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EXECUTIVE SUMMARY
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To reduce methane emissions, several practices have
been and are being developed, including altering
cattle diets, using feed additives, early-life
interventions, selective breeding, genetic
manipulation, vaccination, and improved manure
management. Each of these strategies requires
further research, as there are possible issues related
to their effectiveness, health implications on cattle,
productivity influence, cost-effectiveness, and
whether there are any ethical issues involved. 

The success of the EMIT-LESS Act can be measured
using direct and indirect indicators. The most
important direct indicators will be the reduction in
methane emissions from cattle as well as the
reduction of atmospheric methane emissions. Indirect
indicators, however, will allow the USDA to manage
and administer their program better. These include
the volume of research funded and the output
produced, the number of training programs offered,
the number of farmers adopting methane-reducing
solutions after going through the training program,
and the reduction of methane emissions per farmer
that receive financial compensation for implementing
the practices. Different technologies are available to
track progress and steer the USDA’s efforts in the
right direction.

The EMIT-LESS Act represents a significant step
towards addressing one of the most substantial
sources of anthropogenic greenhouse gas emissions.
By funding innovation and incentivizing the
implementation of sustainable livestock management
practices, the Act will be crucial for the United
States’s climate change mitigation efforts and the
world’s ambition to limit global warming according to
the Paris Agreement.

Methane is a potent greenhouse gas that contributes
significantly to the worsening of climate change,
being 86 times more potent than carbon dioxide over
a 20-year lifespan. Enteric fermentation in ruminant
cattle is a major source of methane emissions in
agriculture. In fact, 40% of anthropogenic methane
emissions stem from agriculture, of which 90%
originate from cattle. However, the topic has received
relatively little attention in policy compared to other
sources of greenhouse gasses, like fossil fuels. 

The Enteric Methane Innovation Tools for Lower
Emissions and Sustainable Stock (EMIT-LESS) Act of
2024 (S. 4056) is a bipartisan proposed bill that aims
to promote a sustainable shift in the cattle industry by
addressing methane emissions from ruminants,
primarily cattle. Introduced by Senator Michael
Bennet (D-Colorado), the Act has the objective of
reducing methane emissions by funding enteric
methane reduction research, expanding training
programs for farmers to adopt reduction practices,
and promoting sustainable livestock management
practices through financial incentives. 

The Act calls upon the Secretary of Agriculture to
promote research within the United States
Department of Agriculture as well as at independent
universities and research institutions. This includes
developing infrastructure for measuring methane
emissions, understanding their impact on animal
productivity, growth and health, and the effectiveness
of different livestock management practices. 
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LEGISLATIVE SUMMARY

The Enteric Methane Innovation Tools for Lower Emissions and Sustainable Stock (EMIT-LESS)
Act (S. 4056) is a bipartisan legislation introduced by Senator Michael Bennet (D-Colorado)
in collaboration with Senators Mike Crapo (R-Idaho), Tammy Baldwin (D-Wisconsin) and Jerry
Moran (R-Kansas). The Act aims to promote sustainability in the agricultural sector by
addressing enteric methane emissions produced by ruminant digestion. The bill revises and
expands current enteric methane reduction practices, promotes innovative research, and
creates incentive programs for farmers in an effort towards reaching the US Global Methane
Pledge (Malley et al., 2023).

The EMIT-LESS Act places responsibility on the Secretary of Agriculture and the United
States Department of Agriculture (USDA) to conduct research on enteric methane reduction
strategies. Through the Agricultural Research Service, the principal research agency of the
USDA, the Act aims to administer and fund solution-oriented research related to enteric
methane emissions of ruminant feeders, most notably cattle. The Secretary is responsible for
providing the infrastructure needed for studying baseline enteric methane emissions, the
impact of enteric methane production on animal productivity and health, and the impacts of
methane mitigating practices on greenhouse gas (GHG) emissions and animal welfare. This
infrastructure may include constructing or renovating facilities, collaborating with
stakeholders such as independent and academic research facilities, and purchasing
appropriate technology for research assessment (EMIT-LESS Act, S. 4056, 118th Cong.,
2024).

With its research and development component, the EMIT-LESS Act will create training and
payment programs for ranchers to effectively adopt innovative methane-reducing solutions
while mitigating the cost of transition. Under the Food Security Act of 1985, the EMIT-LESS
Act requires that the Secretary of Agriculture establish one or more studies regarding enteric
methane emission reductions alongside a comprehensive report outlining the study’s
innovation, economic outcomes, and reduction of GHG emissions. 

The EMIT-LESS Act additionally requires the Secretary of Agriculture to organize a review of
the latest conservation practice standards on feed management and enteric methane
emission reduction practices. It will furthermore create payment programs to compensate
farmers for the cost of implementing methane-reducing solutions and practices as well as
forgone income (EMIT-LESS Act, S. 4056, 118th Cong., 2024).

The EMIT-LESS Act is an innovative legislation proposing a sustainable shift in the dairy and
livestock industry. By expanding research and development regarding enteric fermentation
reduction strategies, the EMIT-LESS Act will establish the path to the reduction of enteric
methane emissions. Through the creation of payment programs ranchers will have the
incentive and ease of transitioning to more sustainable practices with fewer or no financial
drawbacks. Through these efforts, the U.S. will move closer to achieving the goals of the
Global Methane Pledge, which seeks to reduce anthropogenic methane emissions by 30% by
2030 (Malley et al., 2023).
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The significant increase of GHG emissions pose a significant threat to our planet as they
accelerate climate change, heating up the planet to dangerous levels. Methane is of
particular concern due to its potency as a GHG; it is 86 times more potent than carbon
dioxide over a 20-year lifespan (IPCC, 2022). Although methane makes up only 16% of
global greenhouse gas emissions, it is, in fact, responsible for 30% of global warming thus far
(IPCC, 2022). Cattle represent the principal source of methane emissions from agriculture,
which makes up about 40% of anthropogenic US GHG emissions (EPA, 2022). This means
that if methane emissions remain at current levels, they will exacerbate global warming and
climate instability.

9

ENVIRONMENTAL PROBLEM

Figure 1: Natural and human-enhanced greenhouse gas effect; source: RNC2050 (n.d.)

https://www.zotero.org/google-docs/?N0iY6j
https://www.zotero.org/google-docs/?E67k22
https://www.zotero.org/google-docs/?rCBH20


3.1 Enteric Fermentation as a Major Source of Methane Emissions

Enteric methane emissions result from enteric fermentation in ruminants. Ruminants break
down complex carbohydrates in their rumen through microbial decomposition, producing
methane as a byproduct and releasing it primarily through eructation. Ruminants—such as
cattle, sheep, and goats—have a specialized digestive system for this process, differentiating
them from other land mammals. What makes the digestive system of ruminants unique is their
four-chamber stomach, which comprises the rumen, reticulum, omasum, and abomasum (see
Figure 2) (Gibbs et al., 2001).

10

Figure 2: Cattle Stomatch; source: GO Seed (2021)

Enteric fermentation takes place in the rumen, where over 200 unique strains of
microorganisms (including bacteria, protozoa, and fungi) are responsible for the enteric
fermentation process, allowing ruminants to effectively digest the complex carbohydrates in
plant matter by breaking down their lignocellulosic structures (complex and irregular lattice
structure of plant walls) into monosaccharides (simple sugars) (Sanjorjo et al., 2023). 

https://www.zotero.org/google-docs/?lsta9U
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Figure 3: Enteric fermentation: the digestion process

These monosaccharides are then further fermented in the rumen and break down into various
products including volatile fatty acids (VFAs), carbon dioxide (CO₂), and hydrogen (H₂). The
VFAs are utilized for energy, while the methanogenic archaea, a microorganism in the
rumen, produce methane (CH₄) and water (H₂0) in a process known as methanogenesis
(Smith et al., 2022). During this process, microbial metabolic activities result in the
production of cellular energy in the form of adenosine triphosphate (ATP) (Vetriani, 2001).
Further mechanical breakdown occurs in the reticulum and omasum, preparing food for final
digestion in the abomasum. The methane produced during enteric fermentation is then
primarily released through eructation (burping). A smaller amount of methane (approx. 5%) is
also produced further along the digestive tract and is emitted through the cow's manure (cf.
Figure 4) (Sanjorjo et al., 2023).

Figure 4: Sources of methane emissions from cattle; source: New Zealand Agricultural
Greenhouse Gas Research Centre (2021)

https://www.zotero.org/google-docs/?qpl4Q7
https://www.zotero.org/google-docs/?zfvm82
https://www.zotero.org/google-docs/?bsYjSH
https://www.zotero.org/google-docs/?bsYjSH
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In the US, enteric fermentation accounts for approx. 25% of total methane emissions, the
second largest source after natural gas and petroleum systems (US EPA, 2023). Despite this,
methane emissions from enteric fermentation have received little policy attention compared
to fossil fuel emissions. This bill aims to fill this policy gap by developing a framework for
implementing new standards to limiting methane emissions from enteric fermentation moving
forward. 

3.2 Agricultural Sustainability and Climate Change Impact

Government intervention is crucial for ensuring the long-term sustainability of agriculture.
The EMIT-LESS Act can help promote the adoption of sustainable practices by providing
financial incentives and technical support to farmers. By investing in research and
development of methane-reducing technologies, the United States government can support
the transition to more efficient and environmentally friendly farming practices. This is
essential for maintaining the productivity and profitability of the livestock industry while
reducing its environmental impact​. 

Climate change is causing increased temperatures, which leads to heat stress in ruminants.
Heat stress reduces the productivity and health of livestock, increasing the need for food,
water, and veterinary care. These additional costs can be a significant burden on farmers. By
reducing methane emissions through the EMIT-LESS Act, the government can, therefore, help
mitigate the overall impact of climate change, thereby reducing the frequency and severity
of heat stress events. This will help ensure the well-being of livestock and the economic
stability of the farming community (Chauhan et al., 2023).

3.3 Background on Current Cattle Farming Management

Cattle are farmed using grazing and confined management methods. Grazing allows cattle
to roam free within a larger area and feeding off of naturally occurring plants within the
pasture. This is the most common method for cattle farming worldwide. In the US, although
various forms of grazing can be seen in dairy systems, grazing is most commonly seen in
cattle raised for beef cattle (Whitt & Wallander, 2022). Different from grazing, confined
farming restricts the animals movement to a specific highly managed area, either outdoors
or indoors. Many dairy practices use confined farming, while beef cattle farming, especially
in western countries, will move from grazing to confinement in feedlots during the final
months before slaughter (Alonso, 2023). Such transition helps enhance weight gain and
meat quality through feeding specific controlled diets. This confinement does not provide
access to naturally growing plants but does provide farmers with enhanced control of intake
and production while reducing land use. It also requires intensive manure management while
providing increased biosecurity and protection from predators and adverse environmental
conditions.

https://www.zotero.org/google-docs/?U2Tt0J
https://www.zotero.org/google-docs/?A7WFel
https://www.zotero.org/google-docs/?3TziU4
https://www.zotero.org/google-docs/?NFgeHz
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Cattle diets fed in confined farming consist of five major ingredients: forages, grains, protein
supplements, vitamins and minerals, and additives (V. Ishler, 2024; V. A. Ishler et al., 2023).
Harvested forages, colloquially referred to as hay, include grasses and legumes. Legumes
are very nutrient rich, while grasses have lower levels of nutrients, but both of them are the
source of the majority of carbohydrates. Grains provide a concentrated, highly digestible
source of energy in the form of fatty acids and are high in protein, contributing to muscle
and body development. Typical grains used for feeding cattle are corn, wheat, oat, and
barley. Protein supplements, vitamins and minerals, and additives are used for further body
development and improved health and are commonly used for dairy cattle in the form of the
total-mixed ration (TMR), a type of ration that combines multiple feeds into one mix (Ishler V.
A. et al., 2023). 

In modern dairy farming, various confined management housing systems address the needs
of cattle while managing waste differently. So called tie-stall barns confine each cow in a
stall, with manure collected in gutters behind them. Free-stall barns allow cows to roam
within defined areas, with manure removed from the floors regularly. Hoop barns, resembling
tents, offer shelter and natural ventilation, using straw bedding that absorbs manure and
urine. This system requires regular replacement with fresh straw to avoid the buildup of
waste. In contrast, pasture-based systems allow cattle to graze openly, where manure is
naturally deposited and helps fertilize the fields, integrating waste management with  
feeding and grazing practices. Each system balances animal welfare, waste management,
and operational efficiency differently to support dairy farming practices (Poteko et al.,
2019).

3.4 Future Direction for Cattle Management to Reduce Methane Emissions

Methane emissions from livestock, particularly from enteric fermentation in ruminants like
cattle, pose significant environmental concerns due to methane's potency as a GHG.
Advances in understanding microbial interactions within the digestive systems of these
animals offer promising avenues for targeted interventions aimed at reducing methane
production. Improved feed management practices, such as optimizing dietary composition
and feeding schedules, play a crucial role in mitigating methane emissions from enteric
fermentation. These efforts not only contribute to environmental sustainability but support
more efficient livestock production practices globally.

https://www.zotero.org/google-docs/?cyks31
https://www.zotero.org/google-docs/?LtYaJF
https://www.zotero.org/google-docs/?LtYaJF
https://www.zotero.org/google-docs/?YtpeXA
https://www.zotero.org/google-docs/?YtpeXA
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REDUCING METHANE

While no specific strategies are being proposed in the EMIT-LESS Act to reduce methane
emissions, there are several solutions being developed to decrease methanogenesis. These
are broadly split into feed management, advanced interventions, and manure management
strategies. Feed management strategies change the diet and include altering the diet
composition, feed additives, and early life or fetal interventions. Advanced solutions include
non-traditional methods like selective breeding, genetic manipulation, and vaccinations.
Feed management strategies and advanced solutions target methane from enteric
fermentation while manure management targets the methane emissions that arise later in
the digestive process by targeting the diet or managing the manure in a specific way. The
following will elaborate what each solution entails, what benefits it brings, and what
possible issues or controversies are related to that solution.

4.1 Altering Diet Composition

The most commonly seen practice in alternating diet composition involves adjusting the ratio
between the hays and grains contained in cattle diets in a confined feeding system. High-
starch diets containing more grains offer more fat and protein which are easier to break
down into volatile fatty acids and that serve as the energy source for cattle. At the same
time, they produce less hydrogen and carbon dioxide as byproducts, leaving less available
material to be transformed into methane gas (cf. Figure 3). The reduction also results from
high-starch diets favoring the production of propionate over acetate during fermentation,
which uses hydrogen that would otherwise contribute to methane production through the
methanogenic process (Haque, 2018; Lileikis et al., 2023).

Dietary strategies, however, need careful implementation to avoid health issues. Excessively
high grain levels can lead to overproduction of volatile fatty acids, increasing rumen acidity
and disrupting the microbial environment necessary for fermentation. This disruption can
cause serious digestive issues like acidosis, laminitis, and rumenitis, compromising cattle
health and productivity (Owens et al., 1998; Tseten et al., 2022).

Maintaining a balanced diet is thus crucial to avoid these adverse health effects. The focus
should be on optimizing grain levels to achieve methane reduction without harming cattle
health. This approach requires continuous monitoring and adjustment of feed to maintain an
optimal rumen environment, supporting both methane reduction and cattle well-being
(Gerber et al., 2013).
 

https://www.zotero.org/google-docs/?YfaHks
https://www.zotero.org/google-docs/?YfaHks
https://www.zotero.org/google-docs/?Gwc7vN
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4.2. Feed Additives

Feed additives are substances put on the top of or mixed into the diets of cattle in a
controlled diet system, where they are fed with specific types and amounts of food. Plant-
based additives include saponins, tannins, essential oils, and a mixture of garlic powder and
citrus extract. Probiotic, prebiotic, seaweed, and 3-nitrooxypropanol are other forms of feed
additives. Feed additives are supposed to improve feed quality, promote growth, and
alleviate nutrient deficiencies.

Asparagopsis, a sub-tropical red seaweed, reduces methane production in ruminants
primarily through its content of volatile halogenated compounds, particularly bromoform.
Bromoform acts as an anti-methanogenic agent, effectively reducing enteric methane
emissions by more than 80% in some studies. This reduction is achieved by altering the
rumen microbiome, which is responsible for methane production during the digestive
process in ruminants (Wasson et al., 2022).
3NOP (3-Nitrooxypropanol) is a synthetic feed additive specifically designed to block
methane formation in the rumen, inhibiting methanogens. 3NOP prevents them from
using hydrogen to produce methane. As a result, hydrogen accumulates in the rumen and
is emitted as hydrogen gas instead of being converted into methane (Clear Center,
2021; Lopes et al., 2016).
Tannins reduce methane production by affecting the microbial population in the
digestive system, altering fermentation processes, and potentially inhibiting methanogen
activity. ​ They achieve this through mechanisms such as exerting a direct toxic effect on
methanogens, reducing the number of protozoa, forming protein-tannin complexes, and
inhibiting protease enzyme activity in the rumen. ​Tannin sources have been studied for
their impact on methane reduction, showing varying degrees of effectiveness in reducing
methane production percentages ranging from 14% to 67% (Jafari et al., 2019).
Saponins reduce methane production by targeting protozoa in the rumen, indirectly
affecting methane emissions. They disrupt the cell membrane of protozoa, leading to
and disrupting the microbial environment necessary for fermentation. This disruption can
cause a decrease in protozoa numbers. Studies have shown that saponins can mitigate
methane emissions by affecting the microbial population in the rumen. Their mechanism
of action involves inhibiting protozoa, which play a role in methanogen populations, thus
indirectly impacting methane production (Jafari et al., 2019).
Essential oils reduce methane production through a direct toxic effect on
methanogens. The antimicrobial properties of essential oils target methanogens
specifically, inhibiting their growth and activity, thereby reducing methane emissions. By
disrupting the methanogen population, essential oils can alter the fermentation
processes in the rumen, leading to a reduction in methane production (Jafari et al.,
2019).
Nitrates are naturally occurring chemicals that reduce methane emissions by competing
with methanogens for hydrogen in the rumen. They can lower methane emissions by up to
16% in dairy cattle and 12% in beef cattle (Clear Center, 2021).  

https://www.zotero.org/google-docs/?SJSfIB
https://www.zotero.org/google-docs/?Rh2kqb
https://www.zotero.org/google-docs/?Rh2kqb
https://www.zotero.org/google-docs/?GN7WdV
https://www.zotero.org/google-docs/?Uqg0Wl
https://www.zotero.org/google-docs/?YKJi11
https://www.zotero.org/google-docs/?YKJi11
https://www.zotero.org/google-docs/?P1hvnn


A case study, where lactating cows received 500 g of pellets containing 3% Mootral powder
for 12 weeks showed significant success. After supplementing the diet of Jersey and Holstein
Friesian cows with Mootral, methane reductions of 38% and 21% were observed,
respectively, with an overall average reduction of 30%. Meanwhile, milk yield increased by
5-8% and somatic cell counts were lowered without negative health impacts (Mootral, 2023;
Vrancken et al., 2019).
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The mixture of garlic powder and citrus extract is marketed under the brand name
Mootral (Mootral, 2023). The citrus extract works by alternating the microbial community
in the cattle’s rumen, elevating the efficiency of the fermentation process, thus allowing
the fermentation process to break down more volatile fatty acids with less byproducts of
hydrogen and carbon dioxide (Vrancken et al., 2019). The active compounds in garlic, on
the other hand, contain antimicrobial properties that inhibit methane-producing
microbes, leading to overall lower methane production (Sari et al., 2022). 

Probiotics are live microorganisms that confer a health benefit on the host when
administered in adequate amounts, while prebiotics are non-digestible food ingredients
that selectively stimulate the growth and/or activity of the beneficial microorganisms in
the gut (Sun et al., 2021). These live microorganisms can reduce methane emissions in
ruminants through various mechanisms, such as outcompeting methanogens for
hydrogen. Both probiotics and prebiotics can reduce methane production and improve
animal health and feed efficiency (Kulkarni et al., 2022).

Despite broad evidence of success, feed additives must be carefully implemented to avoid
health issues. For instance, asparagopsis, which contains bromoform, significantly reduces
methane emissions but does so by altering the rumen microbiome, which could have
unknown long-term effects on the health and digestive efficiency of ruminants. Similarly,
3NOP leads to hydrogen accumulation in the rumen, which is then emitted as hydrogen gas,
potentially affecting the overall gas balance and microbial ecosystem. Tannins, saponins,
and essential oils  modify the microbial population and fermentation processes in the rumen,
which could disrupt the natural balance of the digestive system (Jafari et al., 2019; Lopes et
al., 2016; Wasson et al., 2022). When using nitrate as additives, the nitrate levels within the
cattle must be carefully monitored to prevent toxicity from nitrite formation (Clear Center,
2021). The effectiveness of all feed additives also varies across different cattle breeds and
environments, requiring specific dosages and combinations (Tseten et al., 2022; Uyeno et
al., 2015). Finally, to maintain benefits, a continuous use of the additives is necessary, which
increases costs and poses challenges for small-scale farmers (Sun et al., 2021). More
research is needed to fully understand their mechanisms and long-term impacts, ensuring
sustainable and cost-effective use.

CASE STUDY

https://www.zotero.org/google-docs/?5e5sm6
https://www.zotero.org/google-docs/?5e5sm6
https://www.zotero.org/google-docs/?LjDuld
https://www.zotero.org/google-docs/?5e5sm6
https://www.zotero.org/google-docs/?myxHYR
https://www.zotero.org/google-docs/?5t8l7I
https://www.zotero.org/google-docs/?3hdFpZ
https://www.zotero.org/google-docs/?3hdFpZ
https://www.zotero.org/google-docs/?sL4QFG
https://www.zotero.org/google-docs/?sL4QFG
https://www.zotero.org/google-docs/?u9FMLD
https://www.zotero.org/google-docs/?u9FMLD
https://www.zotero.org/google-docs/?oQpkGb
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4.3. Early Life or Fetal Interventions

Reducing methane emissions through interventions during the fetal or early months of life
includes adding supplements in feed during pregnancy, or right after birth, to alter the
development of the microbial community of the newborn to favor lower methanogenesis.
These interventions include increasing fats and decreasing fiber in the pregnant cow’s diet,
along with adjustments of feed additives.

CASE STUDY

Studies indicate that supplementing neonatal calves with 3-nitrooxypropanol (3-NOP) from
birth to 14 weeks can reduce methane emissions by approximately 150 kg of carbon dioxide
equivalents (CO₂e) in their first year. This reduction is achieved by inhibiting the enzyme
methyl-coenzyme M reductase (MCR) which is critical to support the production of
methanogens in the rumen of dairy calves, leading to persistent changes without adversely
affecting growth or health (Pitta, et al., 2022). One study showed that 3-NOP has lasting
effects in reducing methane production for at least a year when treatment ceases at around
the newborn’s 14th week (Meale et al., 2021). This suggests that these fetal or early dietary
manipulations can alter the microbial colonization or microbiome of the rumen and be
effective in reducing methane production.

Ideal interventions would show lasting imprint even after supplement treatment stops.
However, the outcome is only sometimes lasting and often relatively unstable and highly
dependent on factors including farm conditions, the moment when the additive is given, and
which type is given to the cattle. Meanwhile, the health effects of these interventions still
remain largely unknown due to the complex microbial community dynamics and the lack of
research (Meale et al., 2021).

In a study in Nellore cows, a commonly farmed beef breed in Brazil, complete nutritional
programming for pregnant cows led to a 20% increase in propionate-producing bacteria,
which aids in the fermentation process of carbohydrates in the digestive pathway.
Consequently, a 25% reduction in methane-producing archaea, which play a vital role in
converting the hydrogen produced in the digestion process into methane, were observed,
resulting in a 20% decrease in methane emissions (Dias et al., 2024).

https://www.zotero.org/google-docs/?8ig90m
https://www.zotero.org/google-docs/?G0p48Z
https://www.zotero.org/google-docs/?kLxdUz
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4.4 Selective Breeding and Genetic Manipulation

Selective breeding is the process of selecting organisms to achieve desired traits over
generations. When selecting methane reduction as a desired trait, the approach can lead to
long-term reductions in methane emissions from livestock, with benefits accumulating over
generations (Wall et al., 2010). Selective breeding is effective in both intensive systems, such
as feedlots, and pasture systems, like pasture-based farming, thus addressing methane
emissions across diverse agricultural practices (Beauchemin et al., 2008). Assisted
reproduction technologies further accelerate genetic improvements for traits like lower
methane emissions (Fouts et al., 2022).

Selective breeding aims to lower methane emissions from livestock by choosing animals that
produce less methane for breeding. This process takes advantage of genetic traits and can
lead to a 25% reduction in long-term methane emissions in some cases (Wall et al., 2010).
There are several types of selective breeding (Fouts et al., 2022): 

Direct selection, which involves selecting low-emitting animals based on phenotype
(Pickering et al., 2015).
Indirect selection, which focuses on improving traits correlated with lower methane
emissions, such as feed efficiency and reproductive traits (Knapp et al., 2014).
Genomic selection, which is a modern method that uses DNA markers to select animals
with desirable traits, such as low methane emissions (Hayes et al., 2016).
Combining interventions, which combines selective breeding with dietary reformulation
and feed additives for additive methane reduction (Schilde et al., 2021; X. M. Zhang et
al., 2021).

Genetic manipulation used in methane reduction of cattle typically refers to the process of
using genome-editing tools such as molecular scissors to directly alter the DNA of either the
cattle itself or the methane-producing microbes residing in its digestive pathway. The
ultimate goal is to create a lasting reduction of methane emissions without negatively
impacting cattle’s health or productivity (Menchaca et al., 2020). 

Findings have shown that cattle’s genetic makeup influences the rumen microbiome
distribution, including that of methanogens. Therefore, it is technically feasible to use gene-
editing tools to tailor for lowering overall methane production (Roehe et al., 2016).
Researchers from the University of California, Davis, found that genetic-editing treatments
targeting methane-producing microbes in the cattle’s rumen could provide a permanent
reduction in methane emissions throughout the cattle’s life (Difford et al., 2018; Hess et al.,
2011; Sicard, 2023). Similar genetic interventions have shown the potential to decrease
methane emissions by up to 50% in certain cattle populations (Wall et al., 2010).

Research is needed to fill knowledge gaps, particularly for regionally appropriate
interventions (Dillon et al., 2021). Studies should explore lifetime impacts on methane
reduction and animal health, as well as consumer and farmer acceptance of methane
mitigation interventions as they are crucial for widespread adoption.

https://www.zotero.org/google-docs/?jAOXmr
https://www.zotero.org/google-docs/?WHgv4r
https://www.zotero.org/google-docs/?qnA8q9
https://www.zotero.org/google-docs/?dgiupd
https://www.zotero.org/google-docs/?qMrVw0
https://www.zotero.org/google-docs/?CfdTrb
https://www.zotero.org/google-docs/?UQKk8P
https://www.zotero.org/google-docs/?igIW8G
https://www.zotero.org/google-docs/?Jt6E1u
https://www.zotero.org/google-docs/?Jt6E1u
https://www.zotero.org/google-docs/?iSJRKW
https://www.zotero.org/google-docs/?0ziDcI
https://www.zotero.org/google-docs/?uOdnpT
https://www.zotero.org/google-docs/?uOdnpT
https://www.zotero.org/google-docs/?uOdnpT
https://www.zotero.org/google-docs/?9ZbUqm
https://www.zotero.org/google-docs/?WiLmb9
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One issue related to this solution is that it takes multiple generations to cross blood lines to
create the ideal cattle, and since multiple traits are supposed to be combined, chance plays
a role in the success the farmer can achieve. Therefore, the effectiveness to reduce methane
emissions is estimated to be low to medium (de Haas et al., 2021; Gerber et al., 2013). 

Genetic manipulation techniques, although effective, are usually expensive, which might only
make them profitable in the long term. Meanwhile, dealing with genetic code can potentially
impact other characteristics like growth or milk production and cause health problems that
limit the length of production and life of the animal (Kramer & Meijboom, 2022). Lastly,
genetic manipulation also comes with ethical and marketing concerns, as these genetically
modified products would require additional authorization when entering certain markets and
consumers might choose not to buy these products (European Commission, 2015).

4.5 Vaccinations

Vaccines work by introducing a harmless form of the methanogenic protein into the animal's
body, stimulating the immune system by recognizing it as a threat. This triggers the
production of antibodies that specifically target and neutralize methanogens in the rumen,
reducing their ability to produce methane during digestion (L. Zhang et al., 2015). The
development of the vaccine involves several stages. In the first stage, specific proteins that
are essential for the growth and function of methanogens are targeted. The second stage
involves gene amplification and protein production, where the gene is amplified and cloned
into a suitable expression system, such as Escherichia coli (E. coli). In the final stage, the
recombinant protein is purified and prepared for use as a vaccine (L. Zhang et al., 2015).

CASE STUDY
ArkeaBio, a Boston agricultural biotechnology firm, is currently working on developing a
methane reducing vaccine with the goal of mitigating the effects of climate change
(ArkeaBio, n.d.). Vaccines can influence the rumen microbiome, potentially leading to
unintended changes in microbial composition, so continued research is necessary to identify
more effective vaccine targets and optimize vaccination protocols (Meale et al., 2021).

As is the case for all of the solutions, there are several controversies surrounding
vaccinations as well. A perfect vaccine would ideally reduce methane emissions without
affecting health and production traits. However, conditions like stability at room temperature
during transport and storage affect the effectiveness of the vaccines but can incur high
costs, which represents a significant barrier in rural areas (Gerber et al., 2013). Determining
the effective frequency of vaccinations, i.e., how often to inject them, also adds complexity.
These factors, along with potential negative health effects and high investment costs, make
vaccination programs controversial (Gerber et al., 2013; L. Zhang et al., 2015).
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4.6 Manure Management

Manure management strategies target the last 5% of methane production that arise post-
enteric fermentation in the ruminant. There are three main solutions: altering the diet of
livestock to specifically target manure emissions, anaerobic digestion, and composting.

1) Altering the diet of livestock can reduce the amount of methane released from their
manure by influencing the composition of the manure and the microbial processes that occur
during its decomposition. This involves changing the nutrient profile and digestibility of the
feed, which can affect the fermentation process both in the animal's gut and in the manure
after it is excreted. Changing the nutrient profile of the feed primarily involves the use of
feed additives such as fats and plant-based additives which can reduce methane
production from enteric fermentation and ultimately lead to less methane released via
manure. A related solution is to increase the proportion of highly digestible feed such as
grain and reducing the proportion of fiber in the diet (e.g. replacing corn silage for grass
silage), which reduces emissions from manure (Hristov et al., 2013). 

2) Anaerobic digestion is the breakdown of organic matter in the absence of oxygen,
releasing methane as a byproduct. Controlled anaerobic digestion can be employed to
collect the methane and carbon dioxide and use these biogases to generate renewable
energy. Controlled anaerobic digestion occurs in a multi-step process that begins with the
collection and pretreatment of manure, which is then fed into the anaerobic digester (an
enclosed structure devoid of oxygen where produced biogases are collected). The
anaerobic digestion process occurs in four stages, which are as follows (Meegoda et al.,
2018): 

Hydrolysis: Complex organic materials are broken down into simpler compounds by      
microorganisms in the anaerobic digester.

1.

Acidogenesis: These compounds are converted into volatile fatty acids, alcohols,
hydrogen, and carbon dioxide.

2.

Acetogenesis: The volatile fatty acids and alcohols are converted into acetic acid,
hydrogen, and carbon dioxide.

3.

Methanogenesis: Methanogenic archaea convert acetic acid, hydrogen, and carbon
dioxide into methane and water.

4.

The methane produced is then collected at the top of the digester to be used for electricity
and heat production through its combustion. Alternatively, it can be further refined to
remove impurities and produce biomethane that can be sold commercially as natural gas
(Meegoda et al., 2018).
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3) Composting is an aerobic process where organic material is decomposed by
microorganisms in the presence of oxygen. Properly managed composting reduces methane
emissions since methane-producing anaerobic conditions are avoided. There are a variety of
benefits to managing methane emissions through composting. This manure management
strategy reduces methane emissions, provides a stable organic fertilizer, and reduces the
volume and weight of manure, making it easier to handle and transport (Czekała et al.,
2023). 

Potential issues: 
These manure management solutions, however, also come with challenges. The initial
investment required for the necessary infrastructure is substantial and can be a significant
barrier for farmers. Moreover, maintaining and monitoring the anaerobic digestion process
demands continuous labor, increasing operational costs. These factors can impact the
overall cost-effectiveness and benefits for farmers, making it essential to consider financial
incentives or support mechanisms to encourage adoption (US EPA, 2022). Additionally, even
at 100% effectiveness, manure management solutions will only cover about 5% of methane
emissions from cattle, making the impact for real environmental benefits low (Song et al.,
2023).

CASE STUDY
Denmark has implemented anaerobic digestion as a key component of its agricultural and
renewable energy strategy, particularly for managing livestock manure. The approach has
yielded significant environmental and economic benefits, serving as a model for sustainable
agricultural practices globally. Denmark primarily uses thermophilic anaerobic digestion,
which is anaerobic digestion at high temperatures (between 30°C to 40°C / 86°F to 104°F).
These elevated temperatures enhance the activity of thermophilic microorganisms, leading
to a faster and more efficient breakdown of organic material, increased biogas yields, and a
reduced likelihood of pathogen survival (Cavinato et al., 2010). 

Importantly, Denmark’s successes have been fueled by a comprehensive policy framework
that sets targets for biogas utilization and funds the development and installation of new
technologies to improve the efficiency of on-farm anaerobic digestion (Jacobsen, 2011). In
terms of their biogas production, there are multiple major biogas plants in Denmark,
including Maabjerg BioEnergy. This bioenergy plant processes up to 500,000 tons of solid
and liquid manure from local farms annually and uses the remaining digestate to produce
compost, representing a closed-loop system (no waste outputs). This plant is economically
viable due in large part to early-stage government capital funds for the building of digesters
and similar infrastructure, highlighting the need for such support to replicate this case study
elsewhere (IEA, 2014).
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5.1 Overarching Issues and Controversies

In addition to the caveats outlined above for each particular solution, there are four major
issues affecting the implementation of all solutions. First, the research is still in its early
stages, making it essential to establish consistent and standardized methods for measuring
emissions, ranging from single animals to entire farms (Króliczewska et al., 2023; Tseten et
al., 2022). This consistency and standardization are necessary to ensure reliable
comparisons between studies, as widely used measurement techniques will provide a solid
foundation for evaluating and comparing the effectiveness of various mitigation strategies
across different contexts (de Haas et al., 2021). For that reason, it is essential for emissions
measurement standards to be agreed upon and adhered to by the national or, preferably,
international scientific community, funders, and governments.

Additionally, the cost of animal studies often leads to small sample sizes and varied results
(Henderson et al., 2015). Increasing sample sizes is crucial for obtaining accurate findings.
Larger and more diverse studies will enhance the reliability of the data, allowing for more
robust conclusions and better-informed policy decisions (de Haas et al., 2021).

Furthermore, much of the early research has been limited to in vitro experiments (those
conducted outside of a living organism, i.e. in a petri dish or test tube). To gather practical
results, it is important to apply these solutions in real-life situations (Cristobal-Carballo et
al., 2021). Conducting in vivo research (conducted in a living organism, i.e. in live cattle
subjects) and long-term studies across different environments will provide practical insights
and validate the efficacy of proposed solutions under real-world conditions (Gerber et al.,
2013; Henderson et al., 2015).

Finally, farmers need to at least break even and ideally profit from adopting new practices
to incentivize them to comply with new practices. While reducing methane emissions benefits
society as a whole, it often doesn’t directly benefit individual farmers. Implementing these
solutions can be costly, so solutions must either be funded by the USDA or designed to
enhance production and animal health while reducing methane, creating a win-win scenario
(de Haas et al., 2021). Financial incentives are crucial to encourage farmers to adopt
methane reduction practices. Solutions that offer economic benefits, such as improved
animal health or productivity, alongside environmental benefits, will be more likely to gain
widespread acceptance (Gerber et al., 2013).

ISSUES AND CONTROVERSIES
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MEASURING SUCCESS

Measuring success is essential for assessing the performance of a government program. It
provides a clear understanding of current effectiveness and informs the development of
strategies for improvement. When managing the implementation of the EMIT-LESS Act of
2024, the USDA will need to evaluate its success. While the bill contains three major
elements, measuring success will occur at two different levels: first, measuring the success of
the research into methane-reducing solutions from enteric fermentation and manure, and
second, measuring success of the implementation of the government program itself. For this
purpose, the measurement techniques that can facilitate research and surveillance of the
program as outlined in the bill must be identified and indicators that the USDA can use to
monitor progress and enhance program administration must be defined. It is important to
develop standardized measurements to increase comparability of different approaches and
ensure reliability of results.

To measure the success of methane-reducing research and program implementation, a
variety of measurement techniques must be used. This includes animal-level measurements,
which focus on individual cattle, and land-based measurements, which assess manure
storage facilities, groups of cattle, or entire farms (Figure 6) (National Academies of
Sciences, Engineering, and Medicine et al., 2018; Zhao et al., 2020).

Figure 6: Methods for measuring methane emissions, source: Adapted from National
Academies of Sciences, Engineering, and Medicine et al. (2018)
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GreenFeed Monitoring:
GreenFeed Monitoring
(Figure 7) modifies the
classic respiration chamber
technique. It was developed
by the company C-Lock and
allows for the measurement
of methane emissions from
animals in their natural, i.e.,
usual, setting (C-Lock Inc.,
n.d.). In this system, animals
are attracted to a feed
trough by food, prompting
them to voluntarily place.    

Figure 7: Conceptual representation of the GreenFeed Monitor
(© C-Lock), source: Adapted from Cabezas-Garcia (2017)

their heads inside. The system then draws air from around the animal’s nose and mouth into a
duct, where the concentrations of respired or burped gasses are measured over time. This
setup allows for the determination of methane emissions and other gasses like hydrogen
(Zhao et al., 2020). The method is relatively cheap, has high accuracy, and easy for farmers
to implement on a larger scale (Starsmore et al., 2024).

6.1. Animal-level measurements

There are three main techniques used to measure enteric methane emissions at the animal
level, respiration chambers, sulfur hexafluoride (SF6), and the GreenFeed monitoring system
(Starsmore et al., 2024). 

Respiration Chambers: Respiration chambers are a precise method of measuring enteric
methane emissions for research purposes, where animals are usually confined for 2 to 4
days. The head of the animal is placed into an enclosed chamber and methane emissions
are calculated based on the gas flow and the differences in gas concentrations between
the air inlet and outlet (Huhtanen et al., 2015). This method has relatively high investment
and labor costs, with a rather difficult set-up process (Huhtanen et al., 2015). This makes it  
unsuitable for large scale studies with hundreds of cattle.

Sulfur Hexafluoride Tracer Technique: The sulfur hexafluoride (SF6) tracer method is a
way to measure methane emissions from confined or grazing ruminants. This involves placing
a small tube filled with SF6, the tracer gas, inside the cattle’s rumen, where it releases SF6
at a known and steady rate. A special halter then collects the animal’s exhaled gasses into
a container, which is later analyzed to determine the concentrations of both methane and
the SF6. By analyzing these concentrations and accounting for various factors using the
tracer gas, researchers can calculate the methane emissions from the animal (Zhao et al.,
2020). This method is less expensive than respiration chambers and is especially useful for
large-scale studies that want to consider confined and grazing animals. However, its
accuracy in measuring methane emissions has been challenged in multiple studies
(Hammond et al., 2015).
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6.2. Land-based measurements

There are several land-based measurement methods. For the purpose of the EMIT-LESS bill,
the following three will be examined: ground measurements, flyover measurements and
satellite measurements. 

Ground Measurements: Ground measurements can be done using either a tracer gas
(Figure 8) or infrared spectrometry. The tracer method is typically used for research
purposes, as it requires the setup of equipment next to the farm and therefore the
permission of the landowner. For this purpose, the tracer gas, such as acetylene or nitrous
oxide, is released at a known rate at the source area, e.g., a manure storage container. Both
the methane and the tracer gas concentrations are then measured either across downwind
plumes or from a mobile vehicle, like a car, to derive the methane emission rate (National
Academies of Sciences, Engineering, and Medicine et al., 2018). This method is accurate and
relatively easy to set up, but it might become expensive for extended studies and might be
difficult to scale since landowner approval is always required (Vechi & Scheutz, 2023). An
alternative method that doesn’t necessarily require landowner permission is to measure
methane emissions from towers using infrared spectrometry at precise infrared wavelengths.
The concentrations can then be analyzed by applying eddy covariance or inverse modeling
to the time series (National Academies of Sciences, Engineering, and Medicine et al., 2018).
Eddy covariance uses wind speed and methane emissions to directly measure net gas
exchange over an area while inverse modeling indirectly infers the spatial and temporal
distribution of gas sources (Kowalska et al., 2013; National Academies of Sciences,
Engineering, and Medicine et al., 2018). This method is highly accurate but not easy to scale
because many towers would be necessary and it is expensive to set them up, relative to the
range that they cover (National Academies of Sciences, Engineering, and Medicine et al.,
2018). 
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Figure 8: Visual representation of a ground measurement technique, source: Vechi &
Scheutz (2023)
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Flyover Measurements: Aircraft measurements cover a wider range than ground
measurements and can be used for both individual and multiple clustered facilities (farms).
Similar to ground measurements, aircraft measurements can be done using either a tracer
gas or spectrometry. When using the tracer method, the methane emission rate is derived
from multiple vertical measurements of atmospheric methane and wind-speed gradients
above the source area (Daube et al., 2023; National Academies of Sciences, Engineering,
and Medicine et al., 2018). This method is relatively accurate but expensive and difficult to
scale, while also requiring landowner approval because the aircraft has to fly very low. This
makes it mostly suitable for research purposes (National Academies of Sciences,
Engineering, and Medicine et al., 2018). Aircraft remote sensing measurements apply
absorption spectroscopy using reflected sunlight or thermal emission to map methane
concentrations (National Academies of Sciences, Engineering, and Medicine et al., 2018).
This method is more expensive and has limited scalability, which is why it is mostly used in
conjunction with other methods and to test spectroscopy measurements for satellite
measurements (Environmental Defense Fund, n.d.). 

Satellite Measurements: Satellite measurements (Figure 9) are already in use and are
continuously being developed further by various intergovernmental organizations,
companies, and nonprofits. Similar to other land-based techniques, they use absorption
spectroscopy to derive methane concentrations from reflected sunlight or thermal emissions
(National Academies of Sciences, Engineering, and Medicine et al., 2018). However, all
satellites have a certain range of spatial resolution and therefore need to work together to
create a complete and accurate picture of methane emissions. There are several satellites in
orbit, but for illustration purposes, we will limit ourselves to TROPOMI, MethaneSAT, and
CarbonMapper (Figure 9) (Carbon Mapper, n.d.; MethaneSAT, 2024; TROPOMI, 2024). For
example, TROPOMI, a satellite developed by the European Space Agency (ESA), is designed

Figure 9: Conceptual representation of using satellites collaboratively, source: Carbon
Mapper (n.d.), KNMI (2023); MethaneSAT (2024)

https://www.zotero.org/google-docs/?M9iUYZ
https://www.zotero.org/google-docs/?M9iUYZ
https://www.zotero.org/google-docs/?dQ34dk
https://www.zotero.org/google-docs/?dQ34dk
https://www.zotero.org/google-docs/?Me7rop
https://www.zotero.org/google-docs/?vVeRY1


30

to provide a broad view of large areas, identifying regions with high emissions with an
accuracy of 7,000 m x 5,500 m. MethaneSAT, developed by the Environmental Defense Fund
in collaboration with a consortium of other organizations, zooms in on these regions to
identify smaller areas of high emissions with an accuracy of 100 m x 400 m pixels. Finally,
satellites like CarbonMapper, developed by CarbonMapper, can focus on specific sites to
pinpoint the exact sources of methane with an accuracy of 30 m x 30 m pixels (MethaneSAT,
2024). While using satellites is expensive, they can achieve very high accuracy and enable
global scalability when combined.

For the first part of the EMIT-LESS bill, which involves research funding and improving
methane-reducing solutions, the various solutions must be paired with the measurement
technique that best suits their nature. Solutions are classified into three categories: feed
management, advanced solutions, and manure management. Feed management includes all
solutions that change the animal’s diet to reduce enteric methane emissions (e.g., altering
diet, using feed additives, and implementing early life/fetal interventions). Because these
solutions impact individual animals, their effectiveness is best measured at the animal level,
for instance, using the GreenFeed chamber. The second category, advanced solutions,
includes selective breeding, genetic manipulations, and vaccines. Since these solutions also
target methane emission reductions in individual animals, they are best measured using the
GreenFeed monitor or other animal-level measurements. Lastly, manure management
solutions focus on reducing methane emissions from stored manure. Consequently, land-
based measurements, most likely ground measurements, are the most appropriate for these
solutions.

Aircraft and–to a larger extent–satellite measurements will be used not for the first part of
the bill, research, but rather for the second part of the bill, monitoring and enforcement. This
means that those techniques could monitor whether farmers are actually reducing emissions
after receiving payments for implementation or determine who the largest emitters in the
country are. This would allow the USDA to optimize its outreach and efforts to reduce
methane emissions.

6.3 Direct Indicators to Measure Success

The main goal of the EMIT-LESS bill is to reduce methane emissions from cattle facilities.
Therefore, the main direct indicator of success is the reduction of methane from cattle, i.e.,
enteric methane as well as methane from manure. While this could be done using global
satellite measurements, for the purpose of the bill and how the USDA manages its
implementation within the next two to five years, this indicator is unlikely to be helpful and
might not show significant progress despite much effort. Therefore, governments typically
derive indirect indicators that they can use to actively manage their programs (Berten,
2022).



Indicator Rationale

Number of research facilities funded To measure potential research output

Volume of baseline data collected
To determine where the US is currently

standing

Volume of research funded through USDA

and independent research universities and

institutions

To measure rollout of research funding

Numbers of articles published in peer-

reviewed journals on methane emissions

reduction, animal productivity, and animal

health as a result of funding by the EMIT-

LESS Act

To measure whether funded research is

actually producing publishable results in

peer reviewed journals
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6.4 Indirect Indicators to Measure Success

The following indirect indicators should be used to measure the success in the three different
areas of the bill:

1. Research Funding

2. Training Programs Funding

Indicator Rationale

Number of training programs established

or expanded
To measure potential research output

Number of educational institutions

participating

To determine where the US is currently

standing



Indicator Rationale

Balance of participants with regards to

gender, race, and socioeconomic

background

To measure rollout of research funding

Average knowledge gain pre- and post-

training measured through surveys

To measure whether funded research is

actually producing publishable results in

peer reviewed journals

Adoption rate of mitigation practices

after going through training

To measure practical effectiveness of

training program and whether they result

in farmers adopting solutions
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2. Training Programs Funding (continued)
 

3. Payment Programs

Indicator Rationale

Volume of payments to farmers for

implementing methane reduction solutions

To determine how many farmers are

planning and implementing solutions

Number of farmers receiving payments for

implementing methane reduction solutions

To determine whether few large farmers

or many smaller farmers implement

solutions (or a combination of both)

Balance of recipients of payments with

regards to gender, race, and

socioeconomic background

To determine whether the payment

program is equitable and whether

government efforts within certain groups

have to be increased

Average reduction of enteric

methane emissions per participating

farmer

To measure whether implementation of

solutions actually reduces methane

emissions at the animal level



07. Conclusion
The Enteric Methane Innovation Tools for Lower Emissions and Sustainable
Stock (EMIT-LESS) Act (S. 4056) represents a comprehensive and future-
oriented effort to address the significant environmental challenges posed by
methane emissions.

By focusing on research, training of farmers, and financial incentives the Act
not only reduces enteric methane emissions from cattle but also promotes
sustainable farming practices that benefit animal, farmers, consumers, and the
environment.

The success of this effort will depend on the Act’s implementation, the
participation of research facilities, academic institutions, and farmers, and the
continuous monitoring of its progress and impact. 

By incentivizing the participation of several stakeholders, the EMIT-LESS Act
has the potential to make a substantial contribution to the mitigation of
climate change and ensure a shift to sustainable livestock management within
the livestock industry.

33



Alonso, M. (2023). New Research Reveals How Grazing Management Practices Affect Cattle
Weight Gain by Altering Foraging Behavior: USDA ARS. https://www.ars.usda.gov/news-
events/news/research-news/2023/new-research-reveals-how-grazing-management-
practices-affect-cattle-weight-gain-by-altering-foraging-behavior/

ArkeaBio. (n.d.). ArkeaBio. ArkeaBio. Retrieved August 12, 2024, from https://live-arkea-bio-
corp.pantheonsite.io/

Beauchemin, K. A., Kreuzer, M., O’Mara, F., & McAllister, T. A. (2008). Nutritional management
for enteric methane abatement: A review. Australian Journal of Experimental Agriculture,
48(2), 21–27. https://doi.org/10.1071/EA07199

Berten, J. (2022). Producing decent work indicators: Contested numbers at the ILO. Policy
and Society, 41(4), 458–470. https://doi.org/10.1093/polsoc/puac017

Cabezas-Garcia, E. H. (2017). Methane production in dairy cows. Individual cow variability in
methane production.

Carbon Mapper. (n.d.). Carbon Mapper—About. Retrieved August 7, 2024, from
https://carbonmapper.org/about

Cavinato, C., Fatone, F., Bolzonella, D., & Pavan, P. (2010). Thermophilic anaerobic co-
digestion of cattle manure with agro-wastes and energy crops: Comparison of pilot and full
scale experiences. Bioresource Technology, 101(2), 545–550.
https://doi.org/10.1016/j.biortech.2009.08.043

Chauhan, S. S., Zhang, M., Osei-Amponsah, R., Clarke, I., Sejian, V., Warner, R., & Dunshea,
F. R. (2023). Impact of heat stress on ruminant livestock production and meat quality, and
strategies for amelioration. Animal Frontiers, 13(5), 60–68.
https://doi.org/10.1093/af/vfad046

Clear Center. (2021, May 27). How can cattle feed additives reduce greenhouse gas
emissions? https://clear.ucdavis.edu/explainers/how-can-cattle-feed-additives-reduce-
greenhouse-gas-emissions

C-Lock Inc. (n.d.). Measure & Control Feed Intake & Emissions. C-Lock Inc. Retrieved August
7, 2024, from https://www.c-lockinc.com/

Cristobal-Carballo, O., McCoard, S. A., Cookson, A. L., Ganesh, S., Lowe, K., Laven, R. A., &
Muetzel, S. (2021). Effect of Methane Inhibitors on Ruminal Microbiota During Early Life and
Its Relationship With Ruminal Metabolism and Growth in Calves. Frontiers in Microbiology, 12.
https://doi.org/10.3389/fmicb.2021.710914

08. REFERENCES

34

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


Czekała, W., Nowak, M., & Piechota, G. (2023). Sustainable management and recycling of
anaerobic digestate solid fraction by composting: A review. Bioresource Technology, 375,
128813. https://doi.org/10.1016/j.biortech.2023.128813

Daube, C., Herndon, S. C., Krechmer, J. E., Johnson, D., Clark, N., Footer, T. L., & Thoma, E. D.
(2023). Quantification of natural gas and other hydrocarbons from production sites in
northern West Virginia using tracer flux ratio methodology. Atmospheric Environment: X, 19,
100220. https://doi.org/10.1016/j.aeaoa.2023.100220

de Haas, Y., Veerkamp, R. F., de Jong, G., & Aldridge, M. N. (2021). Selective breeding as a
mitigation tool for methane emissions from dairy cattle. Animal, 15, 100294.
https://doi.org/10.1016/j.animal.2021.100294

Dias, E. F. F., de Carvalho, F. E., Polizel, G. H. G., Cançado, F. A. C. Q., Furlan, É.,
Fernandes, A. C., Schalch Júnior, F. J., Santos, G. E. C., Ferraz, J. B. S., & Santana, M. H. de
A. (2024). Fetal Programming Influence on Microbiome Diversity and Ruminal and Cecal
Epithelium in Beef Cattle. Animals: An Open Access Journal from MDPI, 14(6), 870.
https://doi.org/10.3390/ani14060870

Difford, G. F., Plichta, D. R., Løvendahl, P., Lassen, J., Noel, S. J., Højberg, O., Wright, A.-D. G.,
Zhu, Z., Kristensen, L., Nielsen, H. B., Guldbrandtsen, B., & Sahana, G. (2018). Host genetics
and the rumen microbiome jointly associate with methane emissions in dairy cows. PLoS
Genetics, 14(10), e1007580. https://doi.org/10.1371/journal.pgen.1007580

Dillon, J. A., Stackhouse-Lawson, K. R., Thoma, G. J., Gunter, S. A., Rotz, C. A., Kebreab, E.,
Riley, D. G., Tedeschi, L. O., Villalba, J., Mitloehner, F., Hristov, A. N., Archibeque, S. L., Ritten,
J. P., & Mueller, N. D. (2021). Current state of enteric methane and the carbon footprint of
beef and dairy cattle in the United States. Animal Frontiers, 11(4), 57–68.
https://doi.org/10.1093/af/vfab043

EMIT-LESS Act, S. 4056, 118th Cong. (2024). Text—S.4056—118th Congress (2023-2024):
EMIT LESS Act of 2024 | Congress.gov | Library of Congress.
https://www.congress.gov/bill/118th-congress/senate-bill/4056/text

Environmental Defense Fund. (n.d.). Fighting climate change with MethaneAIR |
Environmental Defense Fund. Retrieved July 29, 2024, from
https://www.edf.org/methanesat/fight-climate-change-methaneair

European Commission. (2015). Eight things you should know about GMOs. Topics | European
Parliament. https://www.europarl.europa.eu/topics/en/article/20151013STO97392/eight-
things-you-should-know-about-gmos

Fouts, J. Q., Honan, M. C., Roque, B. M., Tricarico, J. M., & Kebreab, E. (2022). Enteric
methane mitigation interventions. Translational Animal Science, 6(2), txac041.
https://doi.org/10.1093/tas/txac041

35

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


36

Gerber, P. J., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., Dijkman, J., Falcucci, A., &
Tempio, G (Eds.). (2013). Tackling climate change through livestock: A global assessment of
emissions and mitigation opportunities. Food and Agriculture Organization of the United
Nations.

Gibbs, M. J., Conneely, D., Johnson, D., Lasse, K. R., & Ulyatt, M. J. (2001). CH4 EMISSIONS
FROM ENTERIC FERMENTATION. IPCC: Good Practice Guidance and Uncertainty
Management in National Greenhouse Gas Inventories, CORRIGENDUM (GPGAUM-
Corr.2001.01, 15 June 2001), 297–320.

GO Seed. (2021, July 8). 4 Surprising Parts of a Ruminant Digestive System | GO Seed.
https://goseed.com/4-parts-of-a-ruminant-digestive-system/

Hammond, K. J., Humphries, D. J., Crompton, L. A., Green, C., & Reynolds, C. K. (2015).
Methane emissions from cattle: Estimates from short-term measurements using a GreenFeed
system compared with measurements obtained using respiration chambers or sulphur
hexafluoride tracer. Animal Feed Science and Technology, 203, 41–52.
https://doi.org/10.1016/j.anifeedsci.2015.02.008

Haque, M. N. (2018). Dietary manipulation: A sustainable way to mitigate methane emissions
from ruminants. Journal of Animal Science and Technology, 60(1), 15.
https://doi.org/10.1186/s40781-018-0175-7

Hayes, B. J., Donoghue, K. A., Reich, C. M., Mason, B. A., Bird-Gardiner, T., Herd, R. M., &
Arthur, P. F. (2016). Genomic heritabilities and genomic estimated breeding values for
methane traits in Angus cattle1. Journal of Animal Science, 94(3), 902–908.
https://doi.org/10.2527/jas.2015-0078

Henderson, G., Cox, F., Ganesh, S., Jonker, A., Young, W., & Janssen, P. H. (2015). Rumen
microbial community composition varies with diet and host, but a core microbiome is found
across a wide geographical range. Scientific Reports, 5(1), 14567.
https://doi.org/10.1038/srep14567

Hess, M., Sczyrba, A., Egan, R., Kim, T.-W., Chokhawala, H., Schroth, G., Luo, S., Clark, D. S.,
Chen, F., Zhang, T., Mackie, R. I., Pennacchio, L. A., Tringe, S. G., Visel, A., Woyke, T., Wang,
Z., & Rubin, E. M. (2011). Metagenomic Discovery of Biomass-Degrading Genes and Genomes
from Cow Rumen. Science, 331(6016), 463–467. https://doi.org/10.1126/science.1200387

Hristov, A. N., Oh, J., Firkins, J. L., Dijkstra, J., Kebreab, E., Waghorn, G., Makkar, H. P. S.,
Adesogan, A. T., Yang, W., Lee, C., Gerber, P. J., Henderson, B., & Tricarico, J. M. (2013).
SPECIAL TOPICS — Mitigation of methane and nitrous oxide emissions from animal
operations: I. A review of enteric methane mitigation options1. Journal of Animal Science,
91(11), 5045–5069. https://doi.org/10.2527/jas.2013-6583

Huhtanen, P., Cabezas-Garcia, E. H., Utsumi, S., & Zimmerman, S. (2015). Comparison of
methods to determine methane emissions from dairy cows in farm conditions. Journal of
Dairy Science, 98(5), 3394–3409. https://doi.org/10.3168/jds.2014-9118

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


37

IEA. (2014). MAABJERG BIOGAS PLANT: OPERATION OF A VERY LARGE SCALE BIOGAS
PLANT IN DENMARK. IEA BIOENERGY TASK 37. https://task37.ieabioenergy.com/wp-
content/uploads/sites/32/2022/03/maabjerg_case_story_web_final.pdf

IPCC. (2022). Working Group III Contribution to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.
doi:10.1017/9781009157926

Ishler, V. (2024, June 10). Dairy Sense: Hot Weather Ration Sense. Dairy Sense: Hot Weather
Ration Sense. https://extension.psu.edu/dairy-sense-hot-weather-ration-sense
Ishler, V. A., Rosemond, R., Beck, T., & Becker, C. (2023). Total Mixed Rations for Dairy Cows.
https://extension.psu.edu/total-mixed-rations-for-dairy-cows

Jacobsen, B. H. (2011). Danish Biogas Plants for Green Livestock: Bioenergy Production and
Nutrient Redistribution. Institute of Food and Resource Economics, University of Copenhagen.

Jafari, S., Ebrahimi, M., Goh, Y. M., Rajion, M. A., Jahromi, M. F., & Al-Jumaili, W. S. (2019).
Manipulation of Rumen Fermentation and Methane Gas Production by Plant Secondary
Metabolites (Saponin, Tannin and Essential Oil) – A Review of Ten-Year Studies. Annals of
Animal Science, 19(1), 3–29. https://doi.org/10.2478/aoas-2018-0037

Knapp, J. R., Laur, G. L., Vadas, P. A., Weiss, W. P., & Tricarico, J. M. (2014). Invited review:
Enteric methane in dairy cattle production: Quantifying the opportunities and impact of
reducing emissions. Journal of Dairy Science, 97(6), 3231–3261.
https://doi.org/10.3168/jds.2013-7234

KNMI. (2023, April 17). TROPOMI Observing Our Future - TROPOMI: TROPOspheric Monitoring
Instrument [Webpagina]. Ministerie van Infrastructuur en Waterstaat.
https://www.tropomi.eu/

Kowalska, N., Chojnicki, B. H., Rinne, J., Haapanala, S., Siedlecki, P., Urbaniak, M., Juszczak,
R., & Olejnik, J. (2013). Measurements of methane emission from a temperate wetland by the
eddy covariance method. International Agrophysics, 27(3), 283–290.
https://doi.org/10.2478/v10247-012-0096-5

Kramer, K., & Meijboom, F. L. B. (2022). The Ethics of Innovations in Genomic Selection: On
How to Broaden the Scope of Discussion. Journal of Agricultural and Environmental Ethics,
35(2), 7. https://doi.org/10.1007/s10806-022-09883-6

Króliczewska, B., Pecka-Kiełb, E., & Bujok, J. (2023). Strategies Used to Reduce Methane
Emissions from Ruminants: Controversies and Issues. Agriculture, 13(3), Article 3.
https://doi.org/10.3390/agriculture13030602

Kulkarni, N. A., Chethan, H. S., Srivastava, R., & Gabbur, A. B. (2022). Role of probiotics in
ruminant nutrition as natural modulators of health and productivity of animals in tropical
countries: An overview. Tropical Animal Health and Production, 54(2), 110.
https://doi.org/10.1007/s11250-022-03112-y

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


38

Lileikis, T., Nainienė, R., Bliznikas, S., & Uchockis, V. (2023). Dietary Ruminant Enteric
Methane Mitigation Strategies: Current Findings, Potential Risks and Applicability. Animals :
An Open Access Journal from MDPI, 13(16), 2586. https://doi.org/10.3390/ani13162586

Lopes, J. C., de Matos, L. F., Harper, M. T., Giallongo, F., Oh, J., Gruen, D., Ono, S.,
Kindermann, M., Duval, S., & Hristov, A. N. (2016). Effect of 3-nitrooxypropanol on methane
and hydrogen emissions, methane isotopic signature, and ruminal fermentation in dairy cows.
Journal of Dairy Science, 99(7), 5335–5344. https://doi.org/10.3168/jds.2015-10832

Malley, C. S., Borgford-Parnell, N., Haeussling, S., Howard, I. C., Lefèvre, E. N., &
Kuylenstierna, J. C. I. (2023). A roadmap to achieve the global methane pledge.
Environmental Research: Climate, 2(1), 011003. https://doi.org/10.1088/2752-5295/acb4b4

Meale, S. J., Popova, M., Saro, C., Martin, C., Bernard, A., Lagree, M., Yáñez-Ruiz, D. R.,
Boudra, H., Duval, S., & Morgavi, D. P. (2021). Early life dietary intervention in dairy calves
results in a long-term reduction in methane emissions. Scientific Reports, 11(1), 3003.
https://doi.org/10.1038/s41598-021-82084-9

Meegoda, J. N., Li, B., Patel, K., & Wang, L. B. (2018). A Review of the Processes, Parameters,
and Optimization of Anaerobic Digestion. International Journal of Environmental Research
and Public Health, 15(10), Article 10. https://doi.org/10.3390/ijerph15102224

Menchaca, A., dos Santos-Neto, P. C., Mulet, A. P., & Crispo, M. (2020). CRISPR in livestock:
From editing to printing. Theriogenology, 150, 247–254.
https://doi.org/10.1016/j.theriogenology.2020.01.063

MethaneSAT. (2024). MethaneSAT. http://admin.methanesat.org/wp-
content/uploads/2024/02/MethaneSATcomparison.pdf

Mootral. (2023). Mootral introduces new methane reduction technology.
https://mootral.com/knowledge-hub/mootral-introduces-new-methane-reduction-
technology

National Academies of Sciences, Engineering, and Medicine, Division on Earth and Life
Studies, Board on Environmental Studies and Toxicology, Board on Energy and Environmental
Systems, Board on Earth Sciences and Resources, Board on Agriculture and Natural
Resources, Board on Atmospheric Sciences and Climate, & Committee on Anthropogenic
Methane Emissions in the United States: Improving Measurement, Monitoring, Presentation of
Results, and Development of Inventories. (2018). Methane Emission Measurement and
Monitoring Methods. In Improving Characterization of Anthropogenic Methane Emissions in
the United States. National Academies Press (US).
https://www.ncbi.nlm.nih.gov/books/NBK519293/

New Zealand Agricultural Greenhouse Gas Research Centre. (2021, March 29). The science
of methane. New Zealand Agricultural Greenhouse Gas Research Centre.
https://www.nzagrc.org.nz/domestic/methane-research-programme/the-science-of-
methane/

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


39

Owens, F. N., Secrist, D. S., Hill, W. J., & Gill, D. R. (1998). Acidosis in cattle: A review. Journal
of Animal Science, 76(1), 275–286. https://doi.org/10.2527/1998.761275x

Pickering, N. K., Oddy, V. H., Basarab, J., Cammack, K., Hayes, B., Hegarty, R. S., Lassen, J.,
McEwan, J. C., Miller, S., Pinares-Patiño, C. S., & de Haas, Y. (2015). Animal board invited
review: Genetic possibilities to reduce enteric methane emissions from ruminants. Animal,
9(9), 1431–1440. https://doi.org/10.1017/S1751731115000968

Pitta, D. W., Indugu, N., Melgar, A., Hristov, A., Challa, K., Vecchiarelli, B., Hennessy, M.,
Narayan, K., Duval, S., Kindermann, M., & Walker, N. (2022). The effect of 3-nitrooxypropanol,
a potent methane inhibitor, on ruminal microbial gene expression profiles in dairy cows.
Microbiome, 10(1), 146. https://doi.org/10.1186/s40168-022-01341-9

Poteko, J., Zähner, M., & Schrade, S. (2019). Effects of housing system, floor type and
temperature on ammonia and methane emissions from dairy farming: A meta-analysis.
Biosystems Engineering, 182, 16–28. https://doi.org/10.1016/j.biosystemseng.2019.03.012

RNC2050. (n.d.). THE SCIENTIFIC BASIS OF CLIMATE CHANGE. Retrieved August 16, 2024,
from https://descarbonizar2050.apambiente.pt/en/decarbonization2050/basis-scientific/

Roehe, R., Dewhurst, R. J., Duthie, C.-A., Rooke, J. A., McKain, N., Ross, D. W., Hyslop, J. J.,
Waterhouse, A., Freeman, T. C., Watson, M., & Wallace, R. J. (2016). Bovine Host Genetic
Variation Influences Rumen Microbial Methane Production with Best Selection Criterion for
Low Methane Emitting and Efficiently Feed Converting Hosts Based on Metagenomic Gene
Abundance. PLoS Genetics, 12(2), e1005846. https://doi.org/10.1371/journal.pgen.1005846

Sanjorjo, R. A., Tseten, T., Kang, M.-K., Kwon, M., & Kim, S.-W. (2023). In Pursuit of
Understanding the Rumen Microbiome. Fermentation, 9(2), Article 2.
https://doi.org/10.3390/fermentation9020114

Sari, N. F., Ray, P., Rymer, C., Kliem, K. E., & Stergiadis, S. (2022). Garlic and Its Bioactive
Compounds: Implications for Methane Emissions and Ruminant Nutrition. Animals, 12(21),
Article 21. https://doi.org/10.3390/ani12212998

Schilde, M., von Soosten, D., Hüther, L., Meyer, U., Zeyner, A., & Dänicke, S. (2021). 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, 75(2), 79–104. https://doi.org/10.1080/1745039X.2021.1877986

Sicard, C. (2023, April 17). Can CRISPR Cut Methane Emissions From Cow Guts? UC Davis.
https://www.ucdavis.edu/food/news/can-crispr-cut-methane-emissions-cow-guts
Smith, P. E., Kelly, A. K., Kenny, D. A., & Waters, S. M. (2022). Enteric methane research and
mitigation strategies for pastoral-based beef cattle production systems. Frontiers in
Veterinary Science, 9, 958340. https://doi.org/10.3389/fvets.2022.958340

Song, Y., Qiao, W., Westerholm, M., Huang, G., Taherzadeh, M. J., & Dong, R. (2023).
Microbiological and Technological Insights on Anaerobic Digestion of Animal Manure: A
Review. Fermentation, 9(5), Article 5. https://doi.org/10.3390/fermentation9050436

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


40

Starsmore, K., Lopez-Villalobos, N., Shalloo, L., Egan, M., Burke, J., & Lahart, B. (2024).
Animal factors that affect enteric methane production measured using the GreenFeed
monitoring system in grazing dairy cows. Journal of Dairy Science, 107(5), 2930–2940.
https://doi.org/10.3168/jds.2023-23915

Sun, K., Liu, H., Fan, H., Liu, T., & Zheng, C. (2021). Research progress on the application of
feed additives in ruminal methane emission reduction: A review. PeerJ, 9, e11151.
https://doi.org/10.7717/peerj.11151

TROPOMI. (2024). TROPOMI Observing Our Future - TROPOMI: TROPOspheric Monitoring
Instrument [Webpagina]. Ministerie van Infrastructuur en Waterstaat.
https://www.tropomi.eu/

Tseten, T., Sanjorjo, R. A., Kwon, M., & Kim, S.-W. (2022). Strategies to Mitigate Enteric
Methane Emissions from Ruminant Animals. Journal of Microbiology and Biotechnology,
32(3), 269–277. https://doi.org/10.4014/jmb.2202.02019

US EPA. (2022, May 26). Practices to Reduce Methane Emissions from Livestock Manure
Management [Overviews and Factsheets]. AgSTAR.
https://www.epa.gov/agstar/practices-reduce-methane-emissions-livestock-manure-
management

US EPA. (2023). Greenhouse Gas Inventory Data Explorer | US EPA.
https://cfpub.epa.gov/ghgdata/inventoryexplorer/#iagriculture/entericfermentation/selec
t/select/all

Uyeno, Y., Shigemori, S., & Shimosato, T. (2015). Effect of Probiotics/Prebiotics on Cattle
Health and Productivity. Microbes and Environments, 30(2), 126–132.
https://doi.org/10.1264/jsme2.ME14176

Vechi, N. T., & Scheutz, C. (2023). Measurements of methane emissions from manure tanks,
using a stationary tracer gas dispersion method. Biosystems Engineering, 233, 21–34.
https://doi.org/10.1016/j.biosystemseng.2023.07.007

Vetriani, C. (2001). Archaea, Origin of. In S. A. Levin (Ed.), Encyclopedia of Biodiversity
(Second Edition) (pp. 218–226). Academic Press. https://doi.org/10.1016/B978-0-12-384719-
5.00177-5

Vrancken, H., Suenkel, M., Hargreaves, P. R., Chew, L., & Towers, E. (2019). Reduction of
Enteric Methane Emission in a Commercial Dairy Farm by a Novel Feed Supplement. Open
Journal of Animal Sciences, 9(3), Article 3. https://doi.org/10.4236/ojas.2019.93024

Wall, E., Simm, G., & Moran, D. (2010). Developing breeding schemes to assist mitigation of
greenhouse gas emissions. Animal, 4(3), 366–376. https://doi.org/10.1017/S175173110999070X

Wasson, D. E., Yarish, C., & Hristov, A. N. (2022). Enteric methane mitigation through
Asparagopsis taxiformis supplementation and potential algal alternatives. Frontiers in Animal
Science, 3. https://doi.org/10.3389/fanim.2022.999338

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


Whitt, C., & Wallander, S. (2022). Rotational Grazing Adoption by Cow-Calf Operations.
Economic Research Service, US Department of Agriculture, Economic Information Bulletin
Number 243.

Zhang, L., Huang, X., Xue, B., Peng, Q., Wang, Z., Yan, T., & Wang, L. (2015). Immunization
against Rumen Methanogenesis by Vaccination with a New Recombinant Protein. PLOS ONE,
10(10), e0140086. https://doi.org/10.1371/journal.pone.0140086

Zhang, X. M., Smith, M. L., Gruninger, R. J., Kung, L., Jr, Vyas, D., McGinn, S. M., Kindermann,
M., Wang, M., Tan, Z. L., & Beauchemin, K. A. (2021). Combined effects of 3-nitrooxypropanol
and canola oil supplementation on methane emissions, rumen fermentation and
biohydrogenation, and total tract digestibility in beef cattle. Journal of Animal Science,
99(4), skab081. https://doi.org/10.1093/jas/skab081

Zhao, Y., Nan, X., Yang, L., Zheng, S., Jiang, L., & Xiong, B. (2020). A Review of Enteric
Methane Emission Measurement Techniques in Ruminants. Animals, 10(6), Article 6.
https://doi.org/10.3390/ani10061004

41

https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei
https://www.zotero.org/google-docs/?OlFXei


PICTURE CREDITS

Page 1: Dr. Robert Cook
Page 2: Dr. Robert Cook
Page 3: Dr. Robert Cook
Page 4: Dr. Robert Cook
Page 5: Marek Piwnicki (Unsplash)
Page 6: Matt Palmer (Unsplash)
Page 8: Andrew Tseng
Page 14: Dr. Robert Cook
Page 23: Annie Spratt (Unsplash)
Page 25: Rick Barrett (Unsplash)
Page 33: Leon Ephraim (Unsplash)
Page 43: Marek Piwnicki (Unsplash)

42




