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Enteric methane (CH.) from ruminants is a significant contributor to agricultural greenhouse
gas emissions and represents a energy loss to the animal. Accurate and scalable quantification
is therefore essential for mitigation strategies, national inventory refinement, and evaluation of
genetic or nutritional interventions. While individual-animal techniques (e.g. respiration chambers,
GreenFeed, SFs tracer) provide high precision, their application is often constrained under
commercial or grazing conditions.

This review critically evaluates group-based approaches that estimate CH: emissions at herd-
paddock-, or facility-scale, including mass balance, eddy covariance, flux gradient, inverse
dispersion modelling, and tracer ratio methods. For each technique, we outline measurement
principles, spatial scale, typical deployment scenarios, and dominant sources of uncertainty
related to atmospheric variability, source geometry, instrumentation, and model assumptions. We
propose minimum reporting standards to improve transparency and comparability across studies
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and discuss trade-offs between precision, scalability, cost, and logistical complexity. Integration of
complementary techniques and greater methodological standardisation will enhance the robustness
and policy relevance of herd- and farm-scale methane estimates.

KEY WORDS: enteric methane / ruminants / group-based measurement /
micrometeorological methods / inverse dispersion modelling / tracer ratio

Introduction

Climate change is a major global challenge, with agriculture contributing more
than 13% of total greenhouse gas emissions and up to 25% when land use change is
included [ClimateWatch 2019, IPCC 2019]. Within agriculture, livestock accounts for
about 14.5% of anthropogenic emissions [Gerber ez al. 2013]. Enteric methane (CH,)
from ruminants is a notable source, contributing roughly 3.3% of global emissions
[Janssen 2010, UNEP, CCAC 2021] and representing an energy loss of about 2-12%
of gross energy intake [Johnson and Johnson 1995].

Measuring CHa4 under field conditions remains difficult because animals are free-
ranging and meteorology is variable [Ominski ez a/. 2021]. Individual techniques such
as open circuit respiration chambers, GreenFeed, and sulphur hexafluoride (SF,) tracer
methods provide precise per animal data [Yan ez al. 2010, Hristov et al. 2015, Pinares-
Patifio et al. 2011, Zhao et al. 2017] but are often constrained by cost, logistics, and
scalability. These limitations motivate the use of group-based approaches that can
provide representative estimates at herd or paddock-scale under commercial conditions.

Despite growing policy reliance on herd-level emission data, methodological
heterogeneity and inconsistent reporting standards hinder cross-study comparability.
This review compares the principal group-based methods — mass balance, eddy
covariance, flux gradient, inverse dispersion modelling, and tracer ratio — considering
their assumptions, deployments, and sources of uncertainty [Denmead et al. 1998,
Leuning et al. 1999, Laubach and Kelliher 2005, Griffith ez al. 2008, Felber et al.
2015, Dumortier et al. 2017]. We propose minimum reporting standards (measurement
footprint, stability class, sampling frequency, instrumentation, and uncertainty
estimation) and provide a comparative table to aid method selection according to
production system, resources, and accuracy requirements.

At a time when national inventories and mitigation policies increasingly rely on
field-scale emission estimates, a critical evaluation of group-based methodologies
is urgently needed. Unlike previous reviews that focus primarily on individual-
animal techniques or descriptive summaries of micrometeorological tools, this
review provides a comparative analytical framework centred on scale, uncertainty
propagation, and cross-validation potential. By formalising minimum reporting
standards and explicitly contrasting methodological assumptions, this work aims to
advance methodological harmonisation across sites and studies.
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Methodology of the literature review

Although this review does not follow a fully systematic PRISMA framework,
the search and selection process was structured to ensure transparency and
reproducibility. Literature was retrieved from Web of Science and Scopus using
structured combinations of keywords including “enteric methane”, “ruminant
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methane quantification”, “group-based measurement”, “eddy covariance”, “inverse
dispersion modelling”, “mass balance”, “flux gradient”, and “tracer ratio”. The search
covered peer-reviewed publications from 1990 to 2025. Studies were screened for
methodological relevance, with priority given to field-scale applications, validation
experiments, uncertainty assessments, and cross-comparison analyses between
measurement techniques. The emphasis was placed on methodological robustness,
validation studies, and uncertainty analysis rather than mitigation outcomes. When
multiple publications addressed the same experimental dataset or deployment,
preference was given to peer-reviewed articles providing explicit uncertainty budgets,

recovery tests, or cross-validation against independent measurement systems.

Rumen fermentation and methane production

Enteric methane originates from ruminal methanogenesis, where hydrogen
produced during microbial fermentation of carbohydrates is reduced with CO: to
CHa by methanogenic archaea. The balance between acetate, propionate, and butyrate
formation pathways regulates hydrogen availability and therefore directly influences
methane yield per unit of feed intake. Diet composition, feed intake level, and rumen
passage rate modulate these fermentation patterns and introduce biological variability
into emission measurements. Consequently, methane production is not only a function
of microbial metabolism but also of animal physiology and management conditions.
As these mechanisms are well established, they are summarised here only to provide
physiological context for the quantification approaches discussed below. Detailed
biochemical descriptions are available elsewhere.

Group-based techniques for quantifying enteric methane

To improve clarity and reproducibility, this section is explicitly structured by
technique, summarising their theoretical basis, typical applications, reported accuracy,
and limitations. Table 1 provides a summary of key assumptions, spatial scale, and
validation results for each approach.

Mass balance methods
Mass balance methods are rooted in the principle of conservation of mass and are
widely used to estimate greenhouse gas emissions from livestock facilities. A control

volume that encloses all relevant sources is defined. The flux of a given gas across
each face of this volume is either measured, typically as the product of concentration
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and wind speed, or set to zero when this is justified. The sum of these fluxes, together

ission

from that space [Denmead et al. 1998, Leuning et al. 1999, Laubach and Kelliher

2005, Griffith ef al. 2008].

th any change in gas concentration within the volume, is taken as the total em

w1
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For livestock, a widely used variant is the Integrated Horizontal Flux (IHF)
method. It assumes negligible vertical transport and requires relatively flat terrain. Gas
concentrations and wind profiles are measured at the upwind and downwind edges of
the control volume, often focusing on downwind profiles to simplify deployment. The
approach has been applied in paddocks and enclosures of various sizes, from small
pens for sheep or cattle [Leuning et al. 1999, Harper et al. 1999] to larger grazing
systems with hundreds of animals [Laubach and Kelliher 2005].

Desjardins et al. [2004] proposed using multiple horizontal laser paths to quantify
downwind CH, concentrations, achieving recovery rates of 100+£10% in tracer release
experiments. Despite its accuracy, this configuration has seen limited use in animal
studies, likely because other approaches, such as inverse dispersion modelling, offer
greater flexibility.

More recently, mobile platforms including ground vehicles and drones have
been used to implement mass balance principles by rapidly sampling upwind and
downwind transects, under the assumption of stable meteorological conditions during
measurement [Shaw et al. 2021].

The mass balance framework is conceptually straightforward and does not
require highly specialised infrastructure. It is particularly useful outdoors and can be
adapted across a range of spatial scales. However, its accuracy depends on steady and
consistent winds, which are not always available in the field. The method is sensitive
to turbulence and environmental variability, and assumptions such as homogeneous
mixing or negligible vertical flux can introduce uncertainty. Where vertical wind
gradients or atmospheric instability are substantial, reliability may decrease [Shaw
et al. 2021]. In addition, while mobile deployments increase flexibility, they require
careful synchronisation of sampling with meteorological measurements and may
perform poorly in heterogeneous landscapes or complex terrain.

For transparency and comparability, this review cross references Table 1, which
summarises the principal assumptions and reported recovery rates for mass balance
studies.

Eddy covariance method

The eddy covariance (EC) technique is a micrometeorological approach used to
estimate enteric emissions from ruminants in extensive grazing systems [Dabberdt et
al. 1993, Denmead 2008, Aubinet et al. 2012].

It quantifies the turbulent vertical flux of CH, as the covariance between
instantaneous fluctuations in gas concentration and vertical wind speed, both recorded
at high-frequency (10-20 Hz) at a fixed point in the atmosphere [Burba et al. 2013].
This enables precise quantification of exchanges between the land surface and the
atmosphere at the scale of the landscape and over extended periods [Dengel et al. 2011,
Felber et al. 2015, Dumortier et al. 2017]. Unlike several alternatives, EC does not
require measurements of background concentration, which simplifies instrumentation
in systems with free-ranging animals.
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Its use in livestock settings nevertheless poses practical challenges because
ruminants are mobile sources of CH,, conflicting with the assumption of spatial
homogeneity that underpins the technique. To address this, footprint models have been
developed to estimate the surface area contributing to the signal at the sensor [Rannik
et al. 2012]. These models weight the contribution of different parts of the landscape
to the measured flux, but they require information on the location of animals within
the tower’s area of influence.

Studies such as Felber et al. [2015] show that combining EC with footprint
models (e.g., Kormann and Meixner [2001]) and livestock geolocation data (for
example, GPS) can yield accurate per animal estimates. Precision, however, depends
strongly on proximity to the tower: when cows were within about 60 m, EC based
estimates agreed well with chamber measurements, whereas accuracy declined at
greater distances.

Subsequent work has confirmed that EC can estimate CH4 from point sources
that move. More recently, Eismann et al. [2024] demonstrated that combining eddy
covariance measurements with dry matter intake (DMI) data in grazing systems
improves herd-level methane attribution and reduces uncertainty in field conditions.
Coates et al. [2017] used a Lagrangian stochastic dispersion model to simulate
emissions from artificial sources positioned at 0.8 m (similar to cattle muzzle height),
achieving an error of roughly 10%. Although stochastic models can be computationally
demanding, studies such as Dumortier et al. [2017] indicate that analytical models
like Kormann and Meixner [2001] can provide reliable results (errors below about
15%) when sources lie beyond the peak of the footprint function.

Other strategies include image-based positioning of livestock [Coates et al.
2018, Stoy et al. 2021] and the use of enclosures or confined pens [Tallec et al. 2012,
Prajapati and Santos 2017] to align footprint estimates with actual animal presence.
These approaches help to map the spatial distribution of sources and to adjust EC fluxes
accordingly.

Taken together, the evidence supports EC as a viable and robust method for
estimating enteric CHa emissions from ruminants under real field conditions, provided
the distribution and behaviour of animals within the tower footprint are accounted for
appropriately. Note that CO: of ruminal origin constitutes only a small fraction of the
total CO: flux measured by EC systems, which may complicate attempts to partition
fluxes between respiration and enteric fermentation when CO: is used as a tracer.

Flux gradient method

The flux gradient (FG) technique estimates vertical CH, fluxes by combining
the vertical concentration gradient with an estimate of eddy diffusivity. Based on
Monin-Obukhov similarity theory, it assumes horizontally uniform surface conditions
and steady state turbulence within the atmospheric surface layer [Judd ez al. 1999,
Laubach and Kelliher 2005]. In practice, CH, concentrations are measured at two or
more heights above ground, the gradient is obtained by finite differences, and eddy
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diffusivity is derived from parameters such as friction velocity (u*) together with
empirical stability correction functions. The principal attractions of the FG approach
are that it is non-intrusive and relatively inexpensive, making it appealing for grazing
systems without the need for animal confinement or tracer gases.

There are, however, important limitations in livestock contexts. Judd et al. [1999]
note that the assumption of spatially uniform emissions is seldom met where sources
are discrete and mobile. Laubach and Kelliher [2005] further showed that FG based
CHa estimates depend strongly on the measurement height, contrary to the theoretical
expectation that the turbulent Schmidt number remains close to unity. Their analysis
indicated that the Schmidt number varies with the ratio of sensor height to source
distance, introducing systematic bias. Because vertical CH, gradients are often small,
even minor measurement errors can propagate and reduce reliability. In comparative
work, Laubach and Kelliher [2005] reported relative errors of 27 to 48% for FG,
making it the least precise of the micrometeorological methods evaluated. Although
conceptually simple and suitable for open field applications, FG requires careful
attention to its assumptions and is best suited to conditions where sources are spatially
uniform and meteorology is stable.

Accordingly, FG estimates should be interpreted with caution and, where
possible, assessed alongside independent techniques for cross-validation to minimise
systematic bias.

Inverse dispersion modelling (IDM)

Inverse dispersion modelling (IDM) is a non-intrusive technique widely used to
estimate enteric CHa emissions from ruminants. It combines atmospheric concentration
measurements with dispersion models, such as the backward Lagrangian stochastic
model, to relate emission sources to downwind concentrations [Flesch et al. 2005].
Field studies with grazing cattle have validated this approach, showing that it can
estimate emissions at the group-level even under non-ideal atmospheric conditions
[Laubach et al. 2005, 2014].

To improve reproducibility, recommended practice includes placing sensors
0.5-2 m above ground, conducting measurements under near neutral atmospheric
stability, and siting instruments to minimise disturbance from obstacles that alter
airflow [Laubach ef al. 2014]. Recent developments have incorporated UAV-based
concentration mapping to validate backward Lagrangian stochastic models under
commercial farm conditions, further strengthening model performance assessment
in complex field settings [Mattia et al. 2025]. IDM is commonly implemented in
software such as WindTrax and offers several advantages: it is flexible with respect
to source geometry, requires relatively little equipment, and can be used with fixed or
mobile sensors.

IDM is regarded as one of the most cost-effective options for field-scale
CHs measurement, using straightforward instrumentation (gas analysers and
meteorological sensors) while delivering robust estimates. Performance can decline,
however, in topographically complex or aerodynamically heterogeneous settings,
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where assumptions about wind flow and turbulence are less likely to hold. Careful
selection of analysis periods and strict quality control of meteorological data are
therefore essential to avoid biased flux calculations.

Tracer ratio methods

The tracer ratio approach releases an inert gas, typically sulphur hexafluoride
(SF,), at a known constant rate near the animal group while simultaneously measuring
downwind concentrations of both SF, and CH, [Marik and Levin 1996, Kaharabata
et al. 2000]. If the two gases disperse similarly in the atmosphere, the CH, emission
rate is obtained by multiplying the measured concentration ratio by the known tracer
release rate.

This method yields representative group-level estimates without the need to
confine animals and is applicable in open field and semi enclosed settings. Its
accuracy depends on sound experimental design, including stable tracer release,
careful selection of downwind sampling locations, and meteorological conditions
that promote consistent dispersion. Synchronising air sampling with meteorological
measurements is essential to minimise uncertainty.

Griffith ez al. [2008] advanced the technique by using open path Fourier transform
infrared spectroscopy, enabling real-time, continuous measurements of CH, and
SF,. When combined with inverse dispersion modelling (for example, WindTrax
simulations), the tracer ratio approach provides one of the most accurate field-scale
benchmarks and is widely used to calibrate and validate other micrometeorological
techniques. Despite its robustness, the complexity of the setup and the need for
ongoing supervision can limit routine use in commercial farm environments.

Discussion

Comparative evaluation of group-based techniques

When compared side by side, clear trade-offs emerge between techniques.
Eddy covariance provides continuous, high-frequency landscape-scale fluxes but
requires expensive instrumentation and careful footprint analysis. Inverse dispersion
modelling offers flexibility and cost-effectiveness but depends strongly on atmospheric
assumptions and model validity. Mass balance approaches are intuitive and adaptable
but sensitive to wind consistency and boundary assumptions. Flux gradient techniques
are comparatively simple yet exhibit higher relative uncertainty, particularly with
discrete or mobile sources. Tracer ratio methods provide high accuracy benchmarks
but involve logistical complexity and tracer handling constraints.

Importantly, individual-animal systems such as GreenFeed or sniffer technologies
offer high per-animal precision but are limited in scalability and cost-efficiency
when representative herd-level estimates are required under commercial conditions.
These constraints justify the continued development and refinement of group-based
methodologies for inventory and policy-relevant applications.

140



Methane measurements methods in ruminants

All group-level methods for measuring enteric CH, emissions are subject to
inherent uncertainty arising from environmental variability, instrument precision,
and modelling assumptions. Although these techniques are valuable for quantifying
emissions under commercial or grazing conditions, their outputs can be strongly
influenced by meteorological instability, the spatial distribution of animals, and
topographic heterogeneity [Laubach and Kelliher 2005, Felber et al. 2015. Robust
experimental design and strict adherence to established protocols are therefore
essential to minimise bias and improve reproducibility.

Direct comparisons between group-based methodologies often yield divergent
estimates, largely because of differences in measurement principles (for example,
mass balance versus inverse dispersion modelling) and sensitivity to atmospheric
conditions. For instance, the eddy covariance method provides continuous landscape-
scale fluxes but relies on assumptions about footprint homogeneity, which are violated
when animals range beyond the tower’s main area of influence [Rannik ez al. 2012,
Coates et al. 2017]. Similarly, tracer ratio techniques can be highly accurate when
tracer release and sampling are carefully synchronised, yet their logistical complexity
can limit routine deployment on farms [Griffith et al. 2008].

To support synthesis and address reviewer concerns, Table 1 contrasts these
techniques by spatial and temporal resolution, infrastructure needs, meteorological
sensitivity, and reported recovery rates. No single method is universally superior;
the choice should be guided by production system, available resources, and study
objectives.

These limitations underline the need to interpret group-level CH, estimates
with caution and to report uncertainty explicitly, particularly when such data inform
inventories or policy, where underestimation or overestimation could mislead
mitigation strategies.

Future work

Future work should prioritise: (i) standardising methods across laboratories; (ii)
calibration exercises across sites using shared reference conditions; (iii) integration
of complementary tools such as animal geolocation, automated meteorological
monitoring, and high-resolution dispersion modelling; and (iv) combining multiple
techniques within the same experimental design to enable cross-validation. These
steps will improve the accuracy and representativeness of CH, data at herd and farm-
scales and strengthen their use in national inventories and mitigation studies.

Conclusions

Group-level CH, quantification techniques are essential for measuring emissions
under field conditions, yet they remain vulnerable to both systematic and random
errors. No single methodology is universally applicable; the choice of technique
should be aligned with the production system, available infrastructure, and specific
research objectives.
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We recommend that future studies adopt minimum reporting standards that
include clear descriptions of the measurement footprint, atmospheric stability,
sampling frequency, instrumentation, and approaches to estimating uncertainty. Such
standardisation will enhance reproducibility, facilitate comparison between studies,
and enable robust meta-analyses.

The future of CH, quantification lies in optimising group-based approaches
through methodological standardisation and technological integration. Combining
multiple techniques within a single experimental framework, for example pairing
eddy covariance with inverse dispersion modelling or tracer release studies, offers a
strong basis for cross-validation and greater confidence in emission estimates.

In addition, integrating real-time animal tracking, advanced meteorological
modelling, and machine learning could improve the spatial and temporal resolution of
CH, data, strengthening mitigation strategies and sharpening national GHG inventories.
These advances will not only deepen scientific understanding but also equip policymakers
with reliable evidence to guide climate action in the livestock sector.
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