotiated two approaches to 

overcome economic costs, being (1) government subsidy and (2) industry subsidy for Silvair use. In the absence 

of productivity gains, this may also be required in other adopting countries. 

Assessment 

Summary 

Inclusion of nitrate for methane mitigation is covered by global patent protection. The calcium nitrate form is not 

constrained by (explosion) risks associated with ammonium nitrate and is globally available as a fertilizer. There 

is high agreement and robust evidence (>25 publications) of high efficacy in mitigating enteric methane, with 

mitigation of approximately 10% per 1% nitrate by weight in the diet, using a maximum of 2% inclusion to 

minimize risks of nitrite toxicity. Its safest use is in a total mixed ration as it is difficult to supply adequate nitrate 

through a low intake supplement. There is little reason to expect nitrate to improve animal productivity in 

nitrogen adequate diets, but it may provide an alternative to urea as a supplement to stimulate feed intake and 

performance of ruminants eating diets lacking rumen degradable nitrogen. Dietary nitrate is not associated with 

residue in animal products. 
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Antibiotic Rumen Modifiers 
Antibiotic rumen modifiers include ionophores (such as monensin, lasalocid and salinomycin) as well as phosphoglycolipid 

antibiotics such as bambermycin and antibiotics such as virginiamycin, a streptogramin antibiotic. They do not all have the same 

mode of action so their effects on methane emissions are inconsistent. However, monensin is the most commonly used antibiotic 

rumen modifier that has been most heavily researched and therefore the comments below are largely based on monensin findings. 

See the reference list 

Evidence of 

efficacy 

A recent meta-analysis of monensin use in beef and dairy found that when adjusted for DMI differences, 

monensin reduced daily methane production by 5% (22 studies) and Ym (% of Gross energy intake lost as CH4) 

by 4%64 (20 studies). Immediate mitigation is routinely observed upon introduction, but efficacy can diminish 

over time and is sometimes not found in long term studies65. 

Mode of 

action 

There are two mechanisms by which monensin reduces methane production.  

1) It reduces feed intake64 and  

2) It affects the balance of hydrogen production and use by differential effect on the microbiota, reducing 

the quantity of hydrogen available for methane production. It has no direct effect on the methane 

producing organisms66. 

Dose Typically evaluated at 16-50 mg/kg DM 

Manufacturer Monensin is produced and marketed as a coccidiostat for poultry as well as for improving feed efficiency in 

ruminants outside of the European Union. Its patent, and many other rumen modifier patents, have now 

expired and there is a large number of generic producers world-wide supplying independently produced post-

patent products. 

Availability Globally available. Original production by Elanco Animal Health but now generic products are widely distributed 

under multiple brands. 
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Impacts on 

animal 

production 

Feedlot cattle fed monensin-containing diets gained 1.6% faster, consumed 6.4% less feed and required 7.5% 

less feed/100 kg gain than cattle fed control diets67. In dairy cows monensin is highly effective in protecting 

against bloat68. From a meta-analysis of 71 studies, Duffield et al.69 concluded monensin significantly decreased 

dry matter intake by 0.3 kg/d, increased milk yield by 0.7 kg/d and improved milk production efficiency by 

2.5%. Monensin decreased milk fat percentage by 0.13% with no effect on milk fat yield. 

Monensin is also effective in reducing bloat in beef68 and in dairy cattle where it has been delivered by slow 

release intraruminal device for cows grazing alfalfa, clover or wheat to reduce the incidence of frothy bloat. 

Applicability Monensin is manufactured and used widely (not in EU) in total mixed rations and supplements. 

Expected 

market 

trajectory 

Given the availability of monensin and its multiple points of manufacture it is unlikely that it’s modest impact on 

emissions will cause a growth in market penetration for mitigation outcomes. 

Expected 

cost 

Monensin (active ingredient) is approximately US$28/kg and sold in 10-40 g monensin/100g mix DM premixes. 

Constraints 

to use 

Monensin is moderately toxic to horses70 and dogs so care must be taken with regard to access by non-target 

species. As monensin is an antibiotic, its administration through feed to cattle has been banned in the EU and 

could be potentially restricted in other jurisdictions in the future.  

Residue in 

animal 

product 

Monensin has been found in milk at levels not considered a risk to human health71 and tissue residue levels 

have been specified for meat and milk72.  

Impacts on 

manure 

Monensin is incompletely absorbed from the ruminant digestive tract and is partially metabolized and 

excreted73. Monensin that is not absorbed is excreted in its original form in faeces, where it is further degraded. 

Residues in lagoons and shallow ground water have been detected74. Its presence can also change soil and root 

characteristics, but this does not necessarily imply that it has an adverse impact on soil health. 

Potential 

regional 

distribution 

Global (out of patent) except it is prohibited for use in the European Union. 
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Life-cycle 

Assessment 

(LCA) 

Webb et al.75 conducted a partial LCA of cattle production for GHG emissions, fossil energy use, water use, and 

reactive N loss to evaluate production systems utilizing additive combinations with growth promoting 

technologies. 

● The use of ionophores reduced GHG emissions and water usage by 1%, had no effect on energy use and 

increased reactive N loss by 1%. 

● The use of ionophores in combination with anabolic implants reduced GHG emissions (8%), energy usage 

(5%), water usage (6%) and reactive N losses (5%). The use of ionophores in combination with implants 

and a beta-agonist reduced GHG emissions (6%), energy usage (3%), water usage (4%) and reactive N 

losses (1%). 

Actions 

needed to 

accelerate 

technology 

roll-out 

Monensin is widely used in feedlots and dairy cattle in jurisdictions where it is approved for use. No additional 

actions are required to promote monensin use in the developed world, primarily due to its large market 

footprint and limited impact on methane emissions, but there is potential to expand its use in the developing 

world. 

Assessment 

Summary 

Antimicrobial rumen modifiers are a mature market, being a strong part of diets for monogastrics (for 

coccidiosis control) and ruminants fed partial or total mixed rations for improved feed efficiency, rumen acidosis 

protection, and reduced bloat risk. All require registration and many are off patent. When monensin is used in 

total mixed rations and supplementary feeds, there is robust evidence with high agreement that it reduces 

methane yield (g/MJ of energy intake) by up to 5% from cattle over sustained feeding periods. There is also 

robust evidence with high agreement that monensin improves feed efficiency in both dairy and beef cattle by 4-

8%. 
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Essential Oil Blends 
Essential oils (EOs) are volatile aromatic compounds produced by plants (herbs and spices) as complex mixtures of secondary 

metabolites. They are not fatty acids but are hydrophobic (water repelling) compounds, usually present in mixtures with 20–60 

components including alcohols, aldehydes, hydrocarbons, ketones, esters and ethers76,77. They are not biologically essential for 

animals but rather, from alchemy times, they were understood to contain the essence (essential components of flavour/aroma) of 

the plant from which they are extracted. 

See the reference list 

Evidence of 

efficacy 

There has been intensive study of key individual EOs (e.g., cinnamaldehyde from cinnamon or allicin from garlic) 

as well as of diverse EO blends, so reporting efficacy of this heterogeneous group of additives is difficult. In a 

review, Cobellis et al.77 concluded “the most consistent results on methane production were observed using EO 

from thyme, oregano, cinnamon, and garlic or their principal components (thymol, carvacrol, cinnamaldehyde, 

and allicin respectively)”. In a meta-analysis of 21 refereed sheep publications, Torres et al.78 found EO did not 

affect feed intake or reduce daily methane production.  

Mode of 

action 

There are multiple mechanisms by which EO may influence methane emissions, but these are not independent, 

and none are robustly evident as reducing CH4 emissions across published literature. 

1) Effects on intake. No significant effects in sheep78, while Corbellis et al.77 found of 18 sheep and cattle 

studies reporting DM intake, only two increased intake and one decreased intake. 

2) Reduced protozoal population. Significant (16%) reduction in populations in sheep over 21 papers78. In a 

meta-analysis, protozoal density was reduced in 19 of 24 treatments in laboratory studies, but only in 4 

of 17 animal studies77. 

3) Reduced methanogen population in the laboratory (19 of 24 treatments) but not strongly in animal 

studies (2 of 17 studies)77. 

4) Changed fermentation pattern. Increased propionate (+0.59% units) and decreased acetate (-1.0% 

units) molar proportions in sheep across 21 studies. But considering cross-species animal studies 

Corbellis et al.77 found only 3 of 23 studies had increased propionate concentration. 
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Dose Agolin: 1 g/d/cow 

Crina Ruminants: 150-200mg/kg bodyweight 

Mootral: 10-15 g/cow/d 

GasoLess: not specified 

Nutrimix: not specified 

Garvo: not specified 

Manufacturer There are numerous commercial EO blends available but currently two major blends are marketed specifically for 

methane reduction.  

Agolin (https://agolin.ch/products/#ruminant). In a meta-analysis of published and unpublished studies of 

Agolin supplementation of dairy cows, at a rate of 1 g/d, Belanche et al.80 reported increased milk yield (3.6%) 

and feed efficiency (4.4%) and an 8.8% reduction in methane production, with no reduction in feed intake. As 

more than half of the studies were apparently on commercial farms and their data used without details being 

available, cautious interpretation of these results is required, as they are not confirmed by other EO literature. 

Mootral (https://mootral.com/) This allicin (from garlic) and citrus extract is specifically marketed for methane 

mitigation. It was shown to reduce methane emissions in sheep81, with preliminary assessments in dairy82 but it 

did not reduce emissions from feedlot cattle32. 

In addition, there is a suite of regionally available essential oil blends, with some listed below: 

Crina (https://www.dsm.com/anh/en_NA/products/solutions/crina.html) This EO blend has not been so well 

assessed for methane inhibition and makes no claims regarding methane but has been adopted as a monensin 

replacement in the EU. 

Gasoless (https://www.idena.fr/en/products-expertise/ruminants/)  

Nutrimix (https://www.idena.fr/en/products-expertise/ruminants/)  

Garvo (https://www.garvo.nl/contact/) 

Availability EOs are available worldwide.  

https://agolin.ch/products/#ruminant
https://mootral.com/
https://www.dsm.com/anh/en_NA/products/solutions/crina.html
https://www.idena.fr/en/products-expertise/ruminants/
https://www.idena.fr/en/products-expertise/ruminants/
https://www.garvo.nl/contact/
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Impacts on 

animal 

production 

In only 2 out of 18 studies using a wide range of EO mixtures did Corbellis et al.77 find a significant increase in 

feed intake with EO. Across 11 and 15 studies respectively, Torres et al.78 found diverse mixtures of EO 

significantly reduced growth rate (-10 g/d) and carcass weight (560 g) in sheep. In dairy cows, Hart et al.83 

reported a significant increase in milk yield (without changing milk composition) and a 10% reduction in 

methane emissions with Agolin. In a meta-analysis of Agolin alone, where more than half the studies used were 

unpublished, Belanche et al.80 claimed a similar reduction in methane production (8.8%) and improvement in 

milk yield and feed efficiency of <5%.  

Applicability EOs are transportable so they are widely available, although as indicated, the animal performance and mitigation 

responses are not consistent across products. Essential oils have low chemical stability and high volatility, thus 

there is a concern that exposure to oxygen, light or temperature may reduce their antioxidant and antimicrobial 

capacity. Pelleting may also adversely impact the biological activity of EO.  

EOs in their liquid form can be firstly mixed in with the diet concentrate or in a mineral mix and incorporated 

into the TMR diets of small and large ruminants (dairy and beef). Torrecilhas et al.84 observed that EOs remained 

stable for up to 30 days after inclusion in the diet. Moreover, EO can be microencapsulated (in dry form) leading 

to an extended shelf-life and maintaining the metabolic activity for extended periods85. This technology permits 

EO to be added to mineral or protein/energy supplements that are offered to ruminants in an open environment 

(rain, sun, wind, etc.) without losing efficacy.  

Expected 

market 

trajectory 

The major market opportunity for EO came when monensin was banned in Europe and EO and probiotics entered 

the market as an alternative to this antibiotic, to reduce acidosis and other digestive upsets in ruminants fed 

high-grain diets.  

Expected 

cost 

In Brazil, EO blends are often sold as part of a mineral and vitamin premix (up to 4.5%) of the diet. Cost is 

approximately US$1/kg of this product. 

Mootral has a program of carbon credits from enteric methane reduction from cattle (CowCredit™). CowCredit (1 

CowCredit = 1 t CO2e reduction) can co-finance the cost for Mootral for ruminants via selling the credits on 

voluntary carbon markets and serves as certification for GHG reductions. 
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Constraints 

to use 

The volatility and instability of EO during feed processing and storage may constrain their use. Similarly, the cost 

relative to expected return may also constrain use and this is made worse by the variety of formulations 

available making it difficult to consistently predict economic benefits. There is growing recognition that the 

bioactive compounds in EO may be produced by synthetic chemistry or by biotechnology214, rather than relying 

on extraction from plants which may reduce cost and availability constraints in future. 

Residue in 

animal 

product 

Due to the aromatic properties of EO, there is a concern that essential oils compounds may be incorporated in 

milk and meat resulting in unfavourable organoleptic characteristics. However, some recent sensorial studies 

revealed non-effect84 or higher acceptability of meat from animals fed essential oils86,87. The highly aromatic and 

volatile EO can have negative and positive effects on oxidation and attributes of ruminant meat with Simitzis et 

al.88 finding “oregano essential oil exerted strong antioxidant effects retarding lipid oxidation in the carcass of 

lambs.” Inclusion of garlic in the diet of dairy cows has also been shown to result in off-flavours in milk213.  

Impacts on 

manure 

There is extensive literature on the effects of soil manures and fertilizers on the essential oil content of various 

herbs, but little information on the effects of residual EOs that may be excreted in livestock manures on the 

environment. When added directly to manures, EO are highly effective in suppressing pathogens89, but the 

economic viability of this practice is questionable. As most EO are on the GRAS list, there is little concern with 

regard to adverse environmental effects. 

Potential 

regional 

distribution 

EOs are available worldwide. They are incorporated in diets for their protective properties (antioxidant and 

antimicrobial capacity) and possible effects on animal performance (DMI, feed efficiency, etc.). Several 

commercial EO products make claims as methane mitigators (Agolin and Mootral) which are mainly available in 

Europe and North and South America.  

Regional plants with lower cost may be an alternative to commercialise rather than use of extracted oils (thyme, 

oregano, rosemary, cinnamon, clove, etc.). Studies continue to seek out additional sources of EO from regionally 

produced plant species.  

Life-cycle 

Assessment 

(LCA) 

LCA have been conducted for the extraction of EO from various plant sources90,91, but the impact of EO on the 

carbon economy of ruminant production systems have not been assessed from an LCA perspective. Given the 

diversity of EO, a LCA of their impact on ruminant production would likely need to be EO-specific.  
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Actions 

needed to 

accelerate 

technology 

roll-out 

Farmers are reluctant to adopt new feed additives without evidence of robust economic benefits. For a large 

number of laboratory-based publications, there are relatively few animal studies and even fewer at the scale 

needed to detect a significant reduction in emissions or production of <5%. The primary need is for large, 

properly designed and replicated studies to assess the efficacy of the existing EO blends and their bioactives to 

reduce methane emissions, using appropriate methane measurement methods.  

Assessment 

Summary 

EOs and their blends have been extensively researched in laboratories but far less so in animals. The variability 

across treatments (and product formulations) is high. The most consistent results for methane mitigation were 

observed using thyme, oregano, cinnamon, and garlic or their principal components (thymol, carvacrol, 

cinnamaldehyde, and allicin, respectively)77. There is low agreement and medium evidence of a EO causing a 

low level of mitigation of methane emissions in peer reviewed research conducted in animals. EO efficacy is 

highly dependent on several factors (plant species, harvest time, method of extraction or compound synthesis, 

and dose) making it difficult to compare studies and clearly define effective formulations and dosages. 
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Saponins 
Saponins are a class of plant secondary metabolites with a great diversity of structure and biological activity92. Their chemical 

structure consists of a sugar base (e.g., glucose, galactose, glucuronic acid) linked to a hydrophobic aglycone or sapogenin. The 

biological activity of saponins depends on the nature, number and sequence of the sugars in the structures. The most studied 

saponins in the literature have been sourced from quillaia, tea and yucca plants. 

See the reference list 

Evidence of 

efficacy 

A meta-analysis by Jayanegara et al.93, with 23 laboratory studies that directly measured methane emissions, 

revealed that the addition of increasing levels (up to 500 mg/g of substrate) of a saponin-rich source (quillaia, 

tea or yucca) decreased methane emission per unit of substrate by (7.9%, 13.0%, or 22.3% respectively) as 

well as per unit of total gas produced (9.5%, 13.2%, or 23.3%, respectively). A decrease in acetate proportion 

and an increase in propionate proportion were also observed, while protozoal counts decreased with increasing 

levels of saponins. Ridla et al.94 recently reviewed 17 animal studies and reported a significant 8.6% reduction 

in methane/kg DMI for doses ≤0.5% saponin. Darabighane et al.95 likewise reported a significant (0.85 g 

CH4/kg DMI) reduction in methane yield in sheep, but Honan et al.96 highlighted the variability across studies. If 

reductions in methane are solely related to loss of rumen protozoa from saponin intake, reductions in methane 

may be transient, as increased activity by other members of the methanogen community not associated with 

protozoa may return emissions to pre-treatment levels.  

Mode of 

action 

Saponins are known to be the “natural detergents” with membrane degrading groups that complex with sterols 

in protozoal cell membranes, causing cell lysis. They modify ruminal fermentation largely by suppressing 

ruminal protozoa and selectively inhibiting some bacteria97. However, there is some ambiguity in the literature 

concerning the action of saponins to reduce methanogen populations. Guo et al.98 observed a decreased activity 

of the mcrA gene (an indicator of the methanogenic activity of the methanogen population), without changing 

the total methanogen numbers, while other studies reported that saponins decreased methane emission due to 

a lower relative abundance of methanogens93. 

Dose Inclusion levels of ≤0.5% are recommended for maximum methane mitigation and to avoid adverse impacts on 

digestibility94. 
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Manufacturer There is strong global supply of saponins, with multiple plant extracts generated in Asia where they are used as 

natural pesticides for soil invertebrates and in the US (e.g., www.desertking.com). 

Availability Widely available.  

Impacts on 

animal 

production 

The meta-analysis of Ridla et al.94 showed DM digestibility was increased by a low level of saponin (≤0.5% in 

DM) but reduced at a higher level. 

In the review by Wina et al.99, 3 studies with yucca extracts showed no changes in urea concentration in milk 

and 5 out of 9 studies reported improvements in animal performance (average daily gain) of cattle and sheep 

fed saponins sources, especially when animals were fed high roughage diets. This could be associated with a 

better utilization of N and microbial synthesis due to elimination of rumen protozoa. 

No information regarding the effect of saponin on animal reproduction was found in the literature. 

Applicability Saponin could be incorporated into mineral supplements for farmers in developing countries that adopt 

extensive pasture systems to improve N retention. Saponin extracts could also be incorporated in diets by 

firstly mixing with concentrate and then adding to total mixed rations for more intensive production systems 

(up to 0.5% of the diet) to reduce CH4 emissions and achieve other potential benefits from protozoal 

defaunation. 

Expected 

market 

trajectory 

Yucca and Quillaia saponins are already commercially available products that have been used not only as feed 

additives but for other purposes like foaming and emulsifying agents in beverages and cosmetics. 

Expected 

cost 

A yucca saponin extract powder containing approximately 40% Yucca saponin costs approximately US$26/kg 

saponin. 

Constraints 

to use 

Some plant saponins may be toxic to ruminants, causing photosensitization. This could lead to liver and kidney 

degeneration and gut problems such as gastroenteritis and diarrhoea99. 

Residue in 

animal 

product 

Saponins can be degraded in the rumen to sapogenins, and then excreted in faeces or absorbed in the 

duodenum and transported to the liver where they may be conjugated with glucuronide and excreted in bile. It 

is unlikely that saponins will be found in meat or milk, but even if they are retained, saponins show no or little 

toxicity and do not seem to be of hazard for consumers100. 

http://www.desertking.com/
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Impacts on 

manure 

Saponins have been used to remove heavy metals and hydrophobic organic compounds from contaminated 

soils101 but there is no available literature on effect of dietary saponins on the properties or usefulness (e.g., 

fertilizer, biogas production) of manures.  

Potential 

regional 

distribution 

Saponins can be found worldwide in a large variety of plants and plant tissues, so they can be a part of the 

forage stand during grazing. Extracted saponins, however, are far less common and principally available in the 

Americas and Europe.  

Life-cycle 

Assessment 

(LCA) 

 

No lifecycle analyses for tea, quillaia or yucca appear to have been completed. 

Actions 

needed to 

accelerate 

technology 

roll-out 

The principle uses for extracted plant saponins are in the human health sphere. Given their modest efficacy of 

mitigating enteric methane from ruminants, it would seem unlikely that this would be a market that will grow 

with additional research investment. 

Assessment 

Summary 

Recent review indicates low agreement and medium evidence of saponins causing low to medium mitigation 

of methane emissions in animals, as had been found in the laboratory. Modest doses supporting reduced 

methane production can also improve DM digestibility of supplemented ruminants, and low doses may support 

increased animal growth, but this is highly variable. Saponins are a heterogenous group of compounds with 

diverse biological activities, so any observed benefits are likely to be source specific. 
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Tannins 
Tannins are plant secondary compounds that are rich in phenols and have a strong tendency to bind to proteins, often making 

them unavailable for digestion and absorption. As such they are generally regarded as ‘anti-nutritive’ factors in forages used by 

livestock and the effects of both hydrolysable and condensed tannins have been reviewed102,103. Naturally occurring tannins are 

thought to be the main cause of low methane yields (CH4/kg DM) in legumes such as Lotus spp.104, Leucaena105 and 

Desmanthus106. Condensed tannins are commercially extracted and prepared for tanning leather, and it is these dried tannin 

extracts from acacia species as well as extracted quebracho and chestnut tannins that have been typically evaluated as feed 

additives. 

See the reference list 

Evidence of 

efficacy 

Much of the research on tannins and methane has been based on tannins present in forage rather than tannins 

used as a feed additive, so the evidence is differentiated on this basis below (innate forage vs added extracted 

tannins). 

Tannins in the main diet or forage: Jayanegara et al.107, in an analysis of 15 experiments (11 of them with 

tannin of non-extract form) with 41 comparisons found a weakly negative linear relationship between methane 

yield and dietary tannin level (g/kg DM), such for every 1% tannin in the diet, MY declined by approximately 

0.8 g CH4/kgDMI. Patra and Saxena108 ascribed this to (1) reduced carbohydrate fermentation in the rumen, (2) 

a direct toxic action on methanogens, and (3) a direct suppressive effect on protozoa. 

In a meta-analysis of six rumen simulation technique (RUSITEC) experiments, Jayanegara et al.109 found that 

methane emission decreased linearly with increasing level of dietary tannin due to a reduction in digestibility of 

nutrients (especially fibre) and inhibition of methanogens. 

Tannin extracts: Aboagye & Beauchemin102 found reduced MY in 7 of 9 animal studies, largely based on 

feeding tannin extracts. Meta-analysis of cattle data by Orzuna-Orzuna et al.110, with up to 32 cattle 

comparisons in which 26 of them used tannin extracts, observed a reduction in the concentration of ammonia 

nitrogen in the rumen (5.9%), urinary N excretion (3.0%), and dry matter digestibility (4.5%), without 
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affecting animal performance. Methane yield was measured in 10 studies and methane emission/kg DMI was 

reduced by 5.9%, with the effect increasing in animals fed tannins for longer periods. 

There is a commercially available tannin extract (Silvafeed) with some documented emission and productivity 

responses: 

● Methane production of sheep expressed in g/kg DM intake was reduced by 12%, 30% and 19% for 

Silvafeed, crude Acacia tannin extract and encapsulated Acacia tannin extract, respectively111. 

● Silvafeed at 30 g/ kg of DM reduced (6%) total CH4 production (24 h) but increased (5%) production of 

CH4 per g of degraded DM. These results suggest that these tannins affected CH4 mainly by decreasing 

fibre digestibility112. 

● Silvafeed (67 mg/L of inoculum) had no effect on gas production and methane production in the 

laboratory113. 

Mode of 

action 

Tannins bind strongly to proteins in the rumen and this is the main reason they reduce proteolysis in the rumen 

and increase protein outflow to the abomasum and intestine108. Exact mechanisms of mitigating enteric 

methane are likely to vary with tannin source but may include direct inhibition of methanogens, inhibition of 

protozoa, binding to polysaccharides as well as proteins, and an increase in propionate production114. 

Dose Tannins are not uniform but Jayanegara et al.107 found most animal studies used <40 g/kg DM. Higher doses 

can inhibit feed intake and DM digestibility. 

Manufacturer Global producers exist for tannins, principally marketed to preserve skins and hides as ‘veg-tan’ hides. Products 

specifically produced for feed applications are made, but none have a claim for reduced methane production. 

Silvafeed is a commercial additive composed of a mixture (60:40) of hydrolysed tannin from chestnut 

(Castanea sativa Mill) and condensed tannin from quebracho (Schinopsis lorentzii Engl) produced by SilvaTeam. 

This limited supply of dietary tannin extracts contrasts with a very strong research and commercial interest and 

investment in evaluating and developing tanniniferous shrubs and forages, especially legumes115 

(https://www.progardes.com.au/research) 

https://www.silvateam.com/en/
https://www.silvateam.com/en/
https://www.progardes.com.au/research
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 Impacts on 

animal 

production  

The meta-analysis of cattle studies by Orzuna-Orzuna et al.110 summarized the following effects in cattle based 

on up to 32 peer reviewed publications. 

Animal Performance: Feed intake, cattle growth rate and final liveweight were unaffected by tannins. 

Feed Digestibility:Reduced feed digestibility at doses above 12 g/kg DM110, and a tendency for reduced feed 

efficiency. 

Nitrogen Utilization: An intake of below 50 g condensed tannin/kg DM may contribute to greater amino acid 

absorption. For animals with higher protein requirements (capable of responding to an increase of dietary 

protein) forages containing condensed tannins had the potential to increase average daily gain by 8 to 38%, 

and milk production by 10 to 21%116. Tannin supplementation has reduced ruminal N concentration but did not 

affect the efficiency of nitrogen use110. 

Environment: Tannin supplementation reduced N excretion in urine and increased N in faeces. The shift from 

urinary to faecal N may be beneficial from an environmental perspective, as urinary N is volatilized to ammonia 

which can lower air quality, whereas slower release faecal N is more likely to contribute to soil health114. 

Animal Health: Tannin extracts have the potential to reduce bloat incidence117. Bloat is caused by very high 

solubility of forage proteins which produce stable foam in the rumen that traps rumen gases. Concentrations >5 

g/kg of condensed tannins in DM is needed to make forages bloat-safe118. 

Applicability  Tannins can be consumed naturally as ingredients in forages or added to prepared feeds and supplements as 

extracts mixed into the diet. 

Expected 

market 

trajectory  

The market trajectory for tannin-rich forages and browse species is strong but the prospects for delivery of 

extracted tannins in supplementary feed is weak due to the astringency of the tannins and lack of supply. 

Expected 

cost  

Tannin extracts cost US$3-4/kg for a product that is approximately 95%DM and 60-70% tannin in DM.  

Silvafeed in Brazil is marketed to the feed industry and farmers in packages of 25 kg to be mixed into the diet 

(0.03-0.08% of DMI) with cost around US$3/kg of additive. 
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Constraints 

to use 

Kumar and Singh119 document the constraints of tannins in natural feedstuffs, including (1) reduction in feed 

intake if >2% in forage, and (2) reduction in digestibility. Therefore, while rumen protection of proteins may 

enhance productivity in protein-deficient grazing situations and stimulate animal performance, effects are likely 

to be minimal with protein rich diets. Depending on the species, tannin-rich forages may also be difficult to 

establish and have yields that are lower in some environments than some alternative forages. 

Further, if tannins are provided as an additive in dietary supplements, they will need to be in a high 

concentration in the supplement and their high astringency may render the supplement unpalatable. 

Residue in 

animal 

product  

As tannins are high molecular weight complex molecules that are largely undegradable and not absorbed from 

the digestive tract, they are unlikely to generate residues in either meat or milk.  

Impacts on 

manure 

While diversity in tannin effects on feed digestion have been summarised above, in general tannins reduce the 

proportion of N excreted in urine120 and increase N excretion in faeces. The presence of the tannin in faeces has 

a persistent effect and reduces the overall greenhouse gas emissions from the manure (CO2, N2O, CH4)121. 

However, this effect may be lost over time as there was no difference in total gas or methane production over 

90 d in bench scale incubations122. 

Potential 

regional 

distribution  

As tannins are most common in the forages and browses of tropical countries, they are widely accessible. 

Similarly, extracted tannins for tanning hides are globally available, although that does not mean they can 

legally be used in supplements or TMR. Their approval as a feed additive depends on the requirements of the 

regulatory agencies in each jurisdiction.  

To the best of our knowledge there is only one commercially available tannin extract in the market for animal 

use. SilvaTeam is an Italian company, with factories located in Argentina, Brazil, Peru, USA, and China, and 

reputedly currently sells product in over 60 countries.  

Life-cycle 

Assessment 

(LCA) 

Life cycle assessment of different tannin extraction methods from spruce bark revealed that the evaporation 

process is the primary contributor to the environmental impact of tannin production. The use of preliminary 

cold-water extraction or multiple extractions can result in a higher tannin yield but has higher environmental 
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impact than a single hot water extraction123. A LCA from the perspective of the impacts of tannins on ruminant 

production has not been conducted. 

Actions 

needed to 

accelerate 

technology 

roll-out 

Given the low efficacy of tannins at reducing methane emissions and associated negative effects on dry matter 

digestibility (DMD), the co-benefit of altering nitrogen utilization and generally reducing urinary N excretion 

may offer motivation for tannin inclusion. There are also strong reasons for promoting tannin containing, 

nitrogen fixing legumes in the pasture/browse available to livestock grazing or fed with cut and carry systems. 

The combination of tannin and additional nitrogen may enhance forage yield and animal performance, and 

lower emissions/unit animal product.  

Assessment 

Summary 

Much of the data for tannins come from tannins eaten in forages, not provided as a feed additive. When fed as 

additives to animals there is medium agreement and medium evidence that dietary tannins result in a low 

reduction in CH4 yield in ruminants, both directly by inhibiting methanogen growth, and indirectly by decreasing 

nutrient digestibility. Mean reduction in methane yield (5.9%) is less than the reduction in total methane output 

(9.9%) because tannin additives reduce DM intake, but scale of effect is very dependent on tannin source. 

Thus, there is low agreement that these effects will result in improvements of animal performance and feed 

efficiency, but high agreement that tannins shift nitrogen excretion from urine to faeces that may affect manure 

GHG emissions. 
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Microalgae 
Microalgae have been principally evaluated as a renewable biomass substrate for producing algal oils for biodiesel or for gasification 

to methane in biodigesters124,125. They are valued for nutrient removal from wastewater and so contribute to the vision of cyclical 

agriculture. Microalgae, such as Chlorella spp., are likely to require cell disruption or solubilization before use as feedstock, and this 

has limited their use in biogas production126. Microalgaes have been evaluated as substrates for fermentation and biogas 

production127,128, but more recently their potential as feed additives to provide protein129 and suppress methane in ruminants has 

been assessed130. 

See the reference list 

Evidence of 

efficacy 

McCauley et al.130 concluded that the “effects of microalgae as a ruminant feed supplement on CH4 production 

and other fermentation parameters have not been fully understood or investigated”. Kiani et al.131 found no effect 

of three microalgae on methane production in the laboratory, despite a general suppression in fermentation. To 

date, no microalgal species has been found to mitigate CH4 in a manner similar to the red macroalgae, 

Asparagopsis. Among the few animal-feeding studies where microalgae or docosahexaenoic acid (DHA, an algal 

metabolite) has been fed to animals, as opposed to laboratory studies, Moate et al.132 and Klop et al.133 found no 

effect on methane production. 

Mode of 

action 

While the long chained fatty acid, DHA, has been proposed as an anti-methanogenic component of microalgae 

through its biohydrogenation134 and potential direct effects on ruminal CH4 production, McCauley et al.130 

concluded that they do not always reduce emissions. Other bioactives may also play a role in CH4 mitigation as 

lipid-free microalgae extracts have also been shown to suppress emissions. Freshwater microalgae typically have 

less or lack the bromoforms associated with marine red macroalgae. Where reductions in CH4 emissions are seen, 

they are likely most often attributable to the high lipid content of some microalgae species. 

Dose The inclusion level of microalgae in the diet depends on whether the product is fat extracted or is sold ‘as grown’, 

and whether it is blended with other non-algal components in a premix. High levels of microalgae in the diet can 

suppress feed intake in ruminants. 
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Manufacturer Algal meals are available and are now being used as source of omega three fatty acids for farmed fish.  

Availability DHA in a purified form is readily available as nutraceutical & algal extracts are available. 

Impacts on 

animal 

production 

Algal meals have primarily been evaluated as a protein source and as a source of DHA. Altomonte et al.135, in 

reviewing effects on milk quality, found in most cases there was no effect on milk volume (13 of 16 studies) or 

protein content (11 of 15 studies), with diverse effects on milk fat level. The primary response is an increase in 

polyunsaturated fatty acids, particularly omega-3 fatty acids in milk. Regarding liveweight gain, a review shows 

little evidence of improved production from inclusion of microalgae in the diet136, although it has been shown to 

increase the omega-3 fatty acid content of meat. 

Applicability While microalgae were expected to be a major protein source for humanity and are currently used as a protein 

and fatty acid source in fish-farming, to date there is no ruminant feeding application that would warrant their 

use to mitigate CH4 emissions. Other feeds such as flaxseed or rumen protected omega-3 fatty acids are more 

commonly used as a means of increasing the omega-3 fatty acid content of milk and meat.  

Expected 

market 

trajectory 

 

Algal meal availability will depend on whether microalgae develop as a feedstock for renewable energy. 

Expected 

cost 

Both algal meal and algal derived DHA are available for approximately US$20/kg in bulk 

Constraints 

to use 

Supply and few demonstrated improvements in production efficiency limits the use of microalgae as a ruminant 

feed. Nutritional strengths and constraints of algal nutrients in monogastric diets have been reviewed137. 

Residue in 

animal 

product 

Microalgae have been developed for heavy metal removal from contaminated environments138. Therefore, there is 

a risk they could accumulate heavy metals during culture, although they are principally grown in controlled 

aquatic environments that avoid heavy metals in culture systems. The lack of heavy metals or biotoxins would 

need to be confirmed in microalgae that was not grown under controlled culture conditions. As suppliers of PUFA, 

microalgae will affect the fatty acid profile of milk and meat. 

https://www.dsm.com/corporate/markets/animal-feed/replacing-fish-with-algae-with-veramaris.html
https://www.pondtech.com/algae-products
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Impacts on 

manure 

Like the macroalgae Asparagopsis, microalgae have been used as fertiliser46,139 and their biochar as a soil 

conditioner. Increasingly, microalgae biomass is seen as playing a key role in future bioenergy production and as 

part of circular agricultural systems140. 

Potential 

regional 

distribution 

The greatest growth in the microalgae industry will occur as result of their use as a 3rd generation bioenergy 

source and any livestock use will depend on this industry development. 

Life-cycle 

Assessment 

(LCA) 

Microalgae LCAs are primarily based on their use in bioenergy, and depending on species and growing conditions 

they can be used as a renewable substitute for fossil fuels to lower the carbon footprint141. 

Actions 

needed to 

accelerate 

technology 

roll-out 

A very low mitigation efficacy places microalgae at a competitive disadvantage relative to Asparagopsis and no 

immediate development of a microalgae product for methane mitigation is apparent. However, if microalgae are 

grown for carbon capture and for bioenergy production, greater supply may increase their direct use or use of 

associated by-products as livestock feed.  

Assessment 

Summary 

Microalgae meals are available in raw or defatted form and in pure or diluted forms. Their key nutritional 

metabolites (PUFAs) are also available as extracts.  

Generically, microalgae studies have shown there is little evidence and little agreement that microalgae offer 

even a low level of sustained methane mitigation. Correspondingly there is little evidence and little agreement 

that adding microalgae into a balanced dairy diet will increase milk production. Consequently, while individual 

algal bioactives may yet prove to mitigate methane emissions, there is currently no basis to recommend 

microalgae as a means of mitigating methane. 
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Biochar 
Biochar is a carbon based (charcoal-like) product arising from combustion in an O2 depleted environment (pyrolysis) of purpose-

grown or waste vegetation. Its production can generate syngas and heat as co-products and it is finding wide application in 

agriculture, both as a long-term stable carbon store and as a soil ameliorant142. In livestock feeding biochars have been used to 

adsorb toxins and alter manures143. Biochar has also been shown to facilitate methane oxidation (destruction) in soils144, largely 

where soils become aerobic, but anaerobic methane oxidation has been hypothesized to occur in the biofilms in the rumen145,146. 

However, it is a minor process in the rumen147 and requires another electron receiver (such as sulphate) to be present. 

See the reference list 

Evidence of 

efficacy 

There is only limited evidence that biochars affect rumen methane production with partial data to 2018 

collated by Schmidt et al.143. Effects on methane are not consistent across trials or chars148,149. Recently the 

need to acidify chars for improved methane mitigation has been found150 but little data on acidified chars is 

available and initial results show no advantage215. Biochars can affect the rumen biome in batch151 and 

continuous culture152, but these studies and others across a range of biochars have found no effect on 

methane emissions153 and a further 6 chars showed no effect on methane as % of gas produced149. In animal 

studies, methane production has shown inconsistent response154, and for these reasons Black et al.34 ascribed 

0% mitigation to biochar in Australia. 

Mode of action Given that mitigation is small and sporadic it is hard to ascribe a mechanism to the mitigation. If mitigation 

occurs it is likely to reflect changes in one or more of the following:  

1) reduced rumen protozoa populations151 

2) the pore structure of the biochar allowing a different microbial biome (ib-id) and  

3) the biochar acting as an electron shuttle moving electrons between microbes or between microbes and 

chemical acceptors155  

Dose 0.5 – 1.0% in feed DM. Intake has been suppressed at 1.5% biochar156 in cattle. 

Manufacturer Biochars can be generated from 1st (crop based), 2nd (crop waste based) or 3rd generation (algal based) 

feedstocks. There are over 130 biochar producers in the USA but the majority of global production occurs in 

China155. 
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Availability Industrial scale agronomic use in China but only pilot scale usage in most of world, and it is not routinely used 

as a feed additive in ruminants. 

Impacts on 

animal 

production 

The traditional roles of biochar in animal feeds is for adsorption of mycotoxins, pollutants, heavy metals and 

the management of ammonia and ion loss from manures; these impacts are summarized in reviews143,146. 

There are direct production benefits when such anti-nutritional factors are in the diet (e.g., tannins). When 

toxins are not a factor there are some studies in high-tannin tropical diets, where growth rate was improved. 

Applicability As shelf-stable products, biochars would readily fit into supplementation programs. However, chars specifically 

treated to provide methane inhibiting activity will be required and these have yet to be developed. 

Expected 

market 

trajectory 

Biochar production will be principally driven by the biofuels industry and a role in soil amelioration. Global 

production is approaching 500,000 t/y with China currently the largest producer, and other countries yielding 

<50,000 t157,158. To be widely effective in enteric methane mitigation, chars will need to be custom made with 

acidification and probably nanoparticle inclusions. Appropriate feedstock availability could also influence 

market development. 

Expected cost Non-treated char is currently available for approximately US$1000/t155. However, this is when capacity to 

supply is very low, so lower prices can be expected as supply increases and supply of specialist chars also 

becomes feasible. 

Constraints to 

use 

1) Low efficacy in mitigation by available untreated chars 

2) Limited supply in most countries 

3) Need for specialist treatment and preparation for methane efficacy 

4) Can be difficult to handle within mechanized feeding systems 

Residue in 

animal 

product 

Dietary biochar has been seen as a way of preventing toxins being absorbed by livestock, as the toxins are 

trapped on the biochar and excreted in manure. Reduced bioavailability of heavy metals in biochar treated 

soils may well also offer protection from heavy metal absorption by plants and the same may apply in animals 

(research needed). Care should be taken to not bring heavy metals into diets in biochars produced from plants 

grown on contaminated land. Similarly, marine algae should be checked for high levels of salts (sodium, 
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iodine) and bromine if used as biochar feedstock. European standards for feed grade biochar are set by the 

European Biochar Certificate Standard (https://www.european-biochar.org/en/certificate). 

Impacts on 

manure 

The principal biochar market is as a soil ameliorant or additive in high value crops142. There are no indications 

of any adverse effects but there are many positive effects of biochar on soil physical properties and biology. 

While only small quantities will be fed to livestock, this is seen as a means of distributing biochar via faeces 

and thereby improving soil fertility143. At higher doses than would occur in manure from biochar fed cattle, 

manure has shown increased gas production in a simulated biogas system when biochar was present159. 

Biochar also affects the redox state of the soil to which it is applied158. 

Potential 

regional 

distribution 

China is the main global production site157, but biochar is a transportable bulk commodity and can be 

produced wherever plant waste is available. 

Life-cycle 

assessment 

(LCA) 

Biochars are part of the bioenergy system and increasingly seen to have advantage in adsorption of 

undesirable organics and metals from the environment. Ibarrola et al.160 assessed a range of pyrolysis 

mechanisms for virgin feedstock and showed all processes lead to emissions abatement, so some of that 

abatement can rightly be attributed to the biochar arising, among other co-products. 

Actions needed 

to accelerate 

technology 

roll-out 

Research and development of biochar preparation to deliver a char supporting consistent methane mitigation 

is required. More research could be conducted by evaluating various feedstock sources. Reliance on crude 

pyrolysis products that have not been acidified or treated is unlikely to be a solution to lowering livestock 

methane emissions. 

Assessment 

Summary 

Biochars are a highly heterogeneous group of pyrolysis products, and this contributes to difficulty drawing a 

consistent assessment of efficacy in enteric methane abatement. Currently there is a low evidence, based 

largely on in laboratory incubations, which provide low agreement that currently available biochars deliver 

even a low (<5%) level of rumen methane mitigation. A treated acidic biochar may be specifically developed 

for methanogenesis but does not yet exist. Biochars may also be considered in animal feeds for heavy 

metal/toxin management, as a means of distributing biochar over the landscape as a soil ameliorant, and as 

part of a circular agricultural enterprise. 

  

https://www.european-biochar.org/en/certificate
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Bacterial DFM   
Direct-fed microbials (DFM) are products that contain live (viable) microorganisms including bacteria and/or fungus. Bacterial DFM 

are most often composed of propionate-forming bacteria (especially Propionibacterium spp.) and lactic acid producing bacteria 

(LAB) from a range of genera. The primary goal of bacterial DFMs is to enhance animal health and improve feed efficiency in 

ruminants. Very few DFMs have been assessed specifically for their ability to lower enteric methane emissions. Other less common 

bacterial DFMs that could specifically alter hydrogen flow in the rumen such as homoacetogens (Acetitomaculum ruminis, 

Eubacterium limosum, Ruminococcus productus), fumarate-reducing bacteria (Enterococcus faecalis, Mitsuokella jalaludinii) and 

nitrate/nitrite-reducing bacteria (Denitrobacterium detoxificans, Propionibacterium acidipropionici, W. succinogenes, S. 

ruminantium, V. parvula) have been assessed for their ability to lower methane emission mainly in the laboratory, with few studies 

in animals. Only those bacterial DFMs that have been specifically assessed in animals will be discussed further. 

See the reference list 

Evidence of 

efficacy 

Propionibacteria: The effect of various species of propionibacteria on ruminants has been studied for more 

than 20 years, with the majority of the research focusing on growth and feed efficiency. Although laboratory 

incubations of various Propionibacterium strains have been shown to reduce CH4 production, research in 

animals is limited. Among 31 animal studies reported in the literature in the last 20 years, only 6 assessed the 

effects of propionibacteria on enteric methane emissions. These studies involved different strains (P. 

acidipropionici P169, P. acidipropionici P5, P. jensenii P54, P. freudenreichii T114, P. thoenii T159, P. 

freudenreichii T54, P. freudenreichii 53-W), different hosts (beef cattle, dairy cow and sheep), and fed 

different diets (high forage, high concentrate). The dosage of bacteria provided ranged from 5 x 109 – 11.5 x 

1011 CFU/head/d. None of these studies found that propionibacteria reduced enteric methane production. In 

contrast, Jeyanathan et al.161 reported that P. freudenreichii 53-W actually increased the intensity of CH4 by 

27% (g CH4/kg milk) in cows fed a high starch diet. Similarly, Vyas et al.162 also showed that supplementation 

of P. freudenreichii T114, P. thoenii T159, P. freudenreichii T54 to beef cattle fed a high forage diet tended to 

increase methane yield per unit of DM or GE intake. The limited information obtained so far suggests that 

despite the ability of propionibacteria to produce propionate as a hydrogen sink during fermentation, it does 

not lower enteric CH4 emissions.  
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Lactic acid producing bacteria (LAB): Information on the efficacy of LAB on enteric methane production is 

very limited. Only 5 research publications evaluated various strains as either DFM or as silage inoculants on 

enteric methane production from dairy cows or sheep. Jeyanathan et al.161 showed that L. pentosus D31 (3.6 

× 1011 CFU/cow/day) and L. bulgaricus D1 (4.6 × 1010 CFU/cow/day) did not affect CH4 emission from cows 

fed either high starch or high fibre diets. Ellis et al.163 reported that L. plantarum (6072), L. lactis (O-224), L. 

buchneri (LB1819), L. lactis (SR3.54) as silage inoculants (1.5 × 105 CFU/g of grass) or supplemented 16 h 

before morning feeding (5 × 109 CFU/cow/day) did not affect CH4 emission regardless of the unit of 

expression, but tended to increase CH4 produced per unit of metabolic BW. Philippeau et al.164 examined 

combinations of Propionibacterium P63 with L. plantarum 115 or with L. rhamnosus 32 administered at 1010 

CFU/d on methane production of dairy cows fed either high- or low-starch diets. Cows fed low starch diet with 

P63+ L. rhamnosus 32 tended to have decreased CH4 emissions when expressed per kilogram of milk or 4% 

fat-corrected milk, but P63 alone did not. However, Cao et al.165 found that compared to sheep fed 

unfermented TMR, sheep fed fermented TMR together with L. plantarum Chikuso-1 had lower daily methane 

emissions and energy losses resulting from increased conversion of lactic acid to propionic acid in the rumen. 

Mwenya et al.166 assessed the effect of feeding Leuconostoc mesenteroides subsp. Mesenteroides (AOK1789) 

to sheep at 1.5–1.8 × 109 CFU/head/d and found no effect on methane emissions. In general, to date, 

bacterial DFMs have failed to reduce enteric methane emissions. Further development of acetogenic or 

methanotrophic DFMs may offer future possibilities as they have the potential to directly impact hydrogen flow 

and the half-life of CH4 in the rumen.  

Mode of action In general, the potential mode of action by which DFM favourably alter feed digestibility includes altering 

ruminal acid production, establishing desirable microflora, and increasing fibre digestion167. The mode of 

action of DFM depends on many factors, such as dosage, feeding times and frequencies, diet, and strains of 

DFM. Some DFMs act within the rumen while others impact the lower gastrointestinal tract. However, 

mechanisms by which bacterial DFM may alter enteric methane production are unclear. Results from 

laboratory incubations and limited animal research offer the following potential explanations: 

Propionibacteria: 
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1). Propionibacteria are natural propionate producers in the rumen and convert carbohydrates to propionic 

acid, leading to increased propionic acid concentration in the rumen. Propionate is a H sink in the rumen and 

its production can reduce the availability of H for the reduction of CO2 to CH4 by methanogens. Indeed, some 

researchers have shown increased ruminal propionate with Propionibacterium P169 in cattle168,169. 

2). Another possibility for the lower intensity of CH4 emissions could be the antimicrobial activity of some 

Propionibacterium strains, which produce inhibitory metabolites such as short-chain fatty acids and 

antimicrobial peptides known as bacteriocins. It has been shown some strains of Propionibacterium have 

inhibitory activity against ruminal bacteria, thus reducing CH4 and total gas production in the laboratory170,171. 

However, this response could reflect an overall reduction in fermentation and to date it has not been shown 

that propionibacteria produce inhibitors that are specific to rumen methanogens. 

Lactic acid producing bacteria (LAB): Doyle et al.172 summarized the possible mechanisms by which LAB 

decreased methane production in ruminants:  

1). Addition of LAB may stimulate the production of lactic acid and the growth of lactic utilizing bacteria that 

convert lactic acid to propionate173. 

2). Metabolites such as bacteriocins (e.g., nisin from Lactococcus lactis, PRA1 from L. plantarum TUA1490L 

and pediocin produced by P. pentosaceus 34) may inhibit the growth of hydrogen producing microorganisms 

and thereby reduce substrate availability to methanogens. However, if these mechanisms exist, they have yet 

to be elucidated.  

Dose DFMs are typically administered directly through the diet. Some preparations may be encapsulated so as to 

promote their passage through the rumen to the lower digestive tract. Most preparations are administered at 

rates ranging from 1 x 106 – 1 x 1012 CFU/head/d. LAB are also extensively used as silage inoculants. 

Manufacturer International and local manufacturers. 

Availability Commercial products are readily available globally, but are registered for improvements in feed efficiency, not 

for reduction in enteric CH4 emissions. 
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Impacts on 

animal 

production 

The impact of bacterial DFMs on ruminant growth and feed efficiency has been recently reviewed172,174,175. In 

general, effects of bacterial DFMs on animal performance are inconsistent, a response attributable to 

differences among strains, strain viability, dosage, diet composition and host genetic and physiological traits.  

Propionibacteria: Azzaz et al.175 reviewed 26 reports on the use of propionibacteria strains in ruminants, 

showing 3 with increased, 4 with decreased and 19 with no effect on feed intake. Similarly, among the 12 

publications assessing effect of propionibacteria on milk production, only 3 that used a combination of 

propionibacteria and LAB or yeast resulted in increased milk production, with the remaining 9 having no 

effect. Three reports showed no effect on body weight gain, but one showed increased wool production in 

sheep. Similar trends were also found for the effect of LAB on feed intake and animal performance.  

LAB: Doyle et al.172 generated a critical review on the use of LAB in ruminants. Meta-analysis of LAB 

supplementation in young calves has shown that LAB can exert a protective effect and reduce the incidence of 

diarrhoea and improve weight gain and efficiency176 when one particular strain was administered in whole milk 

or as an inoculum177. When LAB were administered to mature ruminants, the prevalence of Escherichia coli 

O157 in beef cattle was reduced178, suggesting that some DFM may promote food safety. LAB DFMs have also 

been shown to reduce the risk of ruminal acidosis in some instances179,180. Milk production was increased in 2 

out of 8 studies and the remaining 6 were not affected by various LAB strains. The reported two studies 

involving beef cattle showed increased growth in one study whilst there was no effect in another. 

Often, propionibacteria and LAB were mixed within DFMs and occasionally even yeasts are included in the 

product. Consequently, it is difficult to separate observed responses and attribute them to any single 

component within mixed products.  

Applicability Readily delivered either through direct inclusion in feed or through silage. Occasionally, also administered to 

individual animals in the form of a bolus.  

Expected 

market 

trajectory 

Products are already available on the market, depending on the organism. If a successful DFM mitigant could 

be identified, commercialization, regulatory requirements, production, distribution and adoption streams could 

already be in place.  
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Expected cost Bacterial direct-fed microbials typically range in price from US$0.05-0.25 per head per day. Cost depends on 

fermentation conditions, cell yield and product stability. 

Constraints to 

use 

Easiest if dealing with microorganism on GRAS list. Other microbial candidates would have to be submitted 

through the appropriate regulatory pathways. 

Lack of DFMs that have proven efficacy in terms of CH4 mitigation. 

Residue in 

animal 

product 

No concerns over residues in animal products. Increasing requirement for bacterial DFM to be genetically 

sequenced and assessed for undesirable genes that may be associated with factors such a virulence or 

antimicrobial resistance. Bacterial species with pathogenic properties are deemed unsuitable as DFMs.  

Impacts on 

manure 

The main role of DFM in manure properties has been the frequent (but not consistent) reduction in the level of 

pathogens (Escherichia coli and Salmonella strains) as summarised by McAllister et al.167. Changes in the 

quantity of manure produced (reflecting DM Digestibility) and composition are small and variable.  

Potential 

regional 

distribution 

Global distribution. 

Life-cycle 

Assessment 

(LCA) 

An LCA of probiotics used in fish farming showed a modest carbon cost (1,153kg CO2e/ batch), with 90-97% 

of the energy cost coming from the lyophilization of the product, so a similar cost could be assumed for 

ruminant probiotics181. As no bacterial DFM with clear mitigation responses have been identified, LCA from the 

perspective or ruminant production systems have not been conducted. 

Actions needed 

to accelerate 

technology 

roll-out 

More work is needed to identify bacterial DFMs that clearly result in a reduction in methane emissions. The 

persistence of effective strains within the ruminant environment also requires investigation.  

Assessment 

Summary 

Bacterial direct fed microbials are increasingly being included in high grain diets to reduce the risk of lactic 

acidosis in the absence of antibiotic rumen modifiers. There is low evidence from animal studies, and low 

agreement that bacterial DFM will mitigate enteric methane production by up to 5%. There is also medium 

evidence and medium agreement that bacterial DFM can have positive effects on animal health. 
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Fungal DFM 
Fungal DFM mainly consist of Saccharomyces cerevisiae (yeast) and Aspergillus oryzae, with S. cerevisiae being the most common 

for ruminants. Other fungi including Trichosporom sericeum, S. lipolytica, A. terreus and A. niger have also been explored, but to a 

far lesser extent.  

See the reference list 

Evidence of 

efficacy 

Darabighane et al.182, conducted a meta-analysis to assess the impact of S. cerevisiae on methane production 

in dairy and beef cattle. The fact there were only 7 papers published between 1990 and 2016 reflects the lack 

of data. Using three datasets (all cattle, dairy cattle, or beef cattle) they concluded that yeast did not affect 

either daily CH4 production or CH4 production per dry matter intake (CH4/DMI). Since 2017, one study showed 

that S. cerevisiae CNCM I-1077, at a dosage of 1 x 1010 CFU/head/d, tended to increase CH4 per unit of feed 

intake in lactating dairy cows . In another study, S. cerevisiae supplemented at 2, 4 and 6 x 1010 CFU/head/d 

also did not affect CH4 production regardless of whether it was expressed as grams per day or per unit of milk 

yield, dry matter intake, digested organic matter, or digested non-fibre carbohydrate184. Similarly, Oh et al.185 

reported that supplementation of a DFM product containing S. cerevisiae (5 x 1010 CFU/head/d and 1.1 × 108 

CFU/g of a mixture (3 x 109 CFU/head/d) of L. lactis, Bacillus subtilis, E. faecium, and L. casei had no effect on 

enteric methane production, yield (methane per kg of dry matter intake, DMI), or emissions intensity 

(methane per kg of energy-corrected milk yield). Furthermore, Meller et al.186 supplemented S. cerevisiae 

(from Yea-Sacc 1026) at a dose of 5 x 109 CFU/head/d to lactating Jersey cows and found no effect on CH4 

production when the diet contained either urea or NO3
− . In contrast, Cagle et al.187 showed that 

supplementing S. cerevisiae Sc47 CNCM I-4407 at the levels of 2.5, 5 and 10 x 1010 CFU/head/d to steers and 

heifers fed a growing, transition and finishing diet decreased CH4 only when it was administered at the highest 

level in a grower diet. Research to date has failed to show that fungal based DFMs result in a predictable 

reduction in enteric methane emissions.  

Mode of 

action 

Proposed modes of action for fungal DFM include: 

• Reduction of oxygen in the rumen 
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• Prevention of excess lactic acid in the rumen 

• Provision of growth factors such as organic acid and vitamin B 

• Increase of rumen microbial activity and numbers 

• Improved balance of ruminal end products (e.g., VFA, rumen microbial protein) 

• Increase of ruminal DM digestibility 

• No clearly defined mechanism in terms of reducing enteric CH4 emissions. 

The most commonly reported mode of action of S. cerevisiae is the creation of a more anaerobic and stable 

environment, which promotes the growth of two key classes of ruminal bacteria: fibrolytic and lactate-utilizing 

bacteria. The increase in lactate-utilizing bacteria leads to the stabilization of pH, prevention of lactate 

accumulation and an increase in VFA production. Live yeast may also be able to metabolize the lactate itself, 

further decreasing the concentration within the rumen and enhancing its effects. However, these responses 

have not been linked to a consistent reduction in ruminal CH4 production. 

Dose Fungal DFMs are administered in the diet at rates ranging 108-1011/head/d depending on strains, animal, diet, 

etc. Most commonly they are administered at 109-1010 CFU/head/d. 

Manufacturer International and local manufacturers. 

Availability Commercial products are readily available globally, but are registered for improvements in feed efficiency, not 

for reduction in enteric CH4 emissions.  

Impacts on 

animal 

production 

Numerous reviews have been published in the last 20 years to document the effects of fungal microbial 

products on animal productivity, in particular the use of yeast (S. cerevisiae) in dairy cattle167,188–194. In 

general, fairly consistent positive effects of yeast on milk production and composition have been found in 

lactating dairy cows. In a review of 32 lactation studies conducted between 1986 and 1997, supplementation 

with yeast increased milk production on average by more than 1.1 kg per day with the response being greater 

for cows in early lactation188. An average increase in milk production of 0.45 kg of milk per day was also 

documented by summarizing 26 comparisons where fungal extracts from A. oryzae were fed to lactating 

ruminants188. In a review by Robinson and Erasmus190, yeasts increased milk yield by 3.6% on average.  
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Fungal cultures have also been fed to calves, sheep, and steers but studies with these livestock are far fewer 

than with lactating dairy cows. Sales191 conducted a meta-analysis and the results revealed that yeast did not 

have any effect on growth, feed conversion, ruminal parameters or fibre digestibility in sheep. 

Sartori et al.195 conducted meta-analysis on data from 12 publications reporting 22 trials about the effect of 

live yeast supplementation on beef cattle performance prior to 2014. The results showed that yeast increased 

ADG when the forage level in the diet was between 30 and 50% but decreased it when the forage level range 

from 51 to 75%. When the diet contained 60% NDF, the use of yeast decreased the ADG by 407 g/day. 

Overall, supplementation with S. cerevisiae in the diet of beef cattle decreased DMI, had no effect on ADG, but 

improved feed conversion due to the reduction in DMI. However, two recent reports found that supplemented 

live S. cerevisiae to beef cattle (4.9 x 1012/head/d) did not affect DMI, ADG or feed efficiency196, and that beef 

cattle supplemented with 4 x 1010 CFU/head/d exhibited increased average daily gain, improved feed efficiency 

and enhanced digestibility of neutral detergent fibre and acid detergent fiber197. In contrast, Finck et al.198 

showed that supplemented yeast at 5 x 1010 CFU/head/d increased DMI, but not ADG, and reduced morbidity 

in receiving calves. Although yeast have resulted in improvements in productivity in ruminants these responses 

have not been linked to a reduction in enteric CH4 emissions.  

Applicability Readily applicable through feeding. 

Expected 

market 

trajectory 

Products are already available on the market, depending on the organism. If a successful DFM mitigant were 

identified, commercialization, regulatory requirements, production, distribution and adoption streams could 

already be in place.  

Expected cost Product costs vary but an example may be US$7000/t and fed at 10g/head/d. 

Constraints to 

use 

Easiest if dealing with microorganism on GRAS list. Other microbial candidates would have to be submitted 

through the appropriate regulatory pathways. 

Lack of DFMs that have proven efficacy in terms of CH4 mitigation. 

Residue in 

animal 

product 

None expected 

No evidence 
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Impacts on 

manure 

No direct impacts on manure other than potential alterations in carbohydrate composition as a result of 

improved ruminal fibre digestion. 

Potential 

regional 

distribution 

These shelf-stable products are already marketed globally.  

Life-cycle 

Assessment 

(LCA) 

As products have not been shown to consistently lower methane emissions, no LCA have been conducted for 

ruminant production systems. 

Actions 

needed to 

accelerate 

technology 

roll-out 

Need to identify yeast strains that result in a consistent reduction in enteric methane emissions.  

Assessment 

Summary 

Fungal DFMs are widely used in grain-based beef and dairy systems. Consequently, extensive reviews and 

meta-analyses have been conducted confirming there is low agreement and low evidence that fungal DFMs 

cause even a low reduction in methane emissions from ruminants. However, fungal DFS do increase milk 

production in dairy cows and can increase growth rate of beef cattle on low (30-50%) forage diets but not on 

high forage diets. 
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Less Advanced Methane Mitigating Feed Additives 
Biopremix A patented probiotic “for reducing methane production in a ruminant animal comprising the step of 

administering to said ruminant animal an effective amount of at least one strain of bacterium of the 

genus Propionibacterium.” This product is patented to DuPont Nutrition Biosciences. Application 

Number: US20140112889A1 

Cinnamaldehyde 

 

Cinnamaldehyde is the principal constituent of the essential oil extracted from Cinnamon bark. 

Variable results in laboratory and animal studies. Refer to Essential Oils section 

Cowbucha 

(A microbial additive) 

An early-stage probiotic additive being developed for dairy cattle 

Chitosan Chitosan derived from chitin has been used to control the release of additives in the digestive tract. 

Its inclusion in ruminant feeds has given minor but inconsistent effects on methane production after 

4h199 or 96h200 measured in the laboratory,, but no effect on methane emission was evident in cattle 

on forage or concentrate-based rations200,201. 

Fumerate An organic acid effective in mitigating emissions but very expensive. See malate (below) 

Gut motility controllers Several pharmaceutical products are effective in decreasing the retention time of feed in the digestive 

tract and can thus reduce methane production202. These include Slaframine produced as a fungal 

toxin and Thyroid hormone203. Reduced retention time could also result in lower DM digestibility 

depending on diet composition. 

Glucosinolates Purified glucosinolates may affect enteric emissions and this may be mediated by effects on digesta 

kinetics205. 

Harit Dhara Harit Dhara is a tannin and saponin plant extract developed by scientists of the Indian Council of 

Agricultural Research (ICAR) showing early promise in mitigating. However, at 500g/head/d for 

mature bovines it represents a significant proportion of the diet and should be seen as a feed 

ingredient (like cotton seed or vegetable oils) rather than an additive204. 

https://edairynews.com/en/fonterra-turns-to-kowbucha-as-a-possible-methane-reducing-probiotic-for-cows-79720/
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Malate Malate is an organic acid that is readily utilised by rumen organisms which produce propionate, 

depriving methanogens of hydrogen. Chemistry suggests 4g of methane will be spared per 134g of 

malate fed to ruminants216. Since malate is approximately US$5/kg this equates to US$168/kg CH4 

abated, so malate is a safe and effective mitigant but unlikely to ever be economic. Fumerate has the 

same mode of action. 

Macroalgae other than 

Asparagopsis 

 

While Asparagopsis is the principal algae being developed for methane mitigation, the green and 

brown macroalgae are also functional in abatement206,207. However, due to their lower bromoform 

levels they have not as rapidly been taken to animal trials. 

Oregano This flavoursome herb contains essential oils rich in the bioactives thymol and carvacrol96 and has 

been tested in the laboratory and animals for methane inhibitory effects, with mixed results. Refer to 

Essential Oil section. 

Propolis Honeybee propolis is effective in reducing methane production208 and this may be due to the 

flavonoids and phenolics it contains209. High cost is likely to make it uneconomical as a CH4 mitigant. 

Sop Star Cow This commercial European product has primarily been marketed as a microbial means of reducing 

ammonia and methane from housed animals but there is initial evidence of efficacy as a feed 

additive210. 

Statins Statins are highly bioactive and central in cholesterol medication for humans. They are also prevalent 

in plant products and may affect methane production211 and the gut microbiota212.  

Synthetic bromoform Since bromoform is the principal methane inhibiting compound in Asparagopsis seaweed, there is 

considerable interest in introducing the bromoform without needing to provide the seaweed. 

Bromoform is not included on the generally regarded as safe (GRAS) list 

https://www.fda.gov/food/food-ingredients-packaging/generally-recognized-safe-gras (refer 21 CFR 

182) and there are health impacts at some concentrations that would need to be addressed (refer: 

https://www.epa.gov/sites/production/files/2016-09/documents/bromoform.pdf) 

Tradilin This commercial extract of linseed oil is rich in alpha linolenic acid and is sold commercially with 

linkage into a methane evaluation program. 

https://www.sopfarm.com/sectors/sop-scientific-works/sop-scientific-works
https://www.fda.gov/food/food-ingredients-packaging/generally-recognized-safe-gras
https://www.epa.gov/sites/production/files/2016-09/documents/bromoform.pdf
https://www.valorex.com/en/the-eco-methane-environmental-approach/
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Assessment of industry preparedness for 

methane-lowering feed additives 

Introduction 
There has been considerable global investment in researching the ten feed 

additives described in the attached scientific report, as well as an even wider 

array of additives that have not yet shown sufficient promise to warrant 

extensive investigation. Despite this investment, little is known about the 

preparedness of the delivery pipeline to take feed additives into commercial 

production, to use them in prepared feeds or supplements, and to have those 

products purchased and used by commercial livestock managers. In the 

following assessment, we developed an introductory understanding of the 

interest and level of preparedness of different actors in the feed additive pipeline 

(additive-manufacturers, feed or supplement manufacturers and livestock 

managers) to achieve significant GHG emission mitigation in developed and 

developing countries. 

Methods and materials 
Questionnaires were prepared relevant to each actor in the feed additive pipeline 

as presented following this report (Appendix 1). We sought to reach at least five 

actors in each category (Table 2). Respondents were not all chosen at random, 

with some being known contacts or being selected on appearance in published 

literature or promotional material. We shared the questionaries as a MS Word 

file and as an on-line form (Google Forms). Table 1 shows the number of 

questionaries completed and Figure 4 shows the source countries for responses.  

Questions were designed to elicit a YES/NO response wherever possible. Where 

a result was unclear the responding company was approached again, and the 

answer clarified. Some organisations approached did not complete the survey 

but provided insights that are included in the discussion. 

Table 2. Summary of the number of responses received from participants in each 

sector, partitioned by stage of development of the country. 

Sector Developed countries Developing countries 

Additive manufacturers 4 4 

Feed/supplement 

manufacturers 

6 8 

Livestock managers 5 21 
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Figure 4. Location of organisations completing questionaries for Additive 

manufacturers (8), Feed manufacturers (14) and Livestock managers (24) 

Results and discussions 
Findings are presented in written form below followed by a more visual ‘Info-

graphic’ format on the subsequent pages. 

Observations from additive manufacturers/harvesters 

A range of national and international manufacturers were approached, whose 

products or potential products covered many of the additive classes assessed in 

the attached technical review. Some companies could be expected to have the 

capacity to service this market, but presently have no known activity in the 

sector. Potential factors that prohibited their engagement were considered. 

Of the eight manufacturers who responded, six identified methane mitigation as 

the primary claim of the product they would or do produce, and manufacturers 

most frequently expected that a product would take less than five years to 

commercialise. Many nature-based products such as probiotics or essential oil 

components or blends may not require registration in many countries. 

Most manufacturers identified developed countries as a high to very high priority 

market (seven of eight) as compared to developing country markets (three of 

eight). In addition, they most often identified feedlots (seven of eight) and dairy 

(five of eight) as high to very high priority. No manufacturers identified the 

grazing industry as an extremely high priority for implementation.  
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Two of eight manufacturers expected that the inclusion of feed additive would 

increase the cost of ration from 0 to 1%, and two manufacturers expected to 

increase feed price by from 1 to 5%, but four of eight manufacturers did not 

declare the likely cost increment. Regarding constraints to developing additives, 

five of the eight respondents identified research (or lack of research) as a high 

to very high priority constraint to commercializing products. Lesser restrictions 

included the manufacture of additives (once discovered) and the registration 

demands (high to very high priority issues for 50% and 38% of respondents, 

respectively). Views on consumer demand as a constraint were mixed, with 50% 

indicating it was a low priority or not a priority constraint and 50% it was a high 

to very high priority. This may have reflected 3 of the 8 organisations 

responding have businesses based on Asparagopsis, and there has been a very 

high media profile creating strong consumer awareness and interest, even 

though supply is limited. Fifty seven percent identified the value proposition 

(economic return) as a high to very high impact constraint to product 

development. 

Observations from feed and supplement manufacturers 

The survey primarily addressed local or regional feed manufacturers (71%) and 

only 2 of 14 responders said they already produce a feed product with a low 

methane claim. Many respondents thought probiotics (64%) and essential oils 

(50%) and antibiotic rumen modifiers (ARM: 50%) effectively reduce methane 

production, with only 4, 2 and 1 of the 14 respondents aware of 3-

nitrooxypropanol, Asparagopsis, and nitrate as additives, respectively. 

Only 14% of respondents thought feeds or supplements to manage enteric GHG 

emissions was a current high or extreme priority for their company but 43% of 

respondents expected this priority to change to a high or extreme priority within 

five years. Feed manufacturer respondents identified product cost (including 

additive) as the greatest impediment to developing methane suppressing 

additives, being high or extremely high priority factor for 57%. 

Half of the feed manufacturers said consumer demand was an extremely high 

priority consideration in their moving to low methane feed manufacturing; that 

is, that consumer demand would be needed for them to develop and deliver a 

low methane feedstuff. The fact that 71% then said consumer demand (or lack 

of it) was the main constraint to their developing a commercial methane 

inhibiting feedstuff indicates that feed manufacturers do not currently perceive a 

demand for such feeds or supplements by livestock managers. 

Observations from livestock managers 

The majority of the livestock enterprises who responded to the questionnaire 

were beef cattle producers (84.6%) and ranged in operation size, from 

operations having less than 1,000 head (12 operations) to having more than 
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10,000 head (9 operations). The operations surveyed were primarily in two 

developing countries (Indonesia and Brazil; 5 and 16 respectively). 

Many are already using feeds that contained additives, with more than 60% 

using probiotics and more than 50% using ARM. The primary reason for using 

feed additives was increased animal performance (81%), with improved feed 

efficiency (73%) and health (69%) being the next most important. 

Only one of 26 respondents said GHG management was a current reason for 

adopting a feed additive, and 81% said GHG management was a low priority, or 

had no priority. However, respondents expected commercial interest to increase 

with only 31% of the same respondents expecting additives for GHG mitigation 

would have low or no priority in 5 years. 

The increased adoption of methane mitigating additives they expected to occur 

over time was primarily motivated by an expected increase in animal 

performance and feed efficiency (92% of respondents), with company image and 

market economics (e.g., C credits) also important motivators (for 73% of 

respondents). 

While most livestock managers expected methane-reducing additives to increase 

productivity and economic gain, 27% of respondents said they would only pay 

up to 1% above current feed prices, and 27% said they would pay up to 5% 

more to have the additive included. 

All enterprises said they needed additional information on additives to consider 

their adoption (24 of 24), but where they would source this information varied. 

Most (58% of respondents) indicated that they would seek information from 

existing suppliers of existing feed with additives, but 46% said they would 

search on-line for suppliers or for scientists. Only 39% said they would contact a 

scientist directly. 

The infographics below provide a visual summary of the main observations in 

each sectoral survey, then the key data and implications are discussed.
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Discussion 
Although very limited in scope, the data indicate a feed additive pipeline that is 

poorly prepared to achieve a substantial reduction in global livestock emissions 

in the next five years. This is because of narrow target markets for additive 

manufacturers, a poor level of understanding about emerging additives, 

unrealistic expectation of co-benefits, and lack of clarity regarding potential off-

farm financial rewards. Some of these critical points are discussed below. 

Towards achieving global mitigation 

The survey of additive manufacturers identified that the primary target market 

for methane mitigating feed additives is the developed countries, and specifically 

within those, the feedlot and dairy industry. As identified in the main review, 

feedlots contribute less than 3% of enteric emissions. With none of the seven 

manufacturers identifying the grazing industry as an extremely high priority 

market, there is the distinct possibility that the developing world and the grazing 

industries world-over will be delayed in receiving any new emerging methane 

suppressing additives. Coupled with this, is low current interest in developing 

methane suppressing feed products in the feed industry and a poor 

understanding within the feed industry of available or emerging additives to 

suppress methane. Rapid global mitigation of livestock methane by feed 

additives is therefore unlikely to be realized. 

Incentives and motivation for methane suppressing additives 

The data suggests end-users are mostly expecting the inclusion of a methane 

additive in processed feeds or supplements to increase the price of that feed by 

no more than 5%. Both the end-users and the feed manufacturers are expecting 

an economic return for producing or using feeds containing methane suppressing 

additives, with that return either via productivity or external economic support. 

It is a serious concern that of the ten additives evaluated in the main review, 

none offered robust evidence of productivity or efficiency gains of 10% and most 

offered far less, if any at all. The large-scale studies required to quantify the 

scale and variability in productivity responses to mitigation have not been 

completed. This places the feed industry in a weak position to make a business 

case for the inclusion of additives.  

To further the economic challenge, the cost of the additive was thought by feed 

manufacturers to be the most important constraint for their developing of low-

emission feeds. In general, neither feed mills nor livestock managers would use 

methane suppressing additives or feeds unless there was an economic 

advantage or legislated requirement. One observation, from discussion rather 

than scripted questions, was that livestock producers selling a branded livestock 

product (a product where the growers name goes with the product through to 

the final consumer) may absorb the costs of methane mitigation practices, 
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because a low methane claim could favourably affect consumer purchase 

choices. In contrast, livestock producers selling into a commodity market 

(effectively losing linkage to their product at the farm gate) would need a 

financial return from productivity, carbon value or subsidy to justify the use of 

additives. Several companies that manufacture feed additives are looking for 

recognition of the carbon value of their products (e.g., Mootral through Verra) or 

real cash subsidies from industry or government (e.g., SilvAir). 

Understanding of methane-lowering additives 

More than half of the livestock enterprises were using feeds that contained some 

natural, synthetic, or probiotic additive, but only one producer (of 26) was using 

an additive to improve environmental outcomes and over 80% described GHG 

emissions as a low or non-priority issue for their enterprise. All producers said 

they needed external information regarding supplements with the highest 

ranked source for this information being existing industry suppliers of feeds that 

contain additives. 

Unfortunately, the feed manufacturers also lack an in-depth understanding of 

the methane suppressing feed additives available, as only 4 of the 14 feed 

manufacturers had any knowledge of the three most efficacious additives (as per 

main review). So, there is a poor flow of information from scientific research to 

feed manufacturers and an unrealistic expectation of on-farm co-benefits arising 

from the use of methane lowering additives. 

The future 

The data confirm a strong expectation for change among both livestock 

enterprises and feed manufacturers around the production and use of feeds and 

supplements containing methane-lowering additives in the next five years. This 

change can only develop if there is a better exchange of data from additive 

manufacturers to feed manufacturers and on to the livestock managers. The 

information flow must also clearly articulate the economic (or regulatory) 

argument for additive use. The economic case requires rapid completion and 

dissemination of findings from highly replicated studies of co-benefits which may 

be associated with each additive product. This large-scale testing is likely to 

occur for high efficacy additives where there is patent or licencing protection in 

place, such as 3-nitrooxypropanol, Asparagopsis seaweed or nitrate. However, 

the lack of intellectual property ownership together with the low methane 

inhibition efficacy of other additives such as tannins, saponins, direct fed 

microbials, biochars and older antibiotic rumen modifiers means these replicated 

co-benefit quantification studies are unlikely to be made. Consequently, the 

commercial argument for these products will remain weak and their defence 

problematic. 
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There is also a clear call from the additive manufacturing industry itself for more 

research to develop new products. From discussion with companies who in some 

cases opted to not complete this survey, it was apparent that many of the 

national additive supplying companies operate by commercialising discoveries 

made by universities or research institutes, and by production of older bio-

actives that have fallen out of patent protection. These companies did not have 

the budget or staff to discover new compounds or pre/pro/postbiotics that may 

reduce methane emissions. This narrows the field of participants for potential 

discoveries of new high efficacy methane-inhibiting feed additives. It also 

identifies the strong need for public sector research for discovery of new 

additives for this purpose, rather than leave discovery to the commercial sector’s 

limited pool of large international agrichemical companies.  

In conclusion, while this survey was limited in scope, it has identified that there 

is a failing to transfer information about current and emerging methane 

suppressing feed additives. Communication is needed between publicly funded 

research providers and potential product manufacturers; between additive 

manufacturers and feed manufacturers, and through to the livestock managers 

who ultimately deliver the feed additives. A major barrier to adoption is the lack 

of assured profitability of methane mitigation additives in the absence of clear 

animal production impacts on other revenue sources such as improved feed 

efficiency, growth or meat quality. At this time, incentives such as carbon credits 

or financial subsidies are likely to be required to encourage widespread adoption 

of these additives by the ruminant livestock industry.  



References 

 

74 

References 
1. Gerber PJ, Steinfeld H, Henderson B, Mottet A, Opio C, Dijkman J, Falcucci A, 

Tempio G. Tackling climate change through livestock: a global assessment of 

emissions and mitigation opportunities. Rome: Food and Agriculture 

Organization of the United Nations; 2013. 

2. Muetzel S, Lowe K, Janssen P, Pacheco D, Bird N, Walker N, Vidoni N, 

Schweikert L, Clasadonte L, Kindermann M. Towards the application of 3-

nitrooxypropanol in pastoral farming systems. In: 7th GGAA – Greenhouse 

Gas and Animal Agriculture Conference. Iguassu Falls/Brazil; 2019. p. 81. 

3. Tomkins N, Hunter R. Methane reduction in beef cattle using a novel 

antimethanogen. 2004;1:329–329. doi:10.1071/SA0401174 

4. Magnusson M, Vucko MJ, Neoh TL, de Nys R. Using oil immersion to deliver a 

naturally-derived, stable bromoform product from the red seaweed 

Asparagopsis taxiformis. Algal Research. 2020;51:102065. 

doi:10.1016/j.algal.2020.102065 

5. Annan K. Kofi Annan calls for urgent collective action to address the climate 

threat. Kofi Annan Foundation. 2012 [accessed 2021 Sep 24]. 

https://www.kofiannanfoundation.org/foundation-news/kofi-annan-calls-for-

urgent-collective-action-to-address-the-climate-threat/ 

6. Ash A, Hunt L, McDonald C, Scanlan J, Bell L, Cowley R, Watson I, McIvor J, 

MacLeod N. Boosting the productivity and profitability of northern Australian 

beef enterprises: Exploring innovation options using simulation modelling and 

systems analysis. Agricultural Systems. 2015;139:50–65. 

doi:10.1016/j.agsy.2015.06.001 

7. Derner JD, Hunt L, Filho KE, Ritten J, Capper J, Han G. Livestock Production 

Systems. In: Briske DD, editor. Rangeland Systems: Processes, Management 

and Challenges. Cham: Springer International Publishing; 2017. p. 347–372. 

(Springer Series on Environmental Management). doi:10.1007/978-3-319-

46709-2_10 

8. Vyas D, McGinn SM, Duval SM, Kindermann M, Beauchemin KA. Effects of 

sustained reduction of enteric methane emissions with dietary 

supplementation of 3-nitrooxypropanol on growth performance of growing 

and finishing beef cattle. Journal of Animal Science. 2016;94(5):2024–2034. 

doi:10.2527/jas.2015-0268 

9. Kim H, Lee HG, Baek Y-C, Lee S, Seo J. The effects of dietary 

supplementation with 3-nitrooxypropanol on enteric methane emissions, 

rumen fermentation, and production performance in ruminants: a meta-

analysis. Journal of Animal Science and Technology. 2020;62(1):31–42. 

doi:10.5187/jast.2020.62.1.31 



References 

 

75 

10. Dijkstra J, Bannink A, France J, Kebreab E, van Gastelen S. 

Antimethanogenic effects of 3-nitrooxypropanol depend on supplementation 

dose, dietary fiber content, and cattle type. Journal of Dairy Science. 

2018;101(10):9041–9047. doi:10.3168/jds.2018-14456 

11. Schilde M, von Soosten D, Hüther L, Meyer U, Zeyner A, Dänicke S. Effects 

of 3-nitrooxypropanol and varying concentrate feed proportions in the ration 

on methane emission, rumen fermentation and performance of 

periparturient dairy cows. Archives of Animal Nutrition. 2021;75(2):79–104. 

doi:10.1080/1745039X.2021.1877986 

12. Alemu AW, Shreck AL, Booker CW, McGinn SM, Pekrul LKD, Kindermann M, 

Beauchemin KA. Use of 3-nitrooxypropanol in a commercial feedlot to 

decrease enteric methane emissions from cattle fed a corn-based finishing 

diet. Journal of Animal Science. 2021;99(1):skaa394. 

doi:10.1093/jas/skaa394 

13. Jayanegara A, Sarwono KA, Kondo M, Matsui H, Ridla M, Laconi EB, Nahrowi. 

Use of 3-nitrooxypropanol as feed additive for mitigating enteric methane 

emissions from ruminants: a meta-analysis. Italian Journal of Animal 

Science. 2018;17(3):650–656. doi:10.1080/1828051X.2017.1404945 

14. de Almeida A, Hegarty RS, Cowie A. Meta-analysis quantifying the potential 

of dietary additives and rumen modifiers for methane mitigation in ruminant 

production systems. Animal Nutrition. 2021. 

15. Duin EC, Wagner T, Shima S, Prakash D, Cronin B, Yáñez-Ruiz DR, Duval S, 

Rümbeli R, Stemmler RT, Thauer RK, et al. Mode of action uncovered for the 

specific reduction of methane emissions from ruminants by the small 

molecule 3-nitrooxypropanol. Proceedings of the National Academy of 

Sciences. 2016;113(22):6172–6177. doi:10.1073/pnas.1600298113 

16. McGinn SM, Flesch TK, Beauchemin KA, Shreck A, Kindermann M. 

Micrometeorological Methods for Measuring Methane Emission Reduction at 

Beef Cattle Feedlots: Evaluation of 3‐Nitrooxypropanol Feed Additive. Journal 

of Environmental Quality. 2019;48(5):1454–1461. 

doi:10.2134/jeq2018.11.0412 

17. Melgar A, Lage CFA, Nedelkov K, Räisänen SE, Stefenoni H, Fetter ME, Chen 

X, Oh J, Duval S, Kindermann M, et al. Enteric methane emission, milk 

production, and composition of dairy cows fed 3-nitrooxypropanol. Journal of 

Dairy Science. 2021;104(1):357–366. doi:10.3168/jds.2020-18908 

18. Haisan J, Sun Y, Guan L, Beauchemin KA, Iwaasa A, Duval S, Kindermann M, 

Barreda DR, Oba M. The effects of feeding 3-nitrooxypropanol at two doses 

on milk production, rumen fermentation, plasma metabolites, nutrient 

digestibility, and methane emissions in lactating Holstein cows. Animal 

Production Science. 2017;57(2):282. doi:10.1071/AN15219 



References 

 

76 

19. Haisan J, Sun Y, Guan LL, Beauchemin KA, Iwaasa A, Duval S, Barreda DR, 

Oba M. The effects of feeding 3-nitrooxypropanol on methane emissions and 

productivity of Holstein cows in mid lactation. Journal of Dairy Science. 

2014;97(5):3110–3119. doi:10.3168/jds.2013-7834 

20. Meale SJ, Popova M, Saro C, Martin C, Bernard A, Lagree M, Yáñez-Ruiz DR, 

Boudra H, Duval S, Morgavi DP. Early life dietary intervention in dairy calves 

results in a long-term reduction in methane emissions. Scientific Reports. 

2021;11(1):3003. doi:10.1038/s41598-021-82084-9 

21. Reynolds CK, Humphries DJ, Kirton P, Kindermann M, Duval S, Steinberg W. 

Effects of 3-nitrooxypropanol on methane emission, digestion, and energy 

and nitrogen balance of lactating dairy cows. Journal of Dairy Science. 

2014;97(6):3777–3789. doi:10.3168/jds.2013-7397 

22. Nkemka VN, Beauchemin KA, Hao X. Treatment of faeces from beef cattle 

fed the enteric methane inhibitor 3-nitrooxypropanol. Water Science and 

Technology: A Journal of the International Association on Water Pollution 

Research. 2019;80(3):437–447. doi:10.2166/wst.2019.302 

23. Owens J, Hao X, Thomas BW, Stoeckli J, Soden C, Acharya S, Lupwayi N. 

The effects of amending soil with stored manure from cattle supplemented 

with 3- nitrooxypropanol on select soil health indicators and hydraulic 

properties. Journal of Environmental Quality. 2021 Jul 31. 

doi:10.1002/jeq2.20276 

24. Martínez-Fernández G, Abecia L, Arco A, Cantalapiedra-Hijar G, Martín-

García AI, Molina-Alcaide E, Kindermann M, Duval S, Yáñez-Ruiz DR. Effects 

of ethyl-3-nitrooxy propionate and 3-nitrooxypropanol on ruminal 

fermentation, microbial abundance, and methane emissions in sheep. 

Journal of Dairy Science. 2014;97(6):3790–3799. doi:10.3168/jds.2013-

7398 

25. Feng X, Kebreab E. Net reductions in greenhouse gas emissions from feed 

additive use in California dairy cattle Yildirim A, editor. PLoS ONE. 

2020;15(9):e0234289. doi:10.1371/journal.pone.0234289 

26. Alvarez-Hess PS, Little SM, Moate PJ, Jacobs JL, Beauchemin KA, Eckard RJ. 

A partial life cycle assessment of the greenhouse gas mitigation potential of 

feeding 3-nitrooxypropanol and nitrate to cattle. Agricultural Systems. 

2019;169:14–23. doi:10.1016/j.agsy.2018.11.008 

27. Machado L, Magnusson M, Paul NA, de Nys R, Tomkins N. Effects of Marine 

and Freshwater Macroalgae on In Vitro Total Gas and Methane Production 

Campbell DA, editor. PLoS ONE. 2014;9(1):e85289. 

doi:10.1371/journal.pone.0085289 

28. Kinley RD, de Nys R, Vucko MJ, Machado L, Tomkins NW. The red 

macroalgae Asparagopsis taxiformis is a potent natural antimethanogenic 



References 

 

77 

that reduces methane production during in vitro fermentation with rumen 

fluid. Animal Production Science. 2016;56(3):282. doi:10.1071/AN15576 

29. Machado L, Magnusson M, Paul NA, Kinley R, de Nys R, Tomkins N. 

Identification of bioactives from the red seaweed Asparagopsis taxiformis 

that promote antimethanogenic activity in vitro. Journal of Applied 

Phycology. 2016;28(5):3117–3126. doi:10.1007/s10811-016-0830-7 

30. Li X, Norman HC, Kinley RD, Laurence M, Wilmot M, Bender H, de Nys R, 

Tomkins N. Asparagopsis taxiformis decreases enteric methane production 

from sheep. Animal Production Science. 2018;58(4):681. 

doi:10.1071/AN15883 

31. Roque BM, Venegas M, Kinley RD, de Nys R, Duarte TL, Yang X, Kebreab E. 

Red seaweed (Asparagopsis taxiformis) supplementation reduces enteric 

methane by over 80 percent in beef steers Wells JE, editor. PLoS ONE. 

2021;16(3):e0247820. doi:10.1371/journal.pone.0247820 

32. Roque BM, Salwen JK, Kinley R, Kebreab E. Inclusion of Asparagopsis armata 

in lactating dairy cows’ diet reduces enteric methane emission by over 50 

percent. Journal of Cleaner Production. 2019;234:132–138. 

doi:10.1016/j.jclepro.2019.06.193 

33. Lean IJ, Golder HM, Grant TMD, Moate PJ. A meta-analysis of effects of 

dietary seaweed on beef and dairy cattle performance and methane yield. 

PLoS ONE. 2021;16(7):e0249053. doi:10.1371/journal.pone.0249053 

34. Black JL, Davison TM, Box I. Methane Emissions from Ruminants in 

Australia: Mitigation Potential and Applicability of Mitigation Strategies. 

Animals. 2021;11(4):951. doi:10.3390/ani11040951 

35. Abbott DW, Aasen IM, Beauchemin KA, Grondahl F, Gruninger R, Hayes M, 

Huws S, Kenny DA, Krizsan SJ, Kirwan SF, Lind V. Seaweed and Seaweed 

Bioactives for Mitigation of Enteric Methane: Challenges and Opportunities. 

Animals. 2020;10(12):2432. doi:10.3390/ani10122432 

36. Bauchop T. Inhibition of Rumen Methanogenesis by Methane Analogues. 

Journal of Bacteriology. 1967;94(1):171–175. doi:10.1128/jb.94.1.171-

175.1967 

37. Wood JM, Kennedy FScott, Wolfe RS. Reaction of multihalogenated 

hydrocarbons with free and bound reduced vitamin B12. Biochemistry. 

1968;7(5):1707–1713. doi:10.1021/bi00845a013 

38. Mata L, Gaspar H, Santos R. Carbon/nutrient balance in relation to biomass 

production and halogenated compound content in the red alga asparagopsis 

taxiformis (bonnemaisoniaceae). Journal of Phycology. 2012;48(1):248–

253. doi:10.1111/j.1529-8817.2011.01083.x 



References 

 

78 

39. Vucko MJ, Magnusson M, Kinley RD, Villart C, de Nys R. The effects of 

processing on the in vitro antimethanogenic capacity and concentration of 

secondary metabolites of Asparagopsis taxiformis. Journal of Applied 

Phycology. 2017;29(3):1577–1586. doi:10.1007/s10811-016-1004-3 

40. Kinley RD, Martinez-Fernandez G, Matthews MK, de Nys R, Magnusson M, 

Tomkins NW. Mitigating the carbon footprint and improving productivity of 

ruminant livestock agriculture using a red seaweed. Journal of Cleaner 

Production. 2020;259:120836. doi:10.1016/j.jclepro.2020.120836 

41. Stefenoni HA, Räisänen SE, Cueva SF, Wasson DE, Lage CFA, Melgar A, 

Fetter ME, Smith P, Hennessy M, et al. Effects of the macroalga 

Asparagopsis taxiformis and oregano leaves on methane emission, rumen 

fermentation, and lactational performance of dairy cows. Journal of Dairy 

Science. 2021;104(4):4157–4173. doi:10.3168/jds.2020-19686 

42. Condie LW, Smallwood CL, Laurie RD. Comparative Renal and Hepatotoxicity 

of Halomethanes: Bromodichloromethane, Bromoform, Chloroform, 

Dibromochloromethane and Methylene Chloride. Drug and Chemical 

Toxicology. 1983;6(6):563–578. doi:10.3109/01480548309017810 

43. Itoh N, Shinya M. Seasonal evolution of bromomethanes from coralline algae 

(Corallinaceae) and its effect on atmospheric ozone. Marine Chemistry. 

1994;45(1–2):95–103. doi:10.1016/0304-4203(94)90094-9 

44. Nitschke U, Stengel DB. Quantification of iodine loss in edible Irish seaweeds 

during processing. Journal of Applied Phycology. 2016;28(6):3527–3533. 

doi:10.1007/s10811-016-0868-6 

45. Muizelaar W, Groot M, van Duinkerken G, Peters R, Dijkstra J. Safety and 

Transfer Study: Transfer of Bromoform Present in Asparagopsis taxiformis to 

Milk and Urine of Lactating Dairy Cows. Foods. 2021;10(3):584. 

doi:10.3390/foods10030584 

46. Kaur I. Seaweeds: Soil Health Boosters for Sustainable Agriculture. In: Giri 

B, Varma A, editors. Soil Health. Cham: Springer International Publishing; 

2020. p. 163–182. (Soil Biology). https://doi.org/10.1007/978-3-030-

44364-1_10. doi:10.1007/978-3-030-44364-1_10 

47. Roberts DA, Paul NA, Dworjanyn SA, Bird MI, de Nys R. Biochar from 

commercially cultivated seaweed for soil amelioration. Scientific Reports. 

2015;5(1):9665. doi:10.1038/srep09665 

48. Sharma HSS, Fleming C, Selby C, Rao JR, Martin T. Plant biostimulants: a 

review on the processing of macroalgae and use of extracts for crop 

management to reduce abiotic and biotic stresses. Journal of Applied 

Phycology. 2014;26(1):465–490. doi:10.1007/s10811-013-0101-9 



References 

 

79 

49. Lardon L, Hélias A, Sialve B, Steyer J-P, Bernard O. Life-Cycle Assessment of 

Biodiesel Production from Microalgae. Environmental Science & Technology. 

2009;43(17):6475–6481. doi:10.1021/es900705j 

50. Charmley E, Williams SRO, Moate PJ, Hegarty RS, Herd RM, Oddy VH, 

Reyenga P, Staunton KM, Anderson A, Hannah MC. A universal equation to 

predict methane production of forage-fed cattle in Australia. Animal 

Production Science. 2016;56(3):169. doi:10.1071/AN15365 

51. Feng XY, Dijkstra J, Bannink A, van Gastelen S, France J, Kebreab E. 

Antimethanogenic effects of nitrate supplementation in cattle: A meta-

analysis. Journal of Dairy Science. 2020;103(12):11375–11385. 

doi:10.3168/jds.2020-18541 

52. Lee C, Araujo RC, Koenig KM, Beauchemin KA. Effects of encapsulated 

nitrate on growth performance, nitrate toxicity, and enteric methane 

emissions in beef steers: Backgrounding phase. Journal of Animal Science. 

2017;95(8):3700–3711. doi:10.2527/jas.2017.1460 

53. Lee C, Araujo RC, Koenig KM, Beauchemin KA. Effects of encapsulated 

nitrate on growth performance, carcass characteristics, nitrate residues in 

tissues, and enteric methane emissions in beef steers: Finishing phase. 

Journal of Animal Science. 2017;95(8):3712. doi:10.2527/jas2017.1461 

54. Liu L, Xu X, Cao Y, Cai C, Cui H, Yao J. Nitrate decreases methane 

production also by increasing methane oxidation through stimulating NC10 

population in ruminal culture. AMB Express. 2017;7(1):76. 

doi:10.1186/s13568-017-0377-2 

55. Villar ML, Godwin IR, Hegarty RS, Erler DV, Farid HT, Nolan JV. Nitrate and 

nitrite absorption, recycling and retention in tissues of sheep. Small 

Ruminant Research. 2021;200:106392. 

doi:10.1016/j.smallrumres.2021.106392 

56. Callaghan MJ, Tomkins NW, Hepworth G, Parker AJ, Callaghan MJ, Tomkins 

NW, Hepworth G, Parker AJ. The effect of molasses nitrate lick blocks on 

supplement intake, bodyweight, condition score, blood methaemoglobin 

concentration and herd scale methane emissions in Bos indicus cows grazing 

poor quality forage. Animal Production Science. 2020;61(5):445–458. 

doi:10.1071/AN20389 

57. Hegarty RS, Miller J, Oelbrandt N, Li L, Luijben JPM, Robinson DL, Nolan JV, 

Perdok HB. Feed intake, growth, and body and carcass attributes of feedlot 

steers supplemented with two levels of calcium nitrate or urea1. Journal of 

Animal Science. 2016;94(12):5372–5381. doi:10.2527/jas.2015-0266 

58. van Zijderveld SM, Gerrits WJJ, Dijkstra J, Newbold JR, Hulshof RBA, Perdok 

HB. Persistency of methane mitigation by dietary nitrate supplementation in 



References 

 

80 

dairy cows. Journal of Dairy Science. 2011;94(8):4028–4038. 

doi:10.3168/jds.2011-4236 

59. Newbold JR, van Zijderveld SM, Hulshof RBA, Fokkink WB, Leng RA, Terencio 

P, Powers WJ, van Adrichem PSJ, Paton ND, Perdok HB. The effect of 

incremental levels of dietary nitrate on methane emissions in Holstein steers 

and performance in Nelore bulls1. Journal of Animal Science. 

2014;92(11):5032–5040. doi:10.2527/jas.2014-7677 

60. Callaghan MJ, Tomkins NW, Benu I, Parker AJ. How feasible is it to replace 

urea with nitrates to mitigate greenhouse gas emissions from extensively 

managed beef cattle? Animal Production Science. 2014;54(9):1300. 

doi:10.1071/AN14270 

61. de Raphélis-Soissan V, Nolan JV, Godwin IR, Newbold JR, Perdok HB, 

Hegarty RS. Paraffin-wax-coated nitrate salt inhibits short-term methane 

production in sheep and reduces the risk of nitrite toxicity. Animal Feed 

Science and Technology. 2017;229:57–64. 

doi:10.1016/j.anifeedsci.2017.04.026 

62. Lee C, Araujo RC, Koenig KM, Beauchemin KA. Effects of encapsulated 

nitrate on enteric methane production and nitrogen and energy utilization in 

beef heifers. Journal of Animal Science. 2015;93(5):2391–2404. 

doi:10.2527/jas.2014-8845 

63. Skowrońska M, Filipek T. Life cycle assessment of fertilizers: a review. 

International Agrophysics. 2014;28:101–110. doi:10.2478/intag-2013-0032 

64. Appuhamy JADRN, Strathe AB, Jayasundara S, Wagner-Riddle C, Dijkstra J, 

France J, Kebreab E. Anti-methanogenic effects of monensin in dairy and 

beef cattle: a meta-analysis. Journal of Dairy Science. 2013;96(8):5161–

5173. doi:10.3168/jds.2012-5923 

65. Grainger C, Auldist MJ, Clarke T, Beauchemin KA, McGinn SM, Hannah MC, 

Eckard RJ, Lowe LB. Use of monensin controlled-release capsules to reduce 

methane emissions and improve milk production of dairy cows offered 

pasture supplemented with grain. Journal of Dairy Science. 

2008;91(3):1159–1165. doi:10.3168/jds.2007-0319 

66. Hook SE, Northwood KS, Wright A-DG, McBride BW. Long-Term Monensin 

Supplementation Does Not Significantly Affect the Quantity or Diversity of 

Methanogens in the Rumen of the Lactating Dairy Cow. Applied and 

Environmental Microbiology. 2009;75(2):374–380. doi:10.1128/AEM.01672-

08 

67. Goodrich RD, Garrett JE, Gast DR, Kirick MA, Larson DA, Meiske JC. 

Influence of monensin on the performance of cattle. Journal of Animal 

Science. 1984;58(6):1484–1498. doi:10.2527/jas1984.5861484x 



References 

 

81 

68. Bartley EE, Nagaraja TG, Pressman ES, Dayton AD, Katz MP, Fina LR. Effects 

of lasalocid or monensin on legume or grain (feedlot) bloat. Journal of 

Animal Science. 1983;56(6):1400–1406. doi:10.2527/jas1983.5661400x 

69. Duffield TF, Rabiee AR, Lean IJ. A meta-analysis of the impact of monensin 

in lactating dairy cattle. Part 2. Production effects. Journal of Dairy Science. 

2008;91(4):1347–1360. doi:10.3168/jds.2007-0608 

70. Matsuoka T, Novilla MN, Thomson TD, Donoho AL. Review of monensin 

toxicosis in horses. Journal of Equine Veterinary Science. 1996;16(1):8–15. 

doi:10.1016/S0737-0806(96)80059-1 

71. Silva FRN, Pereira MU, Spisso BF, Arisseto-Bragotto AP. Polyether ionophores 

residues in pasteurized milk marketed in the state of São Paulo, Brazil: 

Occurrence and exposure assessment. Food Research International (Ottawa, 

Ont.). 2021;141:110015. doi:10.1016/j.foodres.2020.110015 

72. Clarke L, Fodey TL, Crooks SRH, Moloney M, O’Mahony J, Delahaut P, 

O’Kennedy R, Danaher M. A review of coccidiostats and the analysis of their 

residues in meat and other food. Meat Science. 2014;97(3):358–374. 

doi:10.1016/j.meatsci.2014.01.004 

73. Donoho AL. Biochemical studies on the fate of monensin in animals and in 

the environment. Journal of Animal Science. 1984;58(6):1528–1539. 

doi:10.2527/jas1984.5861528x 

74. Watanabe N, Harter TH, Bergamaschi BA. Environmental occurrence and 

shallow ground water detection of the antibiotic monensin from dairy farms. 

Journal of Environmental Quality. 2008;37(5 Suppl):S78-85. 

doi:10.2134/jeq2007.0371 

75. Webb MJ, Block JJ, Harty AA, Salverson RR, Daly RF, Jaeger JR, Underwood 

KR, Funston RN, Pendell DP, Rotz CA, et al. Cattle and carcass performance, 

and life cycle assessment of production systems utilizing additive 

combinations of growth promotant technologies. Translational Animal 

Science. 2020;4(4):txaa216. doi:10.1093/tas/txaa216 

76. Benchaar C, Calsamiglia S, Chaves AV, Fraser GR, Colombatto D, McAllister 

TA, Beauchemin KA. A review of plant-derived essential oils in ruminant 

nutrition and production. Animal Feed Science and Technology. 

2008;145(1):209–228. (Enzymes, Direct Fed Microbials and Plant Extracts in 

Ruminant Nutrition). doi:10.1016/j.anifeedsci.2007.04.014 

77. Cobellis G, Trabalza-Marinucci M, Yu Z. Critical evaluation of essential oils as 

rumen modifiers in ruminant nutrition: A review. The Science of the Total 

Environment. 2016;545–546:556–568. doi:10.1016/j.scitotenv.2015.12.103 

78. Torres RNS, Moura DC, Ghedini CP, Ezequiel JMB, Almeida MTC. Meta-

analysis of the effects of essential oils on ruminal fermentation and 



References 

 

82 

performance of sheep. Small Ruminant Research. 2020;189:106148. 

doi:10.1016/j.smallrumres.2020.106148 

79. Ahmed E, Fukuma N, Hanada M, Nishida T. The Efficacy of Mootral 

Supplementation on Methane Production and Rumen Fermentation 

Characteristics in Ruminants Fed Different Styles. In Review; 2021. 

https://www.researchsquare.com/article/rs-148722/v1. 

doi:10.21203/rs.3.rs-148722/v1 

80. Belanche A, Newbold C, Morgavi D, Bach A, Zweifel B, Yáñez-Ruiz D. A Meta-

analysis Describing the Effects of the Essential oils Blend Agolin Ruminant on 

Performance, Rumen Fermentation and Methane Emissions in Dairy Cows. 

Animals. 2020;10(4):620. doi:10.3390/ani10040620 

81. Ahmed E, Batbekh B, Fukuma N, Kand D, Hanada M, Nishida T. A garlic and 

citrus extract: Impacts on behavior, feed intake, rumen fermentation, and 

digestibility in sheep. Animal Feed Science and Technology. 

2021;278:115007. doi:10.1016/j.anifeedsci.2021.115007 

82. Vrancken H, Suenkel M, Hargreaves PR, Chew L, Towers E. Reduction of 

Enteric Methane Emission in a Commercial Dairy Farm by a Novel Feed 

Supplement. Open Journal of Animal Sciences. 2019;9(3):286–296. 

doi:10.4236/ojas.2019.93024 

83. Hart KJ, Jones HG, Waddams KE, Worgan HJ, Zweifel B, Newbold CJ. An 

Essential Oil Blend Decreases Methane Emissions and Increases Milk Yield in 

Dairy Cows. Open Journal of Animal Sciences. 2019;9(3):259–267. 

doi:10.4236/ojas.2019.93022 

84. Torrecilhas JA, Ornaghi MG, Passetti RAC, Mottin C, Guerrero A, Ramos TR, 

Vital ACP, Sañudo C, Malheiros EB, Prado IN do. Meat quality of young bulls 

finished in a feedlot and supplemented with clove or cinnamon essential oils. 

Meat Science. 2021;174:108412. doi:10.1016/j.meatsci.2020.108412 

85. Vemmer M, Patel AV. Review of encapsulation methods suitable for microbial 

biological control agents. Biological Control. 2013;67(3):380–389. 

doi:10.1016/j.biocontrol.2013.09.003 

86. Prado IN, Cruz OTB, Valero MV, Zawadzki F, Eiras CE, Rivaroli DC, Prado RM, 

Visentainer JV, Prado IN, Cruz OTB, et al. Effects of glycerin and essential 

oils (Anacardium occidentale and Ricinus communis) on the meat quality of 

crossbred bulls finished in a feedlot. Animal Production Science. 

2015;56(12):2105–2114. doi:10.1071/AN14661 

87. Guerrero A, Rivaroli DC, Sañudo C, Campo MM, Valero MV, Jorge AM, Prado 

IN, Guerrero A, Rivaroli DC, Sañudo C, et al. Consumer acceptability of beef 

from two sexes supplemented with essential oil mix. Animal Production 

Science. 2017;58(9):1700–1707. doi:10.1071/AN15306 



References 

 

83 

88. Simitzis PE, Deligeorgis SG, Bizelis JA, Dardamani A, Theodosiou I, Fegeros 

K. Effect of dietary oregano oil supplementation on lamb meat 

characteristics. Meat Science. 2008;79(2):217–223. 

doi:10.1016/j.meatsci.2007.09.005 

89. Varel VH. Livestock manure odor abatement with plant-derived oils and 

nitrogen conservation with urease inhibitors: A review. Journal of Animal 

Science. 2002;80(E-suppl_2):E1–E7. doi:10.2527/animalsci2002.80E-

Suppl_2E1x 

90. Maham SG, Rahimi A, Smith DL. Environmental assessment of the essential 

oils produced from dragonhead (Dracocephalum moldavica L.) in 

conventional and organic farms with different irrigation rates. Journal of 

cleaner production. 2018;204:1070–1086. 

doi:10.1016/j.jclepro.2018.08.348 

91. González-Aguirre J-A, Solarte-Toro JC, Cardona Alzate CA. Supply chain and 

environmental assessment of the essential oil production using Calendula 

(Calendula Officinalis) as raw material. Heliyon. 2020;6(11):e05606. 

doi:10.1016/j.heliyon.2020.e05606 

92. Sparg SG, Light ME, van Staden J. Biological activities and distribution of 

plant saponins. Journal of Ethnopharmacology. 2004;94(2–3):219–243. 

doi:10.1016/j.jep.2004.05.016 

93. Jayanegara A, Wina E, Takahashi J. Meta-analysis on Methane Mitigating 

Properties of Saponin-rich Sources in the Rumen: Influence of Addition 

Levels and Plant Sources. Asian-Australasian Journal of Animal Sciences. 

2014;27(10):1426–1435. doi:10.5713/ajas.2014.14086 

94. Ridla M, Laconi EB, Nahrowi, Jayanegara A. Effects of saponin on enteric 

methane emission and nutrient digestibility of ruminants: An in vivo meta-

analysis. IOP Conference Series: Earth and Environmental Science. 

2021;788(1):012028. doi:10.1088/1755-1315/788/1/012028 

95. Darabighane B, Mahdavi A, Aghjehgheshlagh FM, Navidshad B, Yousefi MH, 

Lee MRF. The Effects of Dietary Saponins on Ruminal Methane Production 

and Fermentation Parameters in Sheep: A Meta Analysis. Iranian Journal of 

Applied Animal Science. 2021;11(1):15–21. 

96. Honan M, Feng X, Tricarico JM, Kebreab E. Feed additives as a strategic 

approach to reduce enteric methane production in cattle: modes of action, 

effectiveness and safety. Animal Production Science. 2021 [accessed 2021 

Aug 16]. http://www.publish.csiro.au/?paper=AN20295. 

doi:10.1071/AN20295 

97. Goel G, Makkar HPS, Becker K. Changes in microbial community structure, 

methanogenesis and rumen fermentation in response to saponin-rich 



References 

 

84 

fractions from different plant materials. Journal of Applied Microbiology. 

2008;105(3):770–777. doi:10.1111/j.1365-2672.2008.03818.x 

98. Guo YQ, Liu J-X, Lu Y, Zhu WY, Denman SE, McSweeney CS. Effect of tea 

saponin on methanogenesis, microbial community structure and expression 

of mcrA gene, in cultures of rumen micro-organisms. Letters in Applied 

Microbiology. 2008;47(5):421–426. doi:10.1111/j.1472-765X.2008.02459.x 

99. Wina E, Muetzel S, Becker K. The impact of saponins or saponin-containing 

plant materials on ruminant production--a review. Journal of Agricultural and 

Food Chemistry. 2005;53(21):8093–8105. doi:10.1021/jf048053d 

100. Oleszek M, Oleszek W. Saponins in Food. In: Xiao J, Sarker SD, Asakawa Y, 

editors. Handbook of Dietary Phytochemicals. Singapore: Springer; 2020. 

p. 1–40. https://doi.org/10.1007/978-981-13-1745-3_34-1. 

doi:10.1007/978-981-13-1745-3_34-1 

101. Liu Z, Li Z, Zhong H, Zeng G, Liang Y, Chen M, Wu Z, Zhou Y, Yu M, Shao 

B. Recent advances in the environmental applications of biosurfactant 

saponins: A review. Journal of Environmental Chemical Engineering. 

2017;5(6):6030–6038. doi:10.1016/j.jece.2017.11.021 

102. Aboagye IA, Beauchemin KA. Potential of Molecular Weight and Structure of 

Tannins to Reduce Methane Emissions from Ruminants: A Review. 

Animals : an Open Access Journal from MDPI. 2019;9(11):856. 

doi:10.3390/ani9110856 

103. Aboagye IA, Oba M, Castillo AR, Koenig KM, Iwaasa AD, Beauchemin KA. 

Effects of hydrolyzable tannin with or without condensed tannin on 

methane emissions, nitrogen use, and performance of beef cattle fed a 

high-forage diet. Journal of Animal Science. 2018;96(12):5276–5286. 

doi:10.1093/jas/sky352 

104. Woodward SL, Waghorn GC, Ulyatt MJ, Lassey KR. Early indications that 

feeding Lotus will reduce methane emissions from ruminants. Proceedings-

New Zealand Society of Animal Production. 2001;61:23–26. 

105. Kennedy PM, Charmley E, Kennedy PM, Charmley E. Methane yields from 

Brahman cattle fed tropical grasses and legumes. Animal Production 

Science. 2012;52(4):225–239. doi:10.1071/AN11103 

106. Suybeng B, Charmley E, Gardiner CP, Malau-Aduli BS, Malau-Aduli AEO. 

Methane Emissions and the Use of Desmanthus in Beef Cattle Production in 

Northern Australia. Animals: an open access journal from MDPI. 

2019;9(8):E542. doi:10.3390/ani9080542 

107. Jayanegara A, Leiber F, Kreuzer M. Meta-analysis of the relationship 

between dietary tannin level and methane formation in ruminants from in 

vivo and in vitro experiments. Journal of Animal Physiology and Animal 

Nutrition. 2012;96(3):365–375. doi:10.1111/j.1439-0396.2011.01172.x 



References 

 

85 

108. Patra AK, Saxena J. Exploitation of dietary tannins to improve rumen 

metabolism and ruminant nutrition. Journal of the Science of Food and 

Agriculture. 2011;91(1):24–37. doi:10.1002/jsfa.4152 

109. Jayanegara A, Ridla M, Laconi EB, Nahrowi N. Tannin as a feed additive for 

mitigating enteric methane emission from livestock: meta-analysis from 

RUSITEC experiments. IOP Conference Series: Materials Science and 

Engineering. 2018;434:012108. doi:10.1088/1757-899X/434/1/012108 

110. Orzuna-Orzuna J, Dorantes-Iturbide G, Lara-Bueno A, Mendoza-Martínez G, 

Miranda-Romero L, Hernández-García P. Effects of Dietary Tannins’ 

Supplementation on Growth Performance, Rumen Fermentation, and 

Enteric Methane Emissions in Beef Cattle: A Meta-Analysis. Sustainability. 

2021;13(13):7410. doi:10.3390/su13137410 

111. Adejoro FA, Hassen A, Akanmu AM. Effect of Lipid-Encapsulated Acacia 

Tannin Extract on Feed Intake, Nutrient Digestibility and Methane Emission 

in Sheep. Animals: an open access journal from MDPI. 2019;9(11):E863. 

doi:10.3390/ani9110863 

112. Menci R, Coppa M, Torrent A, Natalello A, Valenti B, Luciano G, Priolo A, 

Niderkorn V. Effects of two tannin extracts at different doses in interaction 

with a green or dry forage substrate on in vitro rumen fermentation and 

biohydrogenation. Animal Feed Science and Technology. 

2021;278:114977. doi:10.1016/j.anifeedsci.2021.114977 

113. Pirondini M, Colombini S, Malagutti L, Rapetti L, Galassi G, Zanchi R, 

Crovetto GM. Effects of a selection of additives on in vitro ruminal 

methanogenesis and in situ and in vivo NDF digestibility. Animal Science 

Journal = Nihon Chikusan Gakkaiho. 2015;86(1):59–68. 

doi:10.1111/asj.12249 

114. Verma S, Taube F, Malisch CS. Examining the Variables Leading to 

Apparent Incongruity between Antimethanogenic Potential of Tannins and 

Their Observed Effects in Ruminants—A Review. Sustainability. 

2021;13(5):2743. doi:10.3390/su13052743 

115. Kaur P, Appels R, Bayer PE, Keeble-Gagnere G, Wang J, Hirakawa H, 

Shirasawa K, Vercoe P, Stefanova K, et al. Climate Clever Clovers: New 

Paradigm to Reduce the Environmental Footprint of Ruminants by Breeding 

Low Methanogenic Forages Utilizing Haplotype Variation. Frontiers in Plant 

Science. 2017;8:1463. doi:10.3389/fpls.2017.01463 

116. Jeronimo C, Langelier M-F, Bataille AR, Pascal JM, Pugh BF, Robert F. Tail 

and Kinase Modules Differently Regulate Core Mediator Recruitment and 

Function In Vivo. Molecular Cell. 2016;64(3):455–466. 

doi:10.1016/j.molcel.2016.09.002 



References 

 

86 

117. Min BR, Pinchak WE, Anderson RC, Fulford JD, Puchala R. Effects of 

condensed tannins supplementation level on weight gain and in vitro and in 

vivo bloat precursors in steers grazing winter wheat. Journal of Animal 

Science. 2006;84(9):2546–2554. doi:10.2527/jas.2005-590 

118. Piluzza G, Sulas L, Bullitta S. Tannins in forage plants and their role in 

animal husbandry and environmental sustainability: a review. Grass and 

Forage Science. 2014;69(1):32–48. doi:10.1111/gfs.12053 

119. Kumar R, Singh M. Tannins: their adverse role in ruminant nutrition. 

Journal of Agricultural and Food Chemistry. 1984;32(3):447–453. 

doi:10.1021/jf00123a006 

120. Powell JM, Broderick GA, Grabber JH, Hymes-Fecht UC. Technical note: 

Effects of forage protein-binding polyphenols on chemistry of dairy excreta. 

Journal of Dairy Science. 2009;92(4):1765–1769. doi:10.3168/jds.2008-

1738 

121. Norris AB, Tedeschi LO, Foster JL, Muir JP, Pinchak WE, Fonseca MA. AFST: 

Influence of quebracho tannin extract fed at differing rates within a high-

roughage diet on the apparent digestibility of dry matter and fiber, 

nitrogen balance, and fecal gas flux. Animal Feed Science and Technology. 

2020;260:114365. doi:10.1016/j.anifeedsci.2019.114365 

122. Fagundes GM, Benetel G, Welter KC, Melo FA, Muir JP, Carriero MM, Souza 

RLM, Meo-Filho P, Frighetto RTS, Berndt A, et al. Tannin as a natural 

rumen modifier to control methanogenesis in beef cattle in tropical 

systems: Friend or foe to biogas energy production? Research in Veterinary 

Science. 2020;132:88–96. doi:10.1016/j.rvsc.2020.05.010 

123. Ding T, Bianchi S, Ganne-Chédeville C, Kilpeläinen P, Haapala A, Räty T. 

Life cycle assessment of tannin extraction from spruce bark. iForest - 

Biogeosciences and Forestry. 2017;10(5):807–814. doi:10.3832/ifor2342-

010 

124. Ghasemi Y, Rasoul-Amini S, Naseri AT, Montazeri-Najafabady N, Mobasher 

MA, Dabbagh F. Microalgae biofuel potentials (Review). Applied 

Biochemistry and Microbiology. 2012;48(2):126–144. 

doi:10.1134/S0003683812020068 

125. Zabed HM, Akter S, Yun J, Zhang G, Zhang Y, Qi X. Biogas from 

microalgae: Technologies, challenges and opportunities. Renewable and 

Sustainable Energy Reviews. 2020;117:109503. 

doi:10.1016/j.rser.2019.109503 

126. Passos F, Uggetti E, Carrère H, Ferrer I. Pretreatment of microalgae to 

improve biogas production: A review. Bioresource Technology. 

2014;172:403–412. doi:10.1016/j.biortech.2014.08.114 



References 

 

87 

127. Aydin S, Yıldırım E, Ince O, Ince B. Rumen anaerobic fungi create new 

opportunities for enhanced methane production from microalgae biomass. 

Algal Research. 2017;23:150–160. doi:10.1016/j.algal.2016.12.016 

128. Ma G, Ndegwa P, Harrison JH, Chen Y. Methane yields during anaerobic co-

digestion of animal manure with other feedstocks: A meta-analysis. 

Science of The Total Environment. 2020;728:138224. 

doi:10.1016/j.scitotenv.2020.138224 

129. Lamminen M, Halmemies-Beauchet-Filleau A, Kokkonen T, Jaakkola S, 

Vanhatalo A. Different microalgae species as a substitutive protein feed for 

soya bean meal in grass silage based dairy cow diets. Animal Feed Science 

and Technology. 2019;247:112–126. 

doi:10.1016/j.anifeedsci.2018.11.005 

130. McCauley JI, Labeeuw L, Jaramillo-Madrid AC, Nguyen LN, Nghiem LD, 

Chaves AV, Ralph PJ. Management of Enteric Methanogenesis in Ruminants 

by Algal-Derived Feed Additives. Current Pollution Reports. 

2020;6(3):188–205. doi:10.1007/s40726-020-00151-7 

131. Kiani A, Wolf C, Giller K, Eggerschwiler L, Kreuzer M, Schwarm A. In vitro 

ruminal fermentation and methane inhibitory effect of three species of 

microalgae Miglior F, editor. Canadian Journal of Animal Science. 

2020;100(3):485–493. doi:10.1139/cjas-2019-0187 

132. Moate PJ, Williams SRO, Hannah MC, Eckard RJ, Auldist MJ, Ribaux BE, 

Jacobs JL, Wales WJ. Effects of feeding algal meal high in docosahexaenoic 

acid on feed intake, milk production, and methane emissions in dairy cows. 

Journal of Dairy Science. 2013;96(5):3177–3188. doi:10.3168/jds.2012-

6168 

133. Klop G, Hatew B, Bannink A, Dijkstra J. Feeding nitrate and 

docosahexaenoic acid affects enteric methane production and milk fatty 

acid composition in lactating dairy cows. Journal of Dairy Science. 

2016;99(2):1161–1172. doi:10.3168/jds.2015-10214 

134. Boeckaert C, Vlaeminck B, Mestdagh J, Fievez V. In vitro examination of 

DHA-edible microalgae. Animal Feed Science and Technology. 

2007;136(1–2):63–79. doi:10.1016/j.anifeedsci.2006.08.015 

135. Altomonte I, Salari F, Licitra R, Martini M. Use of microalgae in ruminant 

nutrition and implications on milk quality – A review. Livestock Science. 

2018;214:25–35. doi:10.1016/j.livsci.2018.05.006 

136. Madeira MS, Cardoso C, Lopes PA, Coelho D, Afonso C, Bandarra NM, 

Prates JAM. Microalgae as feed ingredients for livestock production and 

meat quality: A review. Livestock Science. 2017;205:111–121. 

doi:10.1016/j.livsci.2017.09.020 



References 

 

88 

137. Wells ML, Potin P, Craigie JS, Raven JA, Merchant SS, Helliwell KE, Smith 

AG, Camire ME, Brawley SH. Algae as nutritional and functional food 

sources: revisiting our understanding. Journal of Applied Phycology. 

2017;29(2):949–982. doi:10.1007/s10811-016-0974-5 

138. Suresh Kumar K, Dahms H-U, Won E-J, Lee J-S, Shin K-H. Microalgae – A 

promising tool for heavy metal remediation. Ecotoxicology and 

Environmental Safety. 2015;113:329–352. 

doi:10.1016/j.ecoenv.2014.12.019 

139. Dineshkumar R, Subramanian J, Gopalsamy J, Jayasingam P, Arumugam A, 

Kannadasan S, Sampathkumar P. The Impact of Using Microalgae as 

Biofertilizer in Maize (Zea mays L.). Waste and Biomass Valorization. 

2019;10(5):1101–1110. doi:10.1007/s12649-017-0123-7 

140. Mona S, Malyan SK, Saini N, Deepak B, Pugazhendhi A, Kumar SS. Towards 

sustainable agriculture with carbon sequestration, and greenhouse gas 

mitigation using algal biochar. Chemosphere. 2021;275:129856. 

doi:10.1016/j.chemosphere.2021.129856 

141. D’Imporzano G, Veronesi D, Salati S, Adani F. Carbon and nutrient recovery 

in the cultivation of Chlorella vulgaris: A life cycle assessment approach to 

comparing environmental performance. Journal of Cleaner Production. 

2018;194:685–694. doi:10.1016/j.jclepro.2018.05.174 

142. Joseph S, Cowie AL, Zwieten LV, Bolan N, Budai A, Buss W, Cayuela ML, 

Graber ER, Ippolito J, Kuzyakov Y, et al. How biochar works, and when it 

doesn’t: A review of mechanisms controlling soil and plant responses to 

biochar. GCB Bioenergy. 2021 [accessed 2021 Aug 18];n/a(n/a). 

doi:10.1111/gcbb.12885 

143. Schmidt H-P, Hagemann N, Draper K, Kammann C. The use of biochar in 

animal feeding. PeerJ. 2019;7:e7373. doi:10.7717/peerj.7373 

144. Zhao Q, Wang Y, Xu Z, Yu Z. How does biochar amendment affect soil 

methane oxidation? A review. Journal of soils and sediments. 

2021;21(4):1575–1586. doi:10.1007/s11368-021-02889-z 

145. Leng RA, Preston TR, Inthapanya S. Biochar reduces enteric methane and 

improves growth and feed conversion in local “Yellow” cattle fed cassava 

root chips and fresh cassava foliage. Livestock Research for Rural 

Development. 2012;24(11):13. 

146. Man KY, Chow KL, Man YB, Mo WY, Wong MH. Use of biochar as feed 

supplements for animal farming. Critical Reviews in Environmental Science 

and Technology. 2021;51(2):187–217. 

doi:10.1080/10643389.2020.1721980 

147. Kajikawa H, Valdes C, Hillman K, Wallace RJ, J Newbold C. Methane 

oxidation and its coupled electron-sink reactions in ruminal fluid. Letters in 



References 

 

89 

Applied Microbiology. 2003;36(6):354–357. doi:10.1046/j.1472-

765x.2003.01317.x 

148. Leng R, Inthapanya S, Preston T. All biochars are not equal in lowering 

methane production in in vitro rumen incubations. Livestock Research for 

Rural Development. 2013;25(6). 

149. Cabeza I, Waterhouse T, Sohi S, Rooke JA. Effect of biochar produced from 

different biomass sources and at different process temperatures on 

methane production and ammonia concentrations in vitro. Animal Feed 

Science and Technology. 2018;237:1–7. 

doi:10.1016/j.anifeedsci.2018.01.003 

150. Saleem AM, Ribeiro GO, Yang WZ, Ran T, Beauchemin KA, McGeough EJ, 

Ominski KH, Okine EK, McAllister TA. Effect of engineered biocarbon on 

rumen fermentation, microbial protein synthesis, and methane production 

in an artificial rumen (RUSITEC) fed a high forage diet. Journal of Animal 

Science. 2018;96(8):3121–3130. doi:10.1093/jas/sky204 

151. Terry SA, Ribeiro GO, Gruninger RJ, Chaves AV, Beauchemin KA, Okine E, 

McAllister TA. A Pine Enhanced Biochar Does Not Decrease Enteric CH4 

Emissions, but Alters the Rumen Microbiota. Frontiers in Veterinary 

Science. 2019;6:308. doi:10.3389/fvets.2019.00308 

152. Teoh R, Caro E, Holman DB, Joseph S, Meale SJ, Chaves AV. Effects of 

Hardwood Biochar on Methane Production, Fermentation Characteristics, 

and the Rumen Microbiota Using Rumen Simulation. Frontiers in 

Microbiology. 2019;10:1534. doi:10.3389/fmicb.2019.01534 

153. Tamayao PJ, Ribeiro GO, McAllister TA, Yang HE, Saleem AM, Ominski KH, 

Okine EK, McGeough EJ. Effects of post-pyrolysis treated biochars on 

methane production, ruminal fermentation, and rumen microbiota of a 

silage-based diet in an artificial rumen system (RUSITEC). Animal Feed 

Science and Technology. 2021;273:114802. 

doi:10.1016/j.anifeedsci.2020.114802 

154. Winders TM, Jolly-Breithaupt ML, Wilson HC, MacDonald JC, Erickson GE, 

Watson AK. Evaluation of the effects of biochar on diet digestibility and 

methane production from growing and finishing steers. Translational 

Animal Science. 2019;3(2):775–783. doi:10.1093/tas/txz027 

155. Sun T, Levin BDA, Guzman JJL, Enders A, Muller DA, Angenent LT, 

Lehmann J. Rapid electron transfer by the carbon matrix in natural 

pyrogenic carbon. Nature Communications. 2017;8:14873. 

doi:10.1038/ncomms14873 

156. Hang LTT, Preston TR, Ba NX, Dung DV. Effect of biochar on growth and 

methane emissions of goats fed fresh cassava foliage. Livestock Research 



References 

 

90 

for Rural Development. 2019 [accessed 2021 Aug 18];31(5). 

https://www.cabdirect.org/cabdirect/abstract/20193297671 

157. Jensen-Fellows AG, Batista R, Richard RJ, Sheridan TC. Cluster 

Opportunities in Gippsland: Facilitating the Development of a Biocluster. 

Worcester Polytechnic Institute. 2019:64. 

158. Joseph S, Husson O, Graber ER, Van Zwieten L, Taherymoosavi S, Thomas 

T, Nielsen S, Ye J, Pan G, Chia C, et al. The Electrochemical Properties of 

Biochars and How They Affect Soil Redox Properties and Processes. 

Agronomy. 2015;5(3):322–340. doi:10.3390/agronomy5030322 

159. Inthapanya S, Preston TR, Leng RA. Biochar increases biogas production in 

a batch digester charged with cattle manure. Livestock Research for Rural 

Development. 2012;24(12). 

160. Ibarrola R, Shackley S, Hammond J. Pyrolysis biochar systems for 

recovering biodegradable materials: A life cycle carbon assessment. Waste 

Management. 2012;32(5):859–868. doi:10.1016/j.wasman.2011.10.005 

161. Jeyanathan J, Martin C, Eugène M, Ferlay A, Popova M, Morgavi DP. 

Bacterial direct-fed microbials fail to reduce methane emissions in 

primiparous lactating dairy cows. Journal of Animal Science and 

Biotechnology. 2019;10(1):41. doi:10.1186/s40104-019-0342-9 

162. Vyas D, Alazzeh A, McGinn SM, McAllister TA, Harstad OM, Holo H, 

Beauchemin KA, Vyas D, Alazzeh A, McGinn SM, et al. Enteric methane 

emissions in response to ruminal inoculation of Propionibacterium strains in 

beef cattle fed a mixed diet. Animal Production Science. 2015;56(7):1035–

1040. doi:10.1071/AN14801 

163. Ellis JL, Bannink A, Hindrichsen IK, Kinley RD, Pellikaan WF, Milora N, 

Dijkstra J. The effect of lactic acid bacteria included as a probiotic or silage 

inoculant on in vitro rumen digestibility, total gas and methane production. 

Animal Feed Science and Technology. 2016;211:61–74. 

doi:10.1016/j.anifeedsci.2015.10.016 

164. Philippeau C, Lettat A, Martin C, Silberberg M, Morgavi DP, Ferlay A, Berger 

C, Nozière P. Effects of bacterial direct-fed microbials on ruminal 

characteristics, methane emission, and milk fatty acid composition in cows 

fed high- or low-starch diets. Journal of Dairy Science. 2017;100(4):2637–

2650. doi:10.3168/jds.2016-11663 

165. Cao Y, Takahashi T, Horiguchi K, Yoshida N, Cai Y. Methane emissions from 

sheep fed fermented or non-fermented total mixed ration containing 

whole-crop rice and rice bran. 2010. 

doi:10.1016/J.ANIFEEDSCI.2010.02.004 

166. Mwenya B, Santoso B, Sar C, Gamo Y, Kobayashi T, Arai I, Takahashi J. 

Effects of including β1–4 galacto-oligosaccharides, lactic acid bacteria or 



References 

 

91 

yeast culture on methanogenesis as well as energy and nitrogen 

metabolism in sheep. Animal Feed Science and Technology. 

2004;115(3):313–326. doi:10.1016/j.anifeedsci.2004.03.007 

167. McAllister TA, Beauchemin KA, Alazzeh AY, Baah J, Teather RM, Stanford K. 

Review: The use of direct fed microbials to mitigate pathogens and 

enhance production in cattle. Canadian Journal of Animal Science. 

2011;91(2):193–211. doi:10.4141/cjas10047 

168. Stein DR, Allen DT, Perry EB, Bruner JC, Gates KW, Rehberger TG, Mertz K, 

Jones D, Spicer LJ. Effects of feeding propionibacteria to dairy cows on milk 

yield, milk components, and reproduction. Journal of Dairy Science. 

2006;89(1):111–125. doi:10.3168/jds.S0022-0302(06)72074-4 

169. Lehloenya KV, Krehbiel CR, Mertz KJ, Rehberger TG, Spicer LJ. Effects of 

Propionibacteria and Yeast Culture Fed to Steers on Nutrient Intake and 

Site and Extent of Digestion1. Journal of Dairy Science. 2008;91(2):653–

662. doi:10.3168/jds.2007-0474 

170. Holo H, Faye T, Brede DA, Nilsen T, Ødegård I, Langsrud T, Brendehaug J, 

Nes IF. Bacteriocins of propionic acid bacteria. Le Lait. 2002;82(1):59–68. 

doi:10.1051/lait:2001005 

171. Alazzeh AY, Sultana H, Beauchemin KA, Wang Y, Holo H, Harstad OM, 

McAllister TA. Using strains of Propionibacteria to mitigate methane 

emissions in vitro. Acta Agriculturae Scandinavica, Section A — Animal 

Science. 2012;62(4):263–272. doi:10.1080/09064702.2013.773056 

172. Doyle N, Mbandlwa P, Kelly WJ, Attwood G, Li Y, Ross RP, Stanton C, Leahy 

S. Use of Lactic Acid Bacteria to Reduce Methane Production in Ruminants, 

a Critical Review. Frontiers in Microbiology. 2019;10:2207. 

doi:10.3389/fmicb.2019.02207 

173. Astuti DW, Wiryawa GK, Wina E, Widyastuti Y, Suharti S, Ridwan R. Effects 

of Selected Lactobacillus plantarum as Probiotic on In vitro Ruminal 

Fermentation and Microbial Population. Pakistan Journal of Nutrition. 

2018;17(3):131–139. doi:10.3923/pjn.2018.131.139 

174. Elghandour MMY, Salem AZM, Castañeda JSM, Camacho LM, Kholif AE, 

Chagoyán JCV. Direct-fed microbes: A tool for improving the utilization of 

low quality roughages in ruminants. Journal of Integrative Agriculture. 

2015;14(3):526–533. doi:10.1016/S2095-3119(14)60834-0 

175. Azzaz HH, El-Sherbin M, Murad HA, Ebeid HM. Propionibacteria in 

Ruminant’s Diets: An Overview. Journal of Applied Sciences. 

2019;19(3):166–172. doi:10.3923/jas.2019.166.172 

176. Frizzo LS, Soto LP, Zbrun MV, Signorini ML, Bertozzi E, Sequeira G, 

Armesto RR, Rosmini MR. Effect of lactic acid bacteria and lactose on 

growth performance and intestinal microbial balance of artificially reared 



References 

 

92 

calves. Livestock Science. 2011;140(1):246–252. 

doi:10.1016/j.livsci.2011.04.002 

177. Signorini ML, Soto LP, Zbrun MV, Sequeira GJ, Rosmini MR, Frizzo LS. 

Impact of probiotic administration on the health and fecal microbiota of 

young calves: a meta-analysis of randomized controlled trials of lactic acid 

bacteria. Research in Veterinary Science. 2012;93(1):250–258. 

doi:10.1016/j.rvsc.2011.05.001 

178. Wisener LV, Sargeant JM, O’Connor AM, Faires MC, Glass-Kaastra SK. The 

use of direct-fed microbials to reduce shedding of Escherichia coli O157 in 

beef cattle: a systematic review and meta-analysis. Zoonoses and Public 

Health. 2015;62(2):75–89. doi:10.1111/zph.12112 

179. Ghorbani GR, Morgavi DP, Beauchemin KA, Leedle J a. Z. Effects of 

bacterial direct-fed microbials on ruminal fermentation, blood variables, 

and the microbial populations of feedlot cattle. Journal of Animal Science. 

2002;80(7):1977–1985. doi:10.2527/2002.8071977x 

180. Lettat A, Nozière P, Silberberg M, Morgavi DP, Berger C, Martin C. Rumen 

microbial and fermentation characteristics are affected differently by 

bacterial probiotic supplementation during induced lactic and subacute 

acidosis in sheep. BMC Microbiology. 2012;12(1):142. doi:10.1186/1471-

2180-12-142 

181. Iribarren D, Dagá P, Moreira MT, Feijoo G. Potential environmental effects 

of probiotics used in aquaculture. Aquaculture International. 

2012;20(4):779–789. doi:10.1007/s10499-012-9502-z 

182. Darabighane B, Salem AZM, Mirzaei Aghjehgheshlagh F, Mahdavi A, Zarei 

A, Elghandour MMMY, López S. Environmental efficiency of Saccharomyces 

cerevisiae on methane production in dairy and beef cattle via a meta-

analysis. Environmental Science and Pollution Research International. 

2019;26(4):3651–3658. doi:10.1007/s11356-018-3878-x 

183. Muñoz C, Wills D, Yan T. Effects of dietary active dried yeast 

(Saccharomyces cerevisiae) supply at two levels of concentrate on energy 

and nitrogen utilisation and methane emissions of lactating dairy cows. 

Animal Production Science. 2017;57:656–664. doi:10.1071/AN15356 

184. Li Y, Shen Y, Niu J, Guo Y, Pauline M, Zhao X, Li Q, Cao Y, Bi C, et al. Effect 

of active dry yeast on lactation performance, methane production, and 

ruminal fermentation patterns in early-lactating Holstein cows. Journal of 

Dairy Science. 2021;104(1):381–390. doi:10.3168/jds.2020-18594 

185. Oh J, Harper M, Melgar A, Compart DMP, Hristov AN. Effects of 

Saccharomyces cerevisiae-based direct-fed microbial and exogenous 

enzyme products on enteric methane emission and productivity in lactating 



References 

 

93 

dairy cows. Journal of Dairy Science. 2019;102(7):6065–6075. 

doi:10.3168/jds.2018-15753 

186. Meller RA, Wenner BA, Ashworth J, Gehman AM, Lakritz J, Firkins JL. 

Potential roles of nitrate and live yeast culture in suppressing methane 

emission and influencing ruminal fermentation, digestibility, and milk 

production in lactating Jersey cows. Journal of Dairy Science. 

2019;102(7):6144–6156. doi:10.3168/jds.2018-16008 

187. Cagle CM, Fonseca MA, Callaway TR, Runyan CA, Cravey MD, Tedeschi LO. 

Evaluation of the effects of live yeast on rumen parameters and in situ 

digestibility of dry matter and neutral detergent fiber in beef cattle fed 

growing and finishing diets. Applied Animal Science. 2020;36(1):36–47. 

doi:10.15232/aas.2019-01888 

188. Kung L Jr. Direct-fed microbial and enzyme feed additives. In: 2006 Direct-

fed microbial, enzyme and forage additive compendium. Miller Publishing. 

Minnetonka, MN. 2006:16. 

189. Desnoyers M, Giger-Reverdin S, Bertin G, Duvaux-Ponter C, Sauvant D. 

Meta-analysis of the influence of Saccharomyces cerevisiae 

supplementation on ruminal parameters and milk production of ruminants. 

Journal of Dairy Science. 2009;92(4):1620–1632. doi:10.3168/jds.2008-

1414 

190. Robinson PH, Erasmus LJ. Effects of analyzable diet components on 

responses of lactating dairy cows to Saccharomyces cerevisiae based yeast 

products: A systematic review of the literature. Animal Feed Science and 

Technology. 2009;149(3):185–198. doi:10.1016/j.anifeedsci.2008.10.003 

191. Sales J. Effects of Saccharomyces cerevisiae supplementation on ruminal 

parameters, nutrient digestibility and growth in sheep: A meta-analysis. 

Small Ruminant Research. 2011;100(1):19–29. 

doi:10.1016/j.smallrumres.2011.05.012 

192. Poppy GD, Rabiee AR, Lean IJ, Sanchez WK, Dorton KL, Morley PS. A meta-

analysis of the effects of feeding yeast culture produced by anaerobic 

fermentation of Saccharomyces cerevisiae on milk production of lactating 

dairy cows. Journal of Dairy Science. 2012;95(10):6027–6041. 

doi:10.3168/jds.2012-5577 

193. Khan RU, Naz S, Dhama K, Karthik K, Tiwari R, Abdelrahma MM, Alhidary 

IA, Zahoor A. Direct-Fed Microbial: Beneficial Applications, Modes of Action 

andProspects as a Safe Tool for Enhancing Ruminant Production 

andSafeguarding Health. International Journal of Pharmacology. 

2016;12(3):220–231. doi:10.3923/ijp.2016.220.231 



References 

 

94 

194. Amin AB, Mao S. Influence of yeast on rumen fermentation, growth 

performance and quality of products in ruminants: A review. Animal 

Nutrition. 2021;7(1):31–41. doi:10.1016/j.aninu.2020.10.005 

195. Sartori E, Canozzi M, Zago D, Prates Ê, Velho J, Barcellos J. The Effect of 

Live Yeast Supplementation on Beef Cattle Performance: A Systematic 

Review and Meta-Analysis. Journal of Agricultural Science. 2017;9(4):p21. 

doi:10.5539/jas.v9n4p21 

196. Göncü S, Bozkurt S, Görgülü M. The effect of yeast Saccharomyces 

cerevisiae on fattening performances of growing cattle. MOJ Ecology & 

Environmental Sciences. 2020 [accessed 2021 Aug 18];5(5). 

https://medcraveonline.com/medcrave.org/index.php/MOJES/article/view/

15367 

197. Peng Q, Cheng L, Kang K, Tian G, Al-mamun M, Xue B, Wang L, Zou H, 

Gicheha MG, Wang Z. Effects of yeast and yeast cell wall polysaccharides 

supplementation on beef cattle growth performance, rumen microbial 

populations and lipopolysaccharides production. Journal of Integrative 

Agriculture. 2020;19(3):810–819. doi:10.1016/S2095-3119(19)62708-5 

198. Finck DN, Ribeiro FRB, Burdick NC, Parr SL, Carroll JA, Young TR, Bernhard 

BC, Corley JR, Estefan AG, Rathmann RJ, et al. Yeast supplementation 

alters the performance and health status of receiving cattle. The 

Professional Animal Scientist. 2014;30(3):333–341. doi:10.15232/S1080-

7446(15)30125-X 

199. Seankamsorn A, Cherdthong A, Wanapat M. Combining Crude Glycerin with 

Chitosan Can Manipulate In Vitro Ruminal Efficiency and Inhibit Methane 

Synthesis. Animals: an open access journal from MDPI. 2019;10(1):E37. 

doi:10.3390/ani10010037 

200. Jiménez-Ocampo R, Montoya-Flores MD, Herrera-Torres E, Pámanes-

Carrasco G, Arceo-Castillo JI, Valencia-Salazar SS, Arango J, et al. Effect of 

Chitosan and Naringin on Enteric Methane Emissions in Crossbred Heifers 

Fed Tropical Grass. Animals. 2021;11(6):1599. doi:10.3390/ani11061599 

201. Henry DD, Ruiz-Moreno M, Ciriaco FM, Kohmann M, Mercadante VRG, Lamb 

GC, DiLorenzo N. Effects of chitosan on nutrient digestibility, methane 

emissions, and in vitro fermentation in beef cattle. Journal of Animal 

Science. 2015;93(7):3539–3550. doi:10.2527/jas.2014-8844 

202. Froetschel MA, Croom WJ Jr, Hagler WM Jr, Argenzio RA, Liacos JA, 

Broquist HP. Effects of Slaframine on Ruminant Digestive Function: Liquid 

Turnover Rate and Fermentation Patterns in Sheep and Cattle. Journal of 

Animal Science. 1987;64(4):1241–1248. doi:10.2527/jas1987.6441241x 

203. Barnett MC, Goopy JP, McFarlane JR, Godwin IR, Nolan JV, Hegarty RS, 

Barnett MC, Goopy JP, McFarlane JR, Godwin IR, et al. Triiodothyronine 



References 

 

95 

influences digesta kinetics and methane yield in sheep. Animal Production 

Science. 2012;52(7):572–577. doi:10.1071/AN11303 

204. Vijayalakshmy K, Biswal J, Rahman H. Amelioration of methane production 

from livestock production systems through effective management 

strategies. Journal of Entomology and Zoology Studies. 2020;8(3):148–

152. 

205. Sun X. Invited Review: Glucosinolates Might Result in Low Methane 

Emissions From Ruminants Fed Brassica Forages. Frontiers in Veterinary 

Science. 2020;7:761. doi:10.3389/fvets.2020.588051 

206. Dubois B, Tomkins NW, Kinley RD, Bai M, Seymour S, Paul NA, Nys R de. 

Effect of Tropical Algae as Additives on Rumen in Vitro Gas Production and 

Fermentation Characteristics. American Journal of Plant Sciences. 

2013;4(12):720–726. doi:10.4236/ajps.2013.412A2005 

207. Maia MRG, Fonseca AJM, Oliveira HM, Mendonça C, Cabrita ARJ. The 

Potential Role of Seaweeds in the Natural Manipulation of Rumen 

Fermentation and Methane Production. Scientific Reports. 

2016;6(1):32321. doi:10.1038/srep32321 

208. Morsy AS, Soltan YA, El-Zaiat HM, Alencar SM, Abdalla AL. Bee propolis 

extract as a phytogenic feed additive to enhance diet digestibility, rumen 

microbial biosynthesis, mitigating methane formation and health status of 

late pregnant ewes. Animal Feed Science and Technology. 

2021;273:114834. doi:10.1016/j.anifeedsci.2021.114834 

209. Ehtesham S, Vakili AR, Danesh Mesgaran M, Bankova V. The Effects of 

Phenolic Compounds in Iranian Propolis Extracts on in vitro Rumen 

Fermentation, Methane Production and Microbial Population. Iranian 

Journal of Applied Animal Science. 2018;8(1):33–41. 

210. Ross EG, Peterson CB, Carrazco AV, Werth SJ, Zhao Y, Pan Y, DePeters EJ, 

Fadel JG, Chiodini ME, Poggianella L, et al. Effect of SOP “STAR COW” on 

Enteric Gaseous Emissions and Dairy Cattle Performance. Sustainability. 

2020;12(24):10250. doi:10.3390/su122410250 

211. Candyrine SCL, Mahadzir MF, Garba S, Jahromi MF, Ebrahimi M, Goh YM, 

Samsudin AA, Sazili AQ, Chen WL, Ganesh S, et al. Effects of naturally-

produced lovastatin on feed digestibility, rumen fermentation, microbiota 

and methane emissions in goats over a 12-week treatment period. PLoS 

ONE. 2018;13(7):e0199840. doi:10.1371/journal.pone.0199840 

212. Ramírez-Restrepo CA, O’Neill CJ, López-Villalobos N, Padmanabha J, 

McSweeney C. Tropical cattle methane emissions: the role of natural 

statins supplementation. Animal Production Science. 2014;54(9):1294–

1299. doi:10.1071/AN14246 



References 

 

96 

213. Rossi, G., Schiavon, S., Lomolino, G., Cipolat-Gotet, C., Simonetto, A., 

Bittante, G. and Tagliapietra, F., 2018. Garlic (Allium sativum L.) fed to 

dairy cows does not modify the cheese-making properties of milk but 

affects the color, texture, and flavor of ripened cheese. Journal of dairy 

science. 101(3), pp.2005-2015. 

214. Aly, S.E., Hathout, A.S. and Abo-Sereih, N.A., 2011. Evaluation of 

Biotechnologically Produced Thymol as Antimicrobial and Antioxidant 
Agents. Journal of Biologically Active Products from Nature. 1(5-6), 

pp.293-305. 

215. Tamayao, P. J., G. O. Ribeiro, T. A. McAllister, H. E. Yang, A. M. Saleem, K. 
H. Ominski, E. K. Okine, and E. J. McGeough. Effects of post-pyrolysis 

treated biochars on methane production, ruminal fermentation, and rumen 
microbiota of a silage-based diet in an artificial rumen system 

(RUSITEC). Animal Feed Science and Technology 273 (2021):114802. 

216. Ungerfeld, E.M. and Forster, R.J., 2011. A meta-analysis of malate effects 

on methanogenesis in ruminal batch cultures. Animal feed science and 
technology, 166, pp.282-290. 

217. Machado L, Magnusson M, Paul NA, Kinley R, de Nys R, Tomkins N. Dose-
response effects of Asparagopsis taxiformis and Oedogonium sp. on in vitro 

fermentation and methane production. J Appl Phycol. 2016 
Apr;28(2):1443–52.  

218. Roque BM, Brooke CG, Ladau J, Polley T, Marsh LJ, Najafi N, et al. Effect of 
the macroalgae Asparagopsis taxiformis on methane production and rumen 

microbiome assemblage. Anim Microbiome. 2019 Feb 12;1(1):3.  

219. Paul NA, de Nys R, Steinberg PD. Chemical defence against bacteria in the 

red alga Asparagopsis armata: linking structure with function. Mar Ecol 
Prog Ser. 2006 Jan 11;306:87–101.  

220. Smith EL, Mervyn L, Johnson AW, Shaw N. Partial synthesis of vitamin B 12 
coenzymes and analogues. Nature. 1962 Jun 23;194:1175.  

221. Johnson ED, Wood AS, Stone JB, Moran Jr. ET. Some effects of methane 

inhibition in ruminants (steers). Can J Anim Sci. 1972 Dec 1;52(4):703–
12.  

222. Ermler U, Grabarse W, Shima S, Goubeaud M, Thauer RK. Crystal structure 
of methyl-coenzyme M reductase: the key enzyme of biological methane 

formation. Science. 1997 Nov 21;278(5342):1457–62.  

223. Liu H, Wang J, Wang A, Chen J. Chemical inhibitors of methanogenesis and 

putative applications. Appl Microbiol Biotechnol. 2011 Mar;89(5):1333–40.  

224. Zhao S, Rogers MJ, He J. Microbial reductive dehalogenation of 

trihalomethanes by a Dehalobacter-containing co-culture. Appl Microbiol 
Biotechnol. 2017 Jul;101(13):5481–92.  

225. Mehlmann M, Quack B, Atlas E, Hepach H, Tegtmeier S. Natural and 
anthropogenic sources of bromoform and dibromomethane in the 

oceanographic and biogeochemical regime of the subtropical North East 
Atlantic. Environ Sci Process Impacts. 2020 Mar 1;22(3):679–707.  



Appendix 1 

 

97 

Appendix 1. Surveys for livestock producers, 

feed manufacturers, bioactive manufacturers 
To meet the objective of understanding whether the industry delivery pipeline 

for methane suppressing additives is ahead, behind or in step with discovery of 

these additives in scientific research, a set of surveys were prepared. 

Separate surveys have been developed for:  

• Livestock producers/managers 

• The processed feed manufacturers and supplement industry  

• The feed-additive manufacturing industry 

The surveys were either completed on the MS Word documents as presented 

below or presented as a Google Form. 

Survey for livestock producers and managers 
Dear participant, the objective of this interview is to document the trajectory, 

challenges, and future perspective of the feed additive industry in the use of 

technologies for reducing enteric methane from ruminant livestock.  

Note: Can the product specifications files be provided if available please? The 

views would be anonymous and simply recorded as a set of comments from 

Livestock Company X.  

Name: Role: 

Company name: Company code: 

QUESTION ANSWERS / NOTES 

1) How many ruminants are you 

responsible for (small/large 

ruminants)? 

Please mark (X) one of the options below: 

(____) 0 – 100 head 

(____) 101 – 1,000 head 

(____) 1001 – 10,000 head 

(____) > 10,000 head 

Provide partitioning into species (__sheep, __cattle) 

2) What feed additive technologies 

do you already use in your 

livestock? 

 

Please mark (X) one or more of the options below: 

(____) Monensin/other antibiotic rumen modifiers 

(____) Probiotics/Direct feed microbials 

(____) Essential Oil Blends  

(____) Saponins or tannins 

(____) Biochar 

(____) Other_____________________ 
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3) What is the reason for adopting 

this feed additive technology in 

your livestock? 

Please rank the priority (1 = none to 5 = extreme 

priority) in the options below:  

(____) Animal performance  

(____) Animal health 

(____) Feed efficiency 

(____) Feed cost 

(____) Environment 

(____) GHG emissions 

(____) Other______________________ 

4) How important is managing and 

reducing emissions of GHG from 

your livestock enterprise now, and 

going to be in next 1, 5 and 10 

years? 

Please rank your priority (1 = none; 5 = extreme 

priority) below: 

(____) Currently 

(____) In the next 1 year 

(____) In the next 5 years 

(____) In the next 10 years 

5) What would motivate you to use 

feed additives that reduce GHG 

emissions in your diets? 

Please mark (X) one more option below: 

(____) Company or legal requirement 

(____) Desire for a positive company image 

(____) Market pays me more (e.g., Carbon Credits) 

(____) Improved animal performance/feed 

efficiency 

(____) Improved carcass weight  

(____) Reduced production cost 

(____) Improved animal welfare and environment 

(____) Improved meat or milk quality 

(____) Other_____________________ 

6) How much more would you be 

willing to pay (% of the total diet 

cost diet) for an additive that 

reduces GHG emissions? 

Please mark (X) one of options below: 

(____) 0 to 1%  

(____) 1 to 5% 

(____) 5 to 10% 

(____) > 10% 

I don’t know as a percentage, but we expect to 

pay:… 

7) How would you source 

information to guide your decisions 

about choosing feed additives to 

reduce livestock methane 

production? 

Please mark (X) one or more of the options below: 

(____) Don’t need outside information 

(____) Search online for a scientist or research 

organisation to ask 

(____) Search online for companies supplying 

emission inhibitors 
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(____) Search online for products claiming to inhibit 

livestock methane 

(____) Contact a known supplier of additives (e.g., 

Monensin) and ask their advice 

(____) Contact a local scientist  

(____) Other_________________ 

8) Do you have any further 

comment on your organisation’s 

contribution to producing low-

methane livestock, feed or livestock 

products? 

 

Survey for feed manufacturers 
Dear participant, the objective of this interview is to document the trajectory, 

challenges, and future perspective of the feed additive industry in the use of 

technologies for reducing enteric methane from ruminant livestock.  

Note: Can the product specifications files be provided if available please? The 

views would be anonymous and simply recorded as a set of comments from 

Australian Supplement Company X.  

Name: Role: 

Company name: Company code: 

QUESTION ANSWERS / NOTES 

1) Are you a local, regional, 

national, or international producer 

of supplements for ruminants? 

Please mark (X) one of the options below:  

(____) Local 

(____) Regional 

(____) National 

(____) International 

2) Do you already make any 

products with a low methane claim? 

Please mark (X) one of options below: 

(____) Yes 

(____) No 

3) Do you already know feed 

additives you could look to include 

to reduce ruminant emissions? 

Please mark (X) one or more of the options below: 

(____) 3 Nitrooxypropanol 

(____) Asparagopsis 

(____) Microalgae 

(____) Nitrate 

(____) Antibiotic Rumen Modifiers 

(____) Essential Oil Blends 

(____) Saponins 

(____) Tannins 
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(____) Humates 

(____) Biochar 

(____) Probiotics 

(____) Other________________________ 

4) Is a low methane supplement a 

desired product for you now, and in 

the next 1, 5 and 10 years? 

 

Please rank the priority (1 = none to 5 = extreme 

priority) in the options below: 

(____) Currently 

(____) In the next 1 year 

(____) In the next 5 years 

(____) In the next 10 years 

5) What factors would affect the 

priority you give to moving into low 

methane supplement manufacture? 

Please rank the priority (1 = none to 5 = important 

factor) in the options below: 

(____) Our company policy towards low carbon systems 

(or carbon neutrality or similar) 

(____) Awareness of what products are available 

(____) Cost of products available 

(____) Financial incentives: (e.g., Government or 

Carbon Credit) 

(____) Customer demand for methane lowering 

products (GHG friendly) 

(____) Other_______________________ 

6) Where would you or have you 

sourced information to guide your 

choice of additive? 

 

Please mark (X) one or more of the options below: 

(____) Scientific journals 

(____) Web pages (Blogs, journals, etc.) 

(____) Participation in events (webinar) 

(____) University and researchers 

(____) Other_______________________ 

7) What are the main constraints to 

commercial release of product in 

these countries and industries?  

Please rank the priority (1 = none to 5 = extreme 

constraint) in the options below: 

(____) Research and development 

(____) Registration/legal approval process  

(____) Production scale-up and logistics 

(____) Marketing and sales strategy 

(____) Consumers’ demand 

(____) Other _______________________ 

8) Do you have any further 

comment on your organisation’s 

contribution to producing low-

methane livestock feed or products? 
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Survey for manufacturers of mitigation agents 
Dear participant, the objective of this interview is to document the trajectory, 

challenges, and future perspective of the feed additive industry in the use of 

technologies for reducing enteric methane from ruminant livestock.  

Note: Can the product specifications files be provided if available please? The 

views would be anonymous and simply recorded as a set of comments from 

Australian bioactive Company X. 

Name: Role: 

Company name: Company code: 

QUESTION ANSWERS / NOTES 

1) What will be the primary marketing 

claim the company expects to use to 

launch this methane inhibiting additive 

into the market?  

 

Please rank the priority of any claims likely 

to be made (1 = none to 5 = principal claim) 

(____) Inhibits methane production 

(____) Rumen modifier/enhancer 

(____) Palatability enhancer 

(____) Growth promoter 

(____) Animal health 

(____) Other_________________________ 

2) How long was (or will be) the duration 

from development to commercialization?  

Please mark (X) one of the options below: 

(____) 0 to 1 year 

(____) 1 to 5 years 

(____) 5 to 10 years 

(____) > 10 years 

3) In which industries (e.g., dairy/ feedlot/ 

grazing) are these additives currently being 

anticipated for commercialization?  

  

Please rank the current priority (1 = none 

to 5 = extreme priority target) 

(____) Dairy 

(____) Feedlot 

(____) Grazing 

4) What is the expected incremental cost 

(%) of the diet that farmers will pay for 

adopting this technology?  

Please mark (X) one of options below: 

(____) 0 to 1% more 

(____) 1 to 5% more 

(____) 6 to 10% more 

(____) > 10% more 

Other measure of cost_________________ 

5) What countries are the company 

currently (or planning to) targeting? 

Please rank the priority of each market (1 = 

minimal interest to 5 = extreme priority) 

(____) Developed countries 

(____) Developing countries 
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6) What are the current main constraints 

to commercial release of a methane 

reducing product in these countries and 

industries? 

  

Please rank the priority (1 = none to 5 = 

extremely high constraint) in the options 

below: 

(____) Research and development 

(____) Registration/legal approval process  

(____) Production scale-up and logistics 

(____) Marketing and sales strategy 

(____) Consumers’ demand 

(____) Other _______________________ 

7) What don’t we know about this feed 

additive technology that you think still 

needs to be researched? 

 

Please rank the options below (1 = no 

need to 5 = extreme research needed)  

(____) Reduction on GHG emissions 

(____) Microbial population changes 

(____) Animal health impacts 

(____) Dose and chemical composition 

(____) Residue in meat and milk 

(____) Cost and payback  

(____) Other_________________________ 

8) In your opinion what are the future 

challenges the industry developing feed 

additives for GHG emissions will face in the 

next 5 to 10 years? 

Please rank the options below (1 = none to 

5 = an extreme challenge)  

(____) Chemical discovery 

(____) Safety and efficacy testing 

(____) Registration 

(____) Market interest 

(____) Other_________________________ 

9) Do you have any further comments on 

your organisation’s contribution to 

producing low-methane livestock feed or 

products? If you do not/will not 

manufacture a methane suppressing 

additive, please explain why not? 
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Appendix 2. Project terms of reference 
This report was compiled to meet the following contracted obligations: 

Scope 
The scope of the review should include: 

• Technologies that are presently commercially available and those under 

development that have published data on their impacts. 

• Evidence available from developing countries as well as developed 

countries. 

• Impacts on emissions from enteric fermentation, manure, and production 

or transport of the feed additive if available. 

Activities  
The assessment will include the following activities: 

• Identify known technologies globally, by product type, with examples. 

• Compile and evaluate the robustness of the evidence for known 

technologies’ effects on (i) animal health, nutrition, and productivity, (ii) 

GHG emissions at the animal and lifecycle levels, (iii) food quality or 

safety, and (iv) any other animal, human, or environmental impacts or 

risks resulting from the production or use of the technology. Evidence 

should be drawn from the scientific literature or other reliable and 

published data sources. Note: Limited information is likely to be available 

on lifecycle analysis and food quality/safety issue. This information may 

equate to just one line in any developed reference library depending on 

the data that can be sourced.  

• Summarize the technologies’ efficacy based on the evidence compiled.  

• Identify conditions for manufacture, distribution, farmer accessibility and 

use of the technology, including palatability. Identify costs of the 

technology in developing countries. Use scientific literature where 

possible, or other sources, including interviews. 

• Conduct interviews with feed additive developers (n=10-15) to identify 

the trajectory of the industry in the next five to ten years and related 

research needs. Develop a survey template to ensure a consistent 

approach to the interview process. Results compiled as an addendum to 

the report. 

• Draw conclusions highlighting:  

o Where is the potential for feed additives for greenhouse gas 

emissions reductions highest, with the least trade-offs?  

o What is needed to further development the feed-additive industry in 

the next 5-10 years, especially to make additives attractive and 

accessible in developing countries?  
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o What additional research is needed to advance the potential of feed 

additives uptake? 

Outputs 
• Development of a feed additives reference library (expected n=15-30 

technologies). Each technology will be detailed using a specially designed 

template. This will be a living document, easily updated with time.  

• Produce a policy brief summarizing the results of this activity. 

• Produce a table of commercially available feed additives, their cost (this 

may have to be a 5-star scale rather than a dollar value) and their efficacy 

that can be posted on websites. 

• Present results in a GRA-CCAFS webinar. 

All activities and outputs would be co-branded with GRA/CCAFS and relevant 

funding sources and widely promoted in GRA/CCAFS communications.  
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