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Climate change and animal ag

IPCC, 2021; NYSERDA, 2014 (ClimAID)

➢ Although our climate has not been 
stagnant “…it is virtually certain 
that irreversible, committed 
change is already underway…” 

– Intergovernmental Panel on Climate Change 2021

➢ Enhancing the adaptability and 
resiliency of animal agriculture has 
and will continue to be the smart 
approach to maintain food security
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Milk production efficiency is enhanced by “dilution of 

maintenance”; but not in all countries

Capper et al. (2008); Patra (2017); Tricarico et al. (2020)

Enteric methane emissions 

intensities (kg of CO2e kg-1 milk):

US Holstein: 0.25

Indian indigenous cattle: 1.21

Indian crossbred cattle: 2.96



Energetics of milk production and the 

importance of indirect calorimetry 

Gross energy (GE)

[Total energy in feed]

Digestible energy (DE)

Metabolizable energy (ME)

Net energy (NE)

NEM

Fecal energy (FE)

Heat increment

NEL NEG

DE (Mcal/d) = GE – FE

ME (Mcal/d) = DE – urinary 

energy – methane energy

Heat production (kcal/d) = 3.866 × O2

(L/d) + 1.200 × CO2 (L/d) - 0.518 × CH4

(L/d) - 1.431 × urinary N excretion (g/d)

Urinary energy and 

methane energy



Energetics of methane production 
Gross energy (GE)

[Total energy in feed]

Digestible energy (DE)

Metabolizable energy (ME)

Net energy (NE)

NEM

Fecal energy (FE)

Heat increment

NEL NEG

Johnson and Johnson, 1995

Urinary energy and 

methane energy



Mitigation of enteric methane emissions through improved 

efficiency of energy utilization 

Yan et al. (2010)

A B



Ruminal methanogenesis

Beauchemin et al. (2020)



Relationship between VFA production and methane 

yield as measured by sulphur hexafluoride tracer

Williams et al. (2019)

A B



Decreasing forage to concentrate ratio reduces methane 

yields but we cannot ignore lower rumen pH

Bayat et al. (2017)



Forage type influences methane emissions 

Hassanat et al. (2013)



Increased dietary lignin content reduces NDF digestibility 

and GE→DE, and increases CH4 per unit of milk protein

Stypinski et al. (2022); Special thanks to Kononoff Lab.

A B C



Bioactive forages for methane reduction

Verma et al. (2022); Goel and Makkar (2012)



Feeding nitrate lowers CH4 production by 16%, enhances 

conversion of GE to ME but does not modify milk energy 

van Zijdervelt et al., 2011; table abbreviated



Seaweed is a potent methane inhibitor

Roque et al. (2019)

➢ Methanogenesis inhibition proven for red macroalgae (e.g., 
Asparagopsis armata)

A B



Seaweed requires scrutiny before acceptance 

Muizelaar et al. (2021); McFadden (2021)

➢ CHBr3 found in milk.

➢ A. taxiformis reduces 
voluntary feed intake

➢ Rumen wall damage

➢ Environmental impact

➢ Heavy metals and iodine



Fatty acid feeding can reduce methane emissions; however, 

fatty acid type, feeding level, and energy partitioning matter

Czerkawski and Clapperton (1984); Patra et al. (2013); 

Brask et al. (2013; abbreviated table)

➢ MCFA and PUFA inhibit methane production by influencing microbial activity

➢ Feeding level is limited to 6 to 7% EE, DM basis

➢ Understanding of conversion of gross energy to milk energy is very limited on the basis of 

specific fatty acids



3-nitrooxypropanol (3NOP) is a consistent methane 

inhibitor

Hristov et al. (2015)

➢ Inhibits methyl coenzyme-M reductase to 
reduce methane production by 30%

➢ Increases hydrogen emissions 

➢ Little apparent impact on performance

➢ No apparent 3NOP metabolites in milk

A

B



Co-supplementing 3NOP and canola oil maximizes CH4

reduction; canola oil reduces 3NOP-induced H2 emissions

Gruninger et al. (2022)

A B



Ionophores for methane mitigation 

Appuhamy et al. (2013); Honan et al. (2020)

➢ Improves digestive efficiency 
to favor propionate production 
over acetate, which reduces 
H2 for methanogens.

➢ Methanogenesis inhibition 
more pronounced in diets with 
higher fat content

➢ Meta-analyses of monensin
conclude minimal effect on 
methanogenesis inhibition; 
perhaps 4 to 10% reduction 

➢ Ionophore resistance is a 
concern



Essential oils (Agolin Ruminant)

Belanche et al. (2020); Carrazco et al. (2020)

A

B

➢ Blend of essential oils: coriander seed oil, 
eugenol, geranyl acetate, and geraniol; 0.8 to 1 
g/d

➢ Increases milk production in cows producing 
moderate milk yield (~30 kg/d)

➢ Milk and FCM/ECM response depends on duration 
of feeding (5 to 8 wk min); but, consistent and 
convincing 2-3% increase in yields of milk or ECM 
are observed

➢ Agolin inhibits methane production or intensity 
by ~10%

➢ No apparent change in DMI

➢ No apparent change on milk composition

➢ Mode of action requires clarity



Appuhamy et al. (2013); Honan et al. (2020)

➢ Garlic (allicin) and flavonoid-containing citrus extract (Mootral)
▪ Proposed mode of action: Reduces methanogenic archaea populations

▪ Efficacy superior in vitro and more specific for garlic

▪ Efficacy in vivo uncertain; potentially 5 to 30%

➢ Oregano and green tea extract 
▪ Proposed mode of action: Enhanced efficiency of energy use and modified microbial 

community

▪ No apparent impact on nutrient digestibility or milk production and composition

▪ Potential reductions in ruminal protein degradation and ammonia production

▪ Reduces methane/kg of digestible DM

▪ Efficacy in vivo uncertain

➢ Cinnamon oil or cinnamaldehyde
▪ No apparent effect on methane production in vivo

Efficacy in vitro has yet to be 
proven comparable in vivo

The kitchen cupboard: Plant extracts



Hegarty et al. (2021)



Hegarty et al. (2021)

Survey of feed additive 

developers

➢ Targeting livestock in the developed rather 

than developing world. 

➢ Data suggests pulsed intake of 

supplements won’t work for developing 

world.

➢ Manufacturers are poorly informed 

regarding additives with highest efficacy.

➢ Low number of additives identified with high 

level mitigation is concerning; novel 

products needed.



Hegarty et al. (2021)

Survey of cattle producers 

and managers

➢ Identified greenhouse gas 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. 

➢ Need additional information to support 

decisions on feed additive use for methane, 

with the majority anticipating seeking that 

information from current feed/additive 

suppliers.



What is an atomistic approach and perspective when 

defining the efficacy of methane-inhibiting feed ingredients?

➢ Efficacy is defined solely by the ability of an ingredient to inhibit enteric 
methane emissions (and ignores other GHGs or manure)

➢ Efficacy is not influenced by feeding duration, host or microbial genetics, 
nutrition, or environment 

➢ Relative or qualitative efficacy is adequate

➢ Ruminal adaptation or compensation is not a concern

➢ Changes in energetic efficiency are not measured 

➢ Metabolic fate and residues in meat or milk are not considered

➢ Life cycle assessment of ingredient production not evaluated



What is a holistic approach and perspective when defining 

the efficacy of methane-inhibiting feed ingredients?

➢ Efficacy is defined by the ability of an ingredient to inhibit enteric and 
manure methane emissions without increasing other GHG emissions

➢ Efficacy is likely influenced by feeding duration, and impacted by host or 
microbial genetics, nutrition, or environment 

➢ Relative or qualitative efficacy is inadequate

➢ Ruminal adaptation or compensation requires attention

➢ Changes in energetic efficiency must be measured 

➢ Metabolic fate and residues in meat or milk must be prioritized

➢ Life cycle assessment of ingredient production is essential



To define efficacy of methane inhibitors using a 

standardized holistic approach, what should we evaluate?

➢ Total enteric and manure CO2, CH4, H2, NH3, N2O, NO, and NO2 emissions

➢ Conversion of feed gross energy to fecal, urinary, methane, digestible, 

metabolizable, and tissue or milk energy

➢ Mode of action

➢ Ruminal, post-ruminal, and total tract nutrient digestibility 

➢ Feeding level and duration (economics)

➢ Rumen ecology and fermentation 

➢ Measures of animal health

➢ Compound absorption, degradation, and excretion 

➢ Interactions with diet, environment, and genetics (breed)

➢ Residues of human safety concern in meat and milk



Methods to measure methane output in cattle

Garnsworthy et al. (2019)



Performance and reporting of gas recovery tests must be a 

strict requirement when defining methane-inhibiting efficacy

Gardiner et al. (2015); Gerrits et al. (2018)

A B
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➢ Reduce global enteric and manure methane and nitrous oxide 
emissions from cattle production as a means to mitigate climate 
change. To achieve this goal, we aim to:
1. Discover and facilitate the regulatory approval of feed ingredients, additives and drugs that 

inhibit enteric and manure methane emissions; 

2. Identify and accelerate the adoption of manure management practices that lower methane 
and nitrous oxide emissions and nutrient runoff from farms at scale; 

3. Innovate soil management practices to enhance carbon sequestration; 

4. Enhance the efficiency of nutrient use for milk production to reduce greenhouse gas 
emission intensities and ruminant population by advancing ruminant ration balancing and 
feeding recommendations for Indian dairy farmers.

5. Develop and execute a communication plan to educate the consumer about 
advancements in sustainable animal agriculture. 

Our working goal and strategic plan



➢ “Gold standard” for the highly-repeatable and 
accurate measurement of enteric and manure 
methane, carbon dioxide, oxygen, ammonia, 
hydrogen, nitrous oxide, nitrogen dioxide, and 
nitric oxide

➢ Real-time 24/7 GHG emissions, O2

consumption, feed and water intake, and 
activity data

➢ Estimates “heat production”

➢ Adaptable to different species

➢ Climate-controlled

➢ $1,586,970+ secured from Cargill and New 
York State

➢ Operational in 2023

The catalyst: Building a state-of-the-art respiration 

chamber system

Photos by McFadden courtesy of ETH Zurich



➢ Common approach for the high-throughput 
but intermittent measurement of enteric 
methane, carbon dioxide, and, hydrogen 
emissions

➢ Does not measure O2 consumption, other 
gasses, or estimate “heat production”

➢ Limited adaptability to other species

➢ Not climate-controlled

➢ $160,000 secured by New York State 

(3 units secured)

Acquiring GreenFeed for high-throughput studies focused 

on inhibiting ruminal methanogenesis

Photos courtesy of C-Lock Inc.



Aim to accelerate FDA approval of feed additives & drugs

38

➢ Addressing barriers for timely adoption at 
scale of feed additives and drugs that inhibit 
methanogenesis. 

▪ Build consensus around techniques FDA could use to 
reduce time and cost of the approval process for climate-
beneficial products without sacrificing human and animal 
health safeguards; 

▪ Invest in an advocacy campaign to drive consensus-
backed recommendations to fruition at FDA;

▪ Develop a “gold standard” methodology to demonstrate 
holistic efficacy of feed additives and drugs to inhibit 
methane emissions. 



➢ Expand organization of key personnel (faculty and staff), facilities, and 
equipment to support a focused research and education plan to identify 
effective and safe dietary solutions using a holistic approach for rapid industry 
translation and consumer acceptance.
▪ Develop approaches for high-throughput in vitro and in vivo testing to expedite discovery

▪ Revitalize animal nutrition training for our students and international scholars

▪ Prioritize data management for benefit of all

▪ Build up philanthropic and industry support

▪ Ensure science transparency through public engagement

▪ Align with the regulatory approval process

▪ Advance whole farm nutrient mass balance and ration formulation models

▪ Strategically coordinate and collaborate

Strategic developments 



In the absence of a holistic scientific method and 
transparent data, the efficacy of methane-inhibiting feed 

ingredients, additives, or drugs should be considered with 
cautious optimism and perhaps skepticism. 
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