“e®
"
LA REVUE

Reducing enteric methane
emissions from ruminants:
challenges, solutions and perspectives
at the animal and system levels

INRAZ

INRAE Prod. Anim.,
2026, 39(1), 9470

Florence GONDRET"?, Donato ANDUEZA’, Mohamed Habibou ASSOUMA®, Valérie BERTHELOT’, Didier BOICHARD®,
Maguy EUGENE’, Soléne FRESCO®’, Amandine LURETTE®, Cécile MARTIN’, Pauline MARTIN®, Diego MORGAVF,
Rafael MUNOZ-TAMAYO’, Milka POPOVA®, Simon ROQUES’, Flavie TORTEREAU®, Xavier FERNANDEZ'
'Département PHASE, INRAE, 37380, Nouzilly, France
’PEGASE, INRAE, Institut Agro, 35590, Saint-Gilles, France
*Université Clermont Auvergne, INRAE, VetAgroSup, UMR Herbivores, 63122, Saint-Genés-Champanelle, France
“CIRAD, INRAE, Institut Agro, SELMET, 34000, Montpellier, France

*Université Paris-Saclay, INRAE, AgroParisTech, UMR Modélisation Systémique Appliquée aux Ruminants, 91120, Palaiseau,
France

®Université Paris Saclay, INRAE, AgroParisTech, GABI, 78350, Jouy-en-Josas, France

’Eliance, 75012, Paris, France

8GenPhysSE, Université de Toulouse, INRAE, ENVT, 31320, Castanet-Tolosan, France

E-mail: florence.gondret@inrae.fr

B Methane is a greenhouse gas with a strong warming effect on the climate. Scientific knowledge and
technologies are evolving rapidly, offering new strategies for reducing enteric methane emissions from
ruminants. The consequences of changes in practices and genetic selection objectives must be assessed at the

animal, farming system, and territorial levels.

Introduction

The rate of climate change has
surged alarmingly. A combination of
acute and chronic events, such as heat-
waves, temperature peaks, droughts
and heavy rainfall, are becoming more
frequent and severe. According to the
Intergovernmental Panel on Climate
Change (IPCC), global warming is pro-
jected to reach +2°C by 2050 and +3°C
to +4°C by 2100, compared to pre-in-
dustrial levels (IPCC, 2023). Despite
international environmental treaties,
anthropogenic greenhouse gas (GHG)
emissions continue to rise, although
the rate has been reduced by half over
the last decade (IPCC, 2023). Livestock
farming accounts for 12% of total

anthropogenic GHG emissions (i.e. the
emissions linked to human activities).
Enteric methane emissions, which are
produced when ruminants digest feed,
account for almost half of the GHG
associated with livestock farming (FAO,
2023). Reducing these emissions is a key
climate policy objective, due to the high
global warming potential of methane
and its relatively short half-life before
conversion into carbon dioxide (Box 1).
The commitment made at COP26 is to
reduce global methane emissions by
30% by 2030 and by 50% by 2050 com-
pared to 2020 levels.

Europe is one of the few regions in
the world where methane emissions
have fallen since 1990 (EEA, 2024). The
number of ruminants is declining as
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a result of proactive national policies
driven by economic and environmen-
tal considerations, such as reducing
nitrogen pollution; this decline is also
due to dairy cows producing more
milk than is demanded, and the diffi-
culties in the renewal of generations of
farmers (CGAAER, 2024). This decline
is expected to continue over the next
15 years. Reducing the number of cat-
tle alone cannot be the solution, as this
would overlook the positive aspects
of ruminant farming, including the
production of high-quality products
and the beneficial role of grasslands
and pastures in carbon sequestration
and nutrient cycling. Furthermore, an
imbalance between the production
and consumption of animal products
could result in methane emissions
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The role of methane emissions from agriculture in addressing global

warming.

The main sources of methane (CH,) emissions linked to human activities are livestock farming and rice
cultivation (biogenic methane), and fossil fuel extraction, distribution, and landfill sites (fossil methane).

The global warming potential (cWP) of greenhouse gases (GHGs) over 100 years is calculated using the
formula GWP,, = (0, + 27.8 biogenic CH, (or 29.8 fossil CH,) + 273 N,0 (IPCC, 2023). Biogenic methane
is therefore equivalent to approximately 28 times the amount of carbon dioxide (C0,), which makes its
contribution much smaller than that of nitrous oxide (N,0). However, the half-life of CH, is just 10-12 years,
making it a key target for governmental policies seeking to rapidly mitigate global warming. In other words,
(H, has a very strong warming effect in the short term but it does not accumulate in the atmosphere, so

reducing methane emissions has a cooling effect.

GWP,, is currently used in all national calculations assessing GHG emissions. New metrics, such as GWP¥,
are being proposed to better reflect the physics of methane and its short lifetime (Poux et al, 2025). Indeed,
GWP* reflects the equivalence between levels of CH, and cumulative CO, emissions with respect to climate
effects, by considering the impact of emission dynamics on the global average temperature over 20 years.
Taking GWP* into account in Europe, where CH, emissions are declining, would provide a more balanced
view of the impacts of CH, and N,0, to define a multi-gas trajectory for the agricultural sector towards “net

zero” (0, emissions (i.e. emissions minus carbon sinks).

being transferred to other countries,
providing no benefit at the global
level. Consequently, various European
countries are expected or have already
announced the deployment of farming
practices or biotechnologies aimed at
reducing enteric methane emissions
from ruminants (CGAAER, 2024). The
objectives are to make methane emis-
sion reductions less dependent on
reductions in the number of cattle and
the consumption of products derived
from them. A number of solutions are
proposed, based on feed supplements,
ration composition, herd management,
and genetic selection. However, climate
change affects the availability and qual-
ity of plant resources, as well as the
ability of animals to adapt to their envi-
ronment. This may result in inconsist-
ent responses. Additionally, transitions
in agricultural and food systems create
opportunities, as well as contradictory
constraints, for livestock farming and
the areas in which it takes place.

Thus, reducing enteric methane emis-
sions from ruminant livestock farming
systems in the coming years requires
addressing several challenges. The first
challenge is to identify optimal strat-
egies that combine existing methods
to reduce enteric methane emissions,
while ensuring that product quantity
and quality, as well as animal health
and welfare, are maintained. A second
challenge is to identify new levers for

INRAE Productions Animales, 2026, numéro 1

reducing enteric methane emissions
in a context of increased agricultural
system dependence on local condi-
tions, which are themselves affected
by climate change. A third challenge
is to identify solutions that benefit all
aspects of ruminant livestock systems
including the impact on other GHG
emissions.

This article reviews the studies con-
ducted by INRAE and its research and
development partners over the past
decade, with the aim of reducing meth-
ane emissions from ruminants. Enteric
methane is produced when microor-
ganisms (methanogenic Archaea) break
down feed (forage and concentrates)
into volatile fatty acids (VFAs), using
hydrogen for their metabolism and
growth ( ).

To assess the effectiveness of differ-
ent levers, accurate tools are required to
measure and evaluate enteric methane
emissions in various contexts (Part 1).
To identify new targets, it is necessary
to characterise and understand the
microbial biomass diversity and the
microbiome functions at key stages
in the animal’s life (Part 2). Strategies
to reduce enteric methane emissions
include genetic selection (Part 3) and
feeding strategies and farming prac-
tices (Part 4). However, it is important
to consider their impact on animal
performance and farming systems. To

promote changes in farming systems,
we require a better understanding
of how these practices can be imple-
mented in both temperate and hot
environments with a gradient of pedo-
climatic constraints (Part 5).

1. Tools for phenotyping
enteric methane
emissions

Research programmes use a set of
direct and indirect measures, aiming
to advance our understanding of the
biological mechanisms underlying
methane emissions and to develop
tools adapted to on-farm constraints.
Direct measurement methods quan-
tify methane emission fluxes, whereas
indirect estimation methods rely on
prediction models. The predictive vari-
ables may relate to the animal’s rations
and/or production characteristics, such
as live weight and productivity, among
others. They may also be derived from
the analysis of various biological sam-
ples taken from the animal, including
emitted gases, milk, blood or faeces.

M 1.1. Direct measurements
to acquire reference data

Various devices have been devel-
oped that enable direct measurements
of enteric methane emissions. These
devices are now used by most research
organisations (Mesgaran et al., 2021),
particularly in INRAE's experimental
units. These include respiratory cham-
bers, which are considered the refer-
ence method, and sulphur hexafluoride
(SF6), a tracer gas that is administered
orally with a vector which allows for
controlled, constant release into the
animal’s rumen. Another device is
GreenFeed®, which takes spot meas-
urements of the methane emitted by
animals when they visit an integrated
automatic concentrate dispenser.
Doreau etal. (2018) showed com-
parable average methane emission
levels between the three measure-
ment devices for groups of animals in
European livestock systems and val-
idated the reliability of GreenFeed®
measurements on-farm. However, the
workload involved in using GreenFeed®,
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Figure 1. Components of enteric methane emissions and research objectives.
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Within the rumen, the pathways involved in hydrogen (H,) consumption are represented by arrows between compartments, with minimal intensity for
microbial biomass, average intensity for propionate production (VFA, volatile fatty acids) and maximum intensity for methane (CH,) production. The scientific
priorities, which are supported by a better understanding of the interaction between the rumen and the host, are shown in boxes on the right and left of the

figure, respectively.

the cost of acquiring and operating the
device and the reliance on the company
for data collection are major obstacles
to its use on commercial farms. The
applicability of these devices in tropi-
cal environments has also recently been
discussed (Gbenou et al., 2024a).

H 1.2. Indirect measures for
assessing large numbers of
animals

For several years, equations have
been developed to predict enteric
methane emissions, by establishing
the relationships between measured
emissions and various explanatory
factors such as feed intake and diet
composition, for different categories
of animals (e.g. INRA, 2018; van Lingen
etal., 2019; Belanche etal., 2023).
Measurements in biological matrices
obtained from the animals (milk and
faeces) are also used for larger-scale
estimates. Initially, the fatty acid (FA)
composition of milk was used as an
indicator of methane emissions in
dairy cows fed maize silage containing

extruded linseed (Chilliard et al., 2009),
and subsequently in cows fed a wide
range of diets (Bougouin etal., 2019).
Determining the FA composition by
gas chromatography is expensive and
time-consuming. Therefore, equations
based on the detailed FA composition
are not suitable for measuring large
numbers of animals. Conversely, the
mid-infrared (MIR) absorption spectra
of milk are now routinely collected for
millions of cows to predict the milk
composition for dairy inspection pur-
poses. These spectra have been used
to predict methane emissions in dairy
cattle (Vanlierde etal., 2021; Fresco
etal., 2024b) and enable genomic eval-
uation to select low emitted dairy cat-
tle (Part 3). Prediction equations have
also been developed using near-infra-
red absorption spectra (NIRS) acquired
from faeces, a preferred matrix for
suckler herds and for growing dairy
animals. Promising results have been
obtained using a dataset of suckler
cows for which methane emissions
were measured using the GreenFeed®
method (Andueza et al., 2022).

However, the robustness of the var-
ious prediction equations must be
assessed to accurately estimate the
reductions that can be achieved by
mitigation strategies at the level of the
livestock farming systems (Benaouda
etal.,, 2019; Blondiaux et al., 2024).

M 1.3. Prospects for
developing measurement
tools or predictors

Direct and indirect measurement
tools should complement one another.
This is essential for obtaining accurate
predictors. The experimental infra-
structures of INRAE and its research
and development partners are acquir-
ing new devices to complement those
already in use (Box 2). These tools will
be essential for future studies aimed at
testing the most effective strategies for
reducing enteric methane emissions in
various farming environments. Portable
Accumulation Chambers (PACs) are now
available for small ruminants. They
measure the gases emitted by flatu-
lence over a period of 1 hour, as well
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as the methane emitted by belching
and exhalation (Goopy etal., 2011).
Sniffers are usually located inside milk-
ing robots and use infrared technology
to measure the animals’'methane emis-
sions. The predictive potential of these
indirect methods must be compared
with the predictions based on MIR
spectra in milk. Developing predictors
adapted to farm constraints is indeed a
priority. In France, sniffers will soon be
installed on 50 commercial dairy farms,
and PAC will be used on various com-
mercial small ruminant farms to collect
data. This will enable comparisons to
be made between farming systems
and the predictors to be evaluated in
different contexts.

Improving the accuracy of already
existing predictors is also essential for
extending their use. Complementary
research studies in cattle and small
ruminants will be conducted to evalu-
ate the potential of milk MIR spectra or
faecal short-wave infrared (SPIR) spec-
troscopy to predict methane emissions.
Other new predictors are under study,
including plasma metabolites such as
amino acids, glucose, carboxylic acids
and glycerolipids (Yanibada et al., 2020),
the carbon isotopic abundance of milk
(Saro et al., 2025), microorganisms and
hydrogen fluxes (Bedoya Mazo etal.,
2023).

Continuous data acquisition, sup-
ported by animal experimentation
under national and international
collaborations, remains essential.
Combining the databases will enable
us to develop more robust predictors
and discriminating models of methane
enteric emissions. It will also ensure that
inter-individual variability is considered
when evaluating farming systems in dif-
ferent pedoclimatic contexts (Part 5).

2. Rumen microbiota:
modulating hydrogen
fate and limiting methane
production

The rumen microbiota is a key focus
of strategies aimed at reducing enteric
methane emissions. Indeed, methane is
produced through the degradation and
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Methods and tools for measuring enteric methane emissions from large
and small ruminants at French experimental stations and farms.

The conditions and procedures for quantifying or estimating enteric methane emissions from ruminants
using different methods have been documented in a methodological publication by SmartCow (Mesgaran
etal, 2021). This European consortium is coordinated by INRAE and brings together experimental cattle

infrastructures.

The tools thatimplement these methods are now in use at INRAE'S experimental infrastructures across France.
These include Le Pin in Normandy (GreenFeed® and sniffers) and the Experimental Dairy Production Facility
of UMR Pegase in Brittany (GreenFeed®) for dairy cattle; Herbipdle in Auvergne for dairy or suckler cattle and
sheep (GreenFeed® and respiratory chambers); the Small Ruminant Phenotyping Centre in the Loire Valley
(GreenFeed® and sniffers) for sheep; and the Tropical Livestock Platform for Agroecology (PTEA) in Guadeloupe
(GreenFeed® and sniffers). Climate-controlled metabolic chambers for cattle and Portable Accumulation
Chambers (PACs) for small ruminants will soon be available in experimental stations, including Herbipole,
the Small Ruminant Phenotyping Centre, the La Fage experimental unit in Aveyron and the experimental

facility of GenPhySE in Occitanie.

The Institut de I'Hlevage (Idele) has recently acquired several GreenFeed® units and sniffers. These can be
used to conduct experiments with dairy cattle, beef cattle and small ruminants.

fermentation of feed by rumen microor-
ganisms. Archaea, a branch of microor-
ganisms, produce methane through a
series of reactions known as methano-
genesis. There are several pathways of
methanogenesis, but the most common
in the rumen involves the reduction of
carbon dioxide by hydrogen. Archaea
do not produce these two compounds,
but other microorganisms such as bac-
teria, protozoa and fungi do (Morgavi
etal., 2010). As methane production is
a natural consequence of the metabolic
processes of the microbiota when pro-
ducing energy substrates (VFAs) for the
host, any strategies aimed at reducing
enteric methane emissions must not
have a negative impact on the supply
of VFAs. This dual challenge has been
addressed.

B 2.1. Hydrogen transactions
in the rumen microbiota

Manipulating the production and
consumption of hydrogen is considered
a key approach to mitigating enteric
methane emissions (Martin et al., 2010;
Mackie et al., 2024). Researchers have
focused on evaluating alternative
hydrogen acceptors, to divert hydrogen
away from methanogenesis. Guyader
etal. (2017) demonstrated that supple-
menting diet with nitrates, an oxidant
that can be reduced by hydrogen, can
stimulate metabolic pathways that
accept hydrogen, thereby competing
with methanogenesis. However, the

underlying microbial processes remain
to be elucidated. Other alternative
hydrogen acceptors such as phenolic
compounds have been studied using
in vitro approaches (Huang et al., 2023;
Romero etal., 2023). Phenolic com-
pounds are secondary plant metab-
olites that can be metabolised by
microbial populations into acetate,
while consuming hydrogen. Of the 10
or so phenolic compounds tested at
INRAE, gallic acid and phloroglucinol
(which were derived here from the
chemical industry, but are also found
naturally in tree bark) increased gas
production and total VFA production,
particularly acetate, without stimulat-
ing methane production. The effect
of phloroglucinol was evaluated in
combination with 2-bromoethanesul-
fonate, a specific methanogen inhibitor.
Methane production was completely
inhibited, hydrogen accumulation
was reduced and acetate production
increased compared to treatment
with 2-bromoethanesulfonate alone.
Research programmes on hydrogen
transactions are on-going at INRAE,
with a particular focus on quantitative
data within the rumen ecosystem.

W 2.2. Strategies
for young animals

After birth, the rumen is colo-
nised sequentially by microbiota.
Microorganisms are present from the
second day of life and are characterised
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by the abundance of Pseudomonadota
(formerly Proteobacteria) which
accounts for nearly 70% of the total.
The composition changes rapidly, with
the proportion of Pseudomonadota
falling to 30% before the ingestion of
solid food. Meanwhile, the proportion
of Bacteroidota, particularly Prevotella,
increases to over 50%. If any induced
changes in rumen microbiota persist
in the long term, the plasticity of this
microbiota at the beginning of an
animal’s life may provide opportuni-
ties to reduce enteric methane emis-
sions. In dairy calves, administering
3-nitrooxypropanol (3-NOP), a meth-
anogenesis-inhibiting additive, from
birth until 14 weeks of age resulted in
a lasting reduction in enteric methane
production, which was still observa-
ble at 1 year of age (Meale et al., 2021).
The composition of bacteria, and to
a lesser extent that of Archaea, was
altered in the rumen, and this alter-
ation persisted with some variations
even after the administration of 3-NOP
ceased. Similarly, by supplementing
the diet of pregnant heifers - and then,
their calves from birth to weaning -
with 3-NOP, Martinez-Fernandez et al.
(2024) reported a persistent reduction
in methane emissions 28 weeks after
stopping the treatment for at least one
group of treated calves. The rumen
microbiota of these calves was similar
to that of the low-emitting adult cows
found in Prim’Holstein INRAE herds
(Ramayo-Caldas et al., 2020).

Such early modulation of the micro-
biota enables constraints associated
with different cattle management prac-
tices, such as grazing, to be overcome.
Indeed, when grass is mature and not
particularly diverse, grazing increases
methane emissions in ruminants com-
pared to a diet based on energy-rich
concentrates (Roques et al., 2024).

H 2.3. Contribution
of mechanistic modelling

Mechanistic modelling is a comple-
mentary approach to animal exper-
imentation for representing and
predicting rumen metabolism. Muioz-
Tamayo et al. (2016) proposed a model
of the rumen microbiota organised
into functional groups according to

their utilisation of glucose (hexoses),
amino acids, and hydrogen. This model
includes glucose utilisation flux alloca-
tion factors and hydrogen dynamics. It
is crucial to consider hydrogen in the
model. However, our understanding of
the microbial processes and thermo-
dynamic rules that govern hydrogen
transactions is incomplete, particularly
for quantifying hydrogen fate and the
impact of energy allocation on micro-
bial fermentation (Morgavi et al., 2023).
Nevertheless, this model can accurately
depict in vitro fermentation data from
mixed diets containing different levels
of concentrates (Sermentetal., 2016). It
does not consider biological processes,
such as VFA absorption rates and the
passage of substrates. This model is cur-
rently being extended to incorporate
these in vivo conditions, and prelimi-
nary results comparing simulated and
experimental data from a small number
of Nordic Red dairy cows are promising
(Mufioz-Tamayo et al., 2023a). In parallel,
a modelling approach has been devel-
oped that links microbial data to VFA
dynamics; this uses a semi-continuous
in vitro system (RUSITEC) that mimics in
vivo conditions, and data obtained from
the rumen of dairy cows (Davoudkhani
etal., 2024).

The model developed by Mufioz-
Tamayo et al. (2016) was also expanded
to represent the effect of the macroalga
Asparagopsis taxiformis on the dynamic
profile of microbial fermentation meas-
ured in vitro. The inhibition of methane
production by this macroalga leads to
the accumulation of hydrogen, which
exerts thermodynamic control over fer-
mentation by directing the flux towards
VFA production. The models proposed
by INRAE (Munoz-Tamayo et al., 2021)
andvan Lingenet al. (2021) are the only
two mechanistic models capable of
representing the impact of anti-meth-
anogenic additives. At the microbial
level, modelling kinetics enabled the
quantification of metabolic and ener-
getic differences between three meth-
anogen species (Mufoz-Tamayo et al.,
2019).The data suggest that, in addition
to kinetic and thermodynamic factors,
other forces such as microbial interac-
tions (e.g. endosymbiosis with protozoa
and microbial aggregation) and spatial
variation (e.g. fractions of liquid and

particles) contribute to the ecology
of the methanogen community in the
rumen, thereby promoting microbial
diversity.

Integrating genomic information
from the microbiota should improve
the predictive accuracy of the mod-
els (Munoz-Tamayo et al., 2023b). The
genomic sequence of the cellulolytic
bacterium Fibrobacter succinogenes S85
can be used to reconstruct its metabolic
network.Then, itis possible to develop a
dynamic metabolic model that predicts
the production of acetate, succinate and
formate from glucose, cellobiose and
cellulose metabolism (Fakih et al., 2023).
This approach will soon be extended to
other rumen microorganisms, including
methanogens.

M 2.4. Research prospects
for microbiota

A better understanding of how micro-
biota produce methane could lead to
the development of new strategies
reducing enteric methane emissions,
by managing rumen hydrogen metabo-
lism, modulating the microbiota during
early life and using mechanistic mod-
elling to address microbial complexity.
This would help identify the trade-offs
between reducing methane emissions,
improving feed efficiency and produc-
tion performance, and ensuring animal
health and welfare.

Two main research perspectives have
been identified to achieve this:

(i) Elucidating the dynamics of the
rumen microbial ecosystem, particu-
larly its resilience, and the interac-
tions between microbial species. This
would improve our understanding of
the rumen microbiota and allow us to
consider this dynamic more effectively
in future strategies to reduce enteric
methane emissions.

(ii) Develop a continuum of in vivo,
in vitro and in silico studies. In vitro
approaches enable the fermentation
pathways associated with substrates
and additives, as well as the related
physicochemical parameters, to be
evaluated. This simplifies the complex-
ity observed in vivo. In silico approaches
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are based on in vitro and in vivo meth-
ods to predict the effectiveness of
proposed strategies. The continuum
operates in both directions: towards in
silico for understanding and towards
in vivo for application. This synergy in
elucidating microbial mechanisms and
proxies contributes to the principles of
the 3Rs - replace, reduce, and refine - of
using animals for scientific purposes.

3. Genetic levers
for reducing enteric
methane emissions

For a trait to be selectable, it must be
measurable on a relatively large scale,
and there must also be genetic variabil-
ity between individuals. The first condi-
tion is quite limiting because it is often
difficult to measure methane emissions
outside of an experimental infrastruc-
ture (i.e. for more than a few hundred
animals). Although relatively new meas-
urement devices, such as sniffers, could
be helpful, they are not yet fully oper-
ational in France. Therefore, two main
options have been chosen to reduce
methane emissions through genetics.

MW 3.1. Selection against
methane emissions predicted
from milk MIR spectra

Predicting methane emissions from
MIR spectra enables large populations
of phenotyped animals to be obtained.
Indeed, MIR spectra are acquired in very
large numbers, approximately 15 mil-
lion per year from around 2.5 million
dairy cows, and the marginal cost of
predictions is low once the equations
have been established. Two research
and development consortia (Optimir
and MethaBreed) have developed equa-
tions based on reference measurements
from respiratory chambers or using the
SF6 method (Fresco etal., 2021), or by
using GreenFeed® in nine experimental
conditions (Fresco et al., 2024b). These
equations can be used to predict vari-
ous emission traits, such as per animal
(g/day), per production unit (g/kg stand-
ardised milk) or per intake unit (g/kg dry
matter intake). Daily methane produc-
tion can also be calculated by multiply-
ing methane emissions expressed as per
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kilogram milk, by the daily quantity of
milk produced. These equations have
moderate accuracy. This shortcoming
is partially offset by the large amount
of data, which significantly reduces loss
of accuracy at the genetic level without
eliminating bias.

Fresco et al. (2024a) subjected predic-
tions to an in-depth genetic analysis,
which showed that heritability is quite
strong. This is not surprising, given that
the absorbances of the most informative
wavelengths in the MIR spectra are rela-
tively heritable themselves. The genetic
correlations between predicted traits are
moderate, with the highest correlation
(0.6) found between methane emissions
in gram per day predicted by the two
equations established by the two con-
sortia. This moderate correlation can
be explained by the fact that the two
consortia used different measurement
methods and calibration populations.
With the exception of the reconstructed
prediction, which is closely linked to
milk yield, the correlations with produc-
tion traits are moderate. Moreover, the
reconstructed prediction is challenging
to utilise, as a decrease in enteric meth-
ane emissions would result in selection
against milk production.

The pilot genomic evaluations are
available (Fresco et al., 2024¢). They were
carried out using a single-step model,
based on predictions from the official
milk recording of several million cows,
out of which several hundred thousand
were genotyped. This method simulta-
neously analyses the performance of
both genotyped and untyped animals.
It implicitly estimates the genotype
expectation of untyped animals based
on the genotyping of their relatives. This
increases accuracy and reduces bias.
These genomic evaluations demon-
strate the potential of young bulls in
reducing enteric methane emissions.
Furthermore, they demonstrate that the
genetic potential of animals for methane
emissions has been minimally impacted
by recent selection objectives.

Genomic evaluations are expected
to be officially launched by selection
organisations in 2026. The methane trait
(g/day) is the average of the two equa-
tion predictions established by the two

consortia. This is a more robust approach
than selecting just one of the two pre-
dictions when there is a lack of objective
criteria on which method is superior. In
the absence of direct economic value for
the farmers, the weight given to meth-
ane emission reduction in the overall
selection objective, as defined by selec-
tion organisations, may be based on
the expected gain. Targeting 1% annual
reduction in methane emissions (in g/
day) means a weight of around 25%
for the methane trait in the selection
objective (Fresco et al., 2025). This would
moderately slow down the genetic pro-
gress for the other traits already under
selection. Although no adverse effects
have been observed to date, it will be
necessary to confirm that selecting
against methane does not affect the
digestive processes of the ruminants.
It is not feasible to use milk MIR spectra
in suckler cows, as they are not milked.
An approach based on SPIR spectra in
faeces is currently under study. If this
proves effective, then a measurement
system will need to be developed before
selection against methane emissions in
suckler cows can be considered.

H 3.2. Improvement
of breeding traits correlated
with methane emissions

Predictions based on milk MIR spectra
are moderately accurate. Many factors
influencing methane emissions are not,
or are only partially, considered in MIR
predictions based on milk production.
Therefore, to reduce methane emissions
more effectively, it is also appropriate
to address these factors in addition to
direct genetic selection. Most of these
factors depend on both farming sys-
tems and genetics. Therefore, the con-
tent presented in this section is relevant
to the implementation of changes to
farming systems. Improvements in
breeding traits correlated with meth-
ane emissions, such as age at calving,
fertility, health and body size, generally
have a positive effect on the economic
performance (reducing feed and veter-
inary costs) of the farms.

The key solutions are reducing losses,
particularly mortality, and minimising
unproductive periods, primarily by low-
ering the number of heifers.
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One option s to reduce the age at first
calving. In France, the age at first calving
ranges from 2 to 3.5 years; more than
65% of the dairy and suckler herds calve
at 3 years of age or older. Reducing this
age of first calving at 2 years would
save an annual cohort of 1 million
near-adult-sized animals, each produc-
ing 250-300 g of methane per day. This
would primarily affect the farming sys-
tem, but selecting for precocity could
also be helpful, especially for suckler
breeds which tend to mature later.
Although calving at 2 years of age may
seem ambitious, any progress towards
greater precocity is desirable despite
the various obstacles. For suckler cows,
it is also important to minimise the
number of years without calving, which
implies maximising fertility.

A second option is reducing the
replacement rate. Although genetics is
not the most important factor, improv-
ing longevity by selection is possible,
with gains of +0.5 to +1.0 lactation
being achieved. This would decrease the
need for replacement heifers. Reducing
the replacement rate by 25% per year
would contribute to a 6% reduction in
methane emissions from French dairy
cattle with a first calving at two years
of age. With first calving at three years
of age, the reduction in methane emis-
sions would be 10%. These results are
illustrated by Dall-Orsoletta et al. (2019).
Reducing the rate of involuntary culling
would also lower the replacement rate.
This could be achieved by improving
health and fertility. Health problems
result in production losses and unnec-
essary methane emissions. It is now
possible to select for health, with mul-
tiple indicators available such as udder
health, leg health, and susceptibility to
diseases (paratuberculosis and ketosis).
Thus, health and fertility are important
traits in dairy selection objectives.

A third option is to reduce meth-
ane emissions related to maintenance
requirements. French dairy and suck-
ler cattle breeds are characterised by
their large size. The bigger the ani-
mal, the more feed it consumes and
the more methane it produces during
the breeding period. Reducing adult
weight by 100kg is possible by selec-
tion. This would reduce maintenance

An example of a research and development partnership to address solutions
for reducing enteric methane emissions from ruminants in France.

The Methane 2030 project was launched in 2024 for 4 years with the aim of achieving a 30% reduction in

enteric methane emissions in France within 10 years.

The objectives are (i) to harmonise data acquisition systems for large-scale deployment; (ii) to develop
methane emission prediction methods adapted to various livestock farming situations in France; (iii) to
evaluate anti-methane nutritional solutions; (iv) to establish and deploy genomic methane emission assess-
ments, including a synthetic genetic index for “methane efficiency”; (v) to evaluate the combination of
different levers and to quantify methane emissions from various systems; and (vi) to develop a toolkit to
support the sector. Around 30 field trials and participatory workshops are planned.

The Methane 2030 project aims to provide all farmers with comprehensive support to help them reduce ente-
ric methane emissions on their farms and continue their efforts to decarbonise. The project brings together
13 scientific and technical partners, as well as 15 dairy and suckler cow farms and experimental sites. These
partnersinclude INRAE, APIS-GENE, Idele, les Chambres d'agriculture de Bretagne, ELIANCE, FGE, Races de France
and several professional experimental farms from the F@RM XP network. Funding for the project comes from
the French government as part of its France 2030 plan and is supported by shareholders through APIS-GENE.

requirements by 10%, and lead to a 3%
to 5% decrease in methane emissions
(depending on the relative importance
of maintenance in total requirements).
This would also have favourable effects
on other traits, such as precocity and
longevity. Selecting for a smaller size
could be achieved without adversely
affecting milk production, as there is
only a very moderate genetic correla-
tion between the two traits. Precocity in
animals reared for meat, which is facil-
itated by the reduction in adult size,
would also favour fat deposition; this
would reduce the age at which the ani-
mals are slaughtered and the amount
of concentrates needed.

Finally, in a given farming system,
improving animal productivity is widely
used as a GHG mitigation strategy (Dall-
Orsoletta et al., 2019): low-producing
dairy cows produce more methane per
kilogram of milk, and thus, should be
avoided. Selecting animals with better
feed efficiency and improved robust-
ness (i.e. better adapted to the environ-
ment) is also an option.

W 3.3. Prospects in genetics

There are many genetic options
to reduce methane emissions, both
directly and indirectly. One strat-
egy, such as in the on-going project
Methane 2030 ( ), is to construct
a synthetic methane index that incor-
porates all traits (direct and indirect)
associated with variations in methane

emissions. The success will depend pri-
marily on the selection pressure - that
is, how much weight is given to meth-
ane in the selection objective. Farmers
must be financially incentivised for their
efforts before they agree on high selec-
tion pressure. This means that progress
in reducing methane emissions can be
measured and valued economically on
markets. Therefore, voluntary public
policies and/or industry initiatives are
required. To reduce methane emissions
by 1% per year, the selection objective
must place a higher value on methane
than the current market price of carbon.
The value must reflect the situation in
8-10 years from now, since the effects of
genetic selection only become appar-
ent in the long term.

4. Dietary

and management
solutions for reducing
enteric methane
emissions

Enteric methane emissions are associ-
ated with microorganisms in the rumen,
but also to the quantity of ingested
organic matter that is fermented, and
depends on ruminant’s physiology and
genetics. Thanks to scientific progress,
a large number of levers are now availa-
ble, but they are at different technology
readiness levels (TRLs), ranging from
scientific discovery to large-scale
implementation on commercial farms
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( ). Some countries are also devel-
oping vaccines based on genomic infor-
mation from rumen methanogens, but
the potential effects on methane emis-
sions are still unknown.

Compared to additives, which are the
most effective strategies for decreasing
methane emissions by 20-40%, dietary
strategies have modest effects, reducing
emissions by —10% and -20%. However,
they often have fewer negative effects
on other traits at the animal or farming
system levels ( ). Unlike genetic
factors, dietary strategies and additives
have an immediate impact on reduc-
ing enteric methane emissions. The
observed reductions associated with
dietary strategies vary, depending on
the concentrations of specific active
plant components, the interaction
effects with other feed compounds, the
physiological stage of the animal, and/or
other confounding factors.

The decrease in enteric methane
emissions associated with each lever
also depends on the mode of expres-
sion: “absolute” emissions (in g/day)
per animal, “emissions yield” per unit of
intake (in g/kg of dry matter intake), or
“emissions intensity” per unit of product
(in g/kg of standardised milk or meat).
Absolute emissions (g/day) are better
suited to public policy and expected cli-
mate benefits, so they should be priori-
tised. Other modes of expression (e.g. g/
kg of product) address the specific chal-
lenges faced by farmers and industries
more directly. This could lead to conflicts
between stakeholders regarding accept-
ance of the proposed solutions.

5. Enteric methane
emissions for farming
systems located

in contrasting
pedoclimatic areas

B 5.1. Variability in enteric
methane emissions
at the system level

Livestock farming systems include
different management practices in
both temperate zones and under hot
climates, such as free-range, grazing,

INRAE Productions Animales, 2026, numéro 1

rangeland, agroforestry and mixed
rations combining fodder and con-
centrates, among others. There are
also various types of feeds, including
co-products, crop residues, industrial
by-products, and tree and forage spe-
cies. This results in a wide range of
enteric methane emissions between
systems. Notably, enteric methane
emissions vary between temperate
and tropical zones (Archiméde etal.,
2011; Martin et al., 2021; Gbenou etal.,
2024b). The types of feed used differ, as
do the breeds. A better understanding
of the physiology of some breeds is still
needed.

Feeding systems provide valuable
insights into feed composition, animal
characteristics and feeding practices
in temperate regions. For example,
the latest version of INRA feeding sys-
tem (INRA, 2018) calculates methane
emissions based on digestible organic
matter, considering feed intake and
the proportion of concentrates in the
ration. It estimates a decrease in meth-
ane yield for each percentage increase
in concentrates. However, feeding
systems are less suitable for ruminant
farming systems in hot areas. A liter-
ature review by Quantin et al. (2025)
indicates that the methane emissions
per kilogram of dry matter intake are
23.2 (range 16.9-29.1) for dairy cows
and 27.8 (range 18.7-34.5) for heifers
in sub-Saharan Africa, compared with
an average of 21.0 in temperate zones.
The values are 21.9 (range 16.8-26.5)
and 31.7 (range 12.6-49.8) for sheep
and goats, respectively, in sub-Saharan
Africa, compared with an average of
18.0 in temperate zones.

Equations can be used to predict
methane emissions and nitrogen
excretion to quantify the emissions of
all pollutants associated with livestock
farming. However, they are subject to
uncertainty (Benaouda et al.,, 2019) and
are not always applicable to plants that
are rich in secondary bioactive com-
pounds or to additives that have specific
modes of action. Emission factor uncer-
tainty and lack of metadata result in the
inadequate consideration of the envi-
ronmental impacts of livestock in GHG
calculators and inventories (Eugéne
etal., 2019; IPCC, 2019). Nevertheless,

these issues can be addressed by dedi-
cated methods, to improve the selection
of instruments for the direct measure-
ment of GHG emissions (Hammond
etal, 2016), as well as by relevant prox-
ies (Vanlierde etal., 2024) and models
(Blondiaux et al., 2024).

B 5.2. Redesigning farming
systems to reduce enteric
methane and other GHG
emissions

At the farming-system level, strategies
to mitigate enteric methane emissions
often involve increasing herd productiv-
ity, longevity and reproduction. The aim
is to reduce emissions through dilution
while maintaining economic viability.
In temperate regions, highly specialised
livestock farming systems that prioritise
technical and economic performance
can result in lower methane emissions
per unit of milk or meat produced.
However, these systems produce more
methane per unit of surface area due
to the high concentration of animals,
and result in significant environmental
damage through high nitrogen emis-
sions into the air and water, as well
as reduced biodiversity (Chemineau
etal., 2025). Conversely, agroecolog-
ical systems increase soil carbon stor-
age, promote biodiversity and reduce
nitrous oxide emissions. However, they
have little effect on methane emissions
(Blaix et al., 2026). Strategies to reduce
enteric methane emissions could be
introduced, provided they are compat-
ible with agroecological principles that
promote interactions between organ-
isms and their integration into the local
ecosystem.

Numerous studies have highlighted
the benefits of mixed farming systems,
which improve environmental effi-
ciency by incorporating agroecologi-
cal principles, such as closing nutrient
cycles and promoting plant and ani-
mal biodiversity. In hot regions, other
strategies include improving pasture
quality, supplementing diets, and
changing land use and ruminant breeds
(Thornton & Herrero, 2010). Natural
grasslands are often used for grazing
livestock. Farmers deal with the lack of
feed by managing rations every day (e.g.
using woody and herbaceous forages)



Reducing enteric methane emissions from ruminants: challenges, solutions and perspectives /9e

Key strategies for reducing enteric methane emissions and their effects on animal traits and livestock farming

systems.
Effect on Other potential consequences
Target Lever used methane (g/day) TRL or drawbacks
Defaunation e 2.3 [¥ Implementation in farms
Long-term effects
Vaccines ?1.23 2-3 Repeatability of effects
Distribution (particularly effective in total
mixed rations)
3-nitrooxypropanol (3-NOP) VAN3.45 8-9 Cost
[¥ Acceptability
? Health of farmers
Variability in concentrations
Direct i Animal health
manipulation . . . .
of the microbial | Bromoforms (seaweed extracts) N 3 AN356 4-8 Feed ingestion, milk quality
ecosystem Availability of stocks
Sustainability (transport, processes,
environmental impacts)
Nitrates Nauwzase | 49 | Anmalhealth
Acceptability
or X Digestibility of diets
Essential oils N1.2356 3-6 Image
Cost
Saponins, tannins (extracts N".2.856 47 or [l Digestibility of diets
or plants rich in these compounds) Reduction in N,O emissions
. | Protein self-sufficiency
(tﬁ:)as%ew‘iet%gme;nnins) 237 Reduction in N,O emissions
Atmospheric nitrogen fixation in soil
Lipid supplementation Nutritional value of products
Diet and oilseeds rich in omega-3 N3 NN12356 7-9 | Cost
fatty acids Feed/Food competition
Animal health (acidosis
Increase in % starch (sugars) Ni.23 Cost ( )
via cereal-rich concentrates B
Feed/Food competition
Precision farming aNG° 4 Reduction |n.N20 emlss-lons
Implementation on grazing cattle
Zce)\?vdr:;figijzrl](i:Xtake) N0 ou A° Reduction in N,O emissions
. ? Animal welf
Farming Decrease in age at first calving At .nlma we. ar&?
practices ? First lactation issues
(productivity) Eatton o 7-9 Reduction in N,O emissions
(oa;:ﬁrr:hnn% 2; rLljoghter age) A Reduction in associated land area
Adoption of a maize/soya diet
| in other GHG
Reduction in the replacement rate A nerease !n omher S
Increase in land use
Genetic Direct: low-emission animals N at 10 years?2 3-4 | ? Fertility, mastitis, feed efficiency
I - - - . .
selection Is?g(;r?:,: ; ;\'/tif;'a' precocity, breed N at 10 years?™? 9 Decrease in the replacement stock
SPégtdour(S:tlon g:gg:;ttieoﬂalry ruminants for meat ANN 3-4 | ? Impacts on the suckler sector

Direct effects: N: —10%; &: +10%.

Effects on other traits:

- positive; [X: negative; ?: to be specified.

According to 'Beauchemin et al. (2022); 2Martin et al. (2010); 3Roques et al. (2024); “Morgavi et al. (2023); SMartins et al. (2024); SMartin et al. (2021); 7Archiméde
etal. (2011);8Niderkorn & Jayanegara (2025); *Fischer et al. (2020); "°Bes et al. (2022); "'Dall-Orsoletta et al. (2019) and 2de Haas et al. (2021).
TRL (Technology Readiness Level): 1 — basic principles — to 9 — proven in operational environment.
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and by moving livestock to new pas-
tures (transhumance). In these systems,
there are large seasonal variations of
fodder quality and availability. Studies
in the Sahel (Assouma et al., 2018; Bois
etal., 2020) have assessed the impact
of this seasonality, demonstrating that
fodder intake during the dry season
results in increased methane produc-
tion in vitro. Supplements can reduce
methane emissions per kilogram of
dry matter ingested, particularly when
nitrogen intake is not limiting (Gbenou
etal., 2024b).

Agropastoral farming systems are
examples of agroecological systems
because they exploit the complemen-
tarity and synergy between spontane-
ous and cultivated plants and animal
diversity (behaviour and performance).
They generally have low environmental
impacts (Vigan et al., 2017). Although
they are more vulnerable to hazards,
they offer better adaptability and mit-
igation capacity by promoting mixed
farming (or even poly-livestock farm-
ing), which has positive effects on car-
bon storage and manure utilisation.
Analysing nutrient flows provides a bet-
ter understanding of efficient processes
and those associated with methane
emissions (Puech & Stark, 2023). This
allows researchers to propose options
that promote synergies between car-
bon and nitrogen. Indeed, livestock
play a crucial role in the spatial distri-
bution of organic matter, soil nutrients
and carbon stocks. For example, in trop-
ical ecosystems, around 50% of the dry
matter in fodder is returned to the soil
(Schlecht et al., 2004). The carbon bal-
ance of a pastoral area can even be neg-
ative when all emissions are considered.
In a semi-arid silvo-pastoral landscape
(Assouma etal., 2019), the amount of
carbon fixed over the annual cycle (in
soil organic matter, wood, and tree
roots) exceeds the emissions caused by
animals and their manure (methane fer-
mentation from livestock and termites,
GHG emissions from soil and water, and
vegetation fires and motorised pumps).

Together, polyculture-livestock sys-
tems in harsh environments can pro-
vide inspiration for mitigation strategies
in temperate regions, particularly those
most susceptible to climate change.
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W 5.3 Prospects for research
and development on farming
systems

The first challenge is to improve our
understanding of, and develop new
tools for managing, animal and plant
diversity in different regions and cli-
mates. This involves calibrating existing
models using specific data sets and/or
developing context-specific models
based on the local animal and plant
resources.

A second challenge is developing
appropriate indicators or metrics with
which to assess the contribution of
different livestock systems to sustain-
ability. In this context, it is important
to consider methane and other GHG
emissions together with carbon stor-
age and nutrient cycling (nitrogen and
phosphorus).

Conclusion

Thanks to methodological advances
in measuring methane emissions from
ruminants, particularly MIR spectros-
copy of milk and SPIR spectroscopy of
faeces, it is now possible to evaluate
large populations of animals under a
variety of conditions. These methods
facilitate evaluation of the benefits of
methane emission reduction strate-
gies in a variety of farming contexts.
This is important for their application
in different regions which depends on
factors such as the availability of feed
resources, geography and vulnerability
to climate change. These developments,
combined with a better understanding
of biological processes, have also made
it possible to create prototypes of selec-
tion models for low-emitting ruminants.
However, genetic progress, including
genomic selection, takes time — at
least 5 years. Due to the urgent need
to mitigate global warming, it is impor-
tant to modify the selection objectives
for various breeds by combining direct
and indirect genetic approaches aimed
at reducing enteric methane emissions.

Research programmes aimed at
identifying the biological mechanisms
underlying methane emissions in ani-
mals must continue, particularly those

dedicated to studying the relationship
between microbial diversity in the
rumen and host phenotypes. High-
throughput methods are now available
for defining syntrophic relationships
between microorganisms. Methods for
multimodal data integration are also
available, which will improve predictive
models and multi-criteria evaluation.
This will enable the identification of
new solutions based on a better under-
standing of hydrogen transactions and
electron capture and/or the promo-
tion of specific microbial consortia,
while maintaining the ability to digest
cellulose. This will ensure production
performance, health and welfare of the
animals.

Feed resources are an important
component of farming systems that
can help reduce methane emissions.
Various forages adapted to climate
change, legumes (particularly tan-
nin-rich varieties) and co-products
could be incorporated more systemati-
cally into ruminant rations. This requires
knowledge of the nutritional value of
different plants and their effect on GHG
emissions (methane and nitrous oxide).
It also requires a better understanding
of how to adapt to variability in their
composition under global warming
and how to consider their availability
depending on the pedoclimatic con-
text and competition between feed,
food and fuel in the region. Thanks
to the progress that has already been
made, as well as the ongoing research
and development projects ( ), it will
be possible to integrate the nutritional
value of plant resources for milk or meat
production and their environmental
impacts into decision-support tools.
Stakeholders will then decide on the
best compromises, taking spatial (i.e.
complementarity within the territory)
and temporal (i.e. across seasons) issues
into account.

According to the latest figures (Citepa,
2025), GHG emissionsin France declined
between 2019 and 2023. However, this
reduction was below the level required
to meet the current carbon budget. All
major emitting sectors are participat-
ing in GHG reduction, with the livestock
sector contributing by reducing meth-
ane and nitrous oxide emissions. Efforts
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aiming to reduce GHG emissions must
be stronger to reach carbon neutral-
ity by 2050. Many prospective studies
question the role of livestock farming
in relation to national low-carbon strat-
egies. However, modelling the potential
gains obtained from reducing methane
and other GHG emissions in different
livestock farming systems, through
the combined use of genetic, feeding
and management strategies, and their
impact, is essential. Experimentation
and on-farm evaluation are also neces-
sary to ensure additivity and interaction
between different levers are considered.

Overcoming economic and sociolog-
ical barriers to exploit opportunities in
different regions according to their spe-
cific strengths and constraints remains
challenging. The evolution of livestock
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Abstract

Reducing enteric methane emissions from ruminant livestock is a common goal of many countries to limit global warming. While direct
measurements of enteric methane emissions are limited to a small number of animals, indirect predictive methods based on milk or faeces
can now be used to assess emissions from large numbers of animals in a variety of contexts. These approaches allow the development of
genetic selection models and management practices associated with lower methane emissions for small and large ruminants. A better
understanding of the relationships between rumen microbial diversity and the ruminant (host) will help to identify new solutions for
modulating rumen microbial populations and hydrogen fluxes, with the aim of reducing methane emissions while maintaining animal
production and health. Ruminant diets and herd management are important ways to reduce enteric methane emissions, but the practices
are not always suitable for the different pedoclimatic contexts, particularly in hot regions. Trade-off must be evaluated to identify com-
binations of levers that can reduce enteric methane emissions without compromising the health of animals and the ecosystem services
associated with ruminant livestock systems.

Keywords: greenhouse gas; mitigation; livestock systems

Résumé

Réduction des émissions de méthane entérique chez les ruminants : enjeux, solutions et perspectives a I'échelle
de I'animal et des systémes d’élevage

La réduction des émissions de méthane entérique associées aux systémes d’élevage de ruminants est I'un des objectifs de lutte contre le change-
ment climatique pour de nombreux pays. Si les mesures directes des émissions de méthane entérique sont limitées dans leur déploiement a un
petit nombre d’‘animaux, des méthodes indirectes de prédiction via le lait ou les féces peuvent étre appliquées a un grand nombre d'animaux dans
des contextes variés. Ces approches permettent de développer de nouveaux modéles de sélection génétique ou de conduites délevage des petits
et gros ruminants associées a des niveaux démissions de méthane entériques plus faibles. Les recherches pour comprendre les relations entre la
diversité microbienne du rumen et les phénotypes des ruminants contribuent a l'identification de nouveaux leviers pour moduler les populations
microbiennes et les flux d’hydrogene dans le rumen, avec I'ambition de réduire les émissions de méthane tout en préservant la production et la
santé de I'animal. Lalimentation et la conduite des troupeaux constituent aussi des leviers d'intérét, mais leurs effets sur la réduction des émissions
de méthane entérique sont variables selon les contextes pédoclimatiques, notamment en régions chaudes. Des stratégies combinant différents
leviers doivent étre identifiées pour réduire efficacement les émissions de méthane sans compromettre la santé de 'animal et les services écosys-
témiques rendus par leurs systéemes d'élevage.

Mots clés : gaz a effet de serre ; atténuation ; systémes d'élevage
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