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Abstract 
The contribution of greenhouse gas (GHG) emissions from ruminant production systems varies between countries and between regions within 
individual countries. The appropriate quantification of GHG emissions, specifically methane (CH4), has raised questions about the correct report-
ing of GHG inventories and, perhaps more importantly, how best to mitigate CH4 emissions. This review documents existing methods and meth-
odologies to measure and estimate CH4 emissions from ruminant animals and the manure produced therein over various scales and conditions. 
Measurements of CH4 have frequently been conducted in research settings using classical methodologies developed for bioenergetic purposes, 
such as gas exchange techniques (respiration chambers, headboxes). While very precise, these techniques are limited to research settings as 
they are expensive, labor-intensive, and applicable only to a few animals. Head-stalls, such as the GreenFeed system, have been used to mea-
sure expired CH4 for individual animals housed alone or in groups in confinement or grazing. This technique requires frequent animal visitation 
over the diurnal measurement period and an adequate number of collection days. The tracer gas technique can be used to measure CH4 from 
individual animals housed outdoors, as there is a need to ensure low background concentrations. Micrometeorological techniques (e.g., open-
path lasers) can measure CH4 emissions over larger areas and many animals, but limitations exist, including the need to measure over more 
extended periods. Measurement of CH4 emissions from manure depends on the type of storage, animal housing, CH4 concentration inside and 
outside the boundaries of the area of interest, and ventilation rate, which is likely the variable that contributes the greatest to measurement 
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uncertainty. For large-scale areas, aircraft, drones, and satellites have been used in association with the tracer flux method, inverse modeling, 
imagery, and LiDAR (Light Detection and Ranging), but research is lagging in validating these methods. Bottom-up approaches to estimating 
CH4 emissions rely on empirical or mechanistic modeling to quantify the contribution of individual sources (enteric and manure). In contrast, 
top-down approaches estimate the amount of CH4 in the atmosphere using spatial and temporal models to account for transportation from an 
emitter to an observation point. While these two estimation approaches rarely agree, they help identify knowledge gaps and research require-
ments in practice.

Lay Summary 
There is a need to accurately and precisely quantify greenhouse gas (GHG) emissions, specifically methane (CH4), to ensure correct reporting 
of GHG inventories and, perhaps more importantly, determine how to best mitigate CH4 emissions. The objective of this study was to review 
existing methods and methodologies to quantify and estimate CH4 emissions from ruminants. Historically, most techniques were developed 
for specific purposes that may limit their widespread use on commercial farms and for inventory purposes and typically required frequent cali-
bration and equipment maintenance. Whole animal and head respiration chambers, spot sampling techniques, and tracer gas methods can be 
used to measure enteric CH4 from individual animals, but each technique has its own inherent limitations. The measurement of CH4 emissions 
from manure depends on the type of storage, animal housing, CH4 concentration inside and outside the boundaries of the area of interest, and 
ventilation rate, which is likely the most complex variable creating many uncertainties. For large-scale areas, aircraft, drones, and satellites have 
been used in association with the tracer flux method, inverse modeling, imagery, and LiDAR (Light Detection and Ranging), but research is 
lagging in validating these methods. Bottom-up approaches to estimating CH4 emissions rely on empirical or mechanistic modeling to quantify 
the contribution of individual sources. Top-down approaches estimate the amount of CH4 in the atmosphere using spatial and temporal models 
to account for transportation from an emitter to an observation point.
Key words: estimates, greenhouse gas, livestock, measurements, quantification, sustainability
Abbreviations: AHCS, automated head-chamber system; BCNRM, beef cattle nutrient requirements model; CIGR, International Commission of Agricultural 
Engineering; DMI, dry matter intake; EPA, Environmental Protection Agency; FANS, fan assessment numeration system; FAO, Food and Agriculture Organization 
of the United Nations; GC, gas chromatography; GEI, gross energy intake; GHG, greenhouse gas; GRA, Global Research Alliance; GWP, global warming potential; 
IPCC, Intergovernmental Panel on Climate Change; LiDAR, Light Detection and Ranging; LMD, laser methane detector; MIR, milk mid-infrared; NASEM, National 
Academies of Sciences, Engineering, and Medicine; NDVI, normalized difference vegetation index; QCL, quantum cascade laser; VFA, volatile fatty acid; VR, 
ventilation rate; VS, volatile solid; Ym, methane conversion factor

Introduction
The concept of sustainability continues to be a highly con-
troversial discussion topic gaining tremendous traction 
within many different human activities worldwide, mainly 
when climate neutrality and global warming are part of the 
debate. Agriculture, including land-use change, and defor-
estation, is a particular focus in these discussions because, as 
reported by the Intergovernmental Panel on Climate Change 
(IPCC), it was responsible for 23% of total greenhouse gas 
(GHG) emissions globally in 2017, assessed using a global 
warming potential (GWP) of a 100-year horizon (IPCC, 
2019b). According to Gerber et al. (2013), the livestock 
sector plays an important role in climate change represent-
ing 14.5% of human-induced GHG emissions. The share 
of the livestock sector in GHG emissions is region-specific 
and depends on the magnitude of other economic sectors, 
mainly the energy sector. For instance, the United States of 
America’s Environmental Protection Agency (EPA) reports 
that although agriculture is responsible for 9% to 10% of 
total GHG emissions, livestock contributes less than 4% of 
direct (not including GHG emissions from feed production 
and fuel) emissions (Dillon et al., 2021; Tedeschi, 2022). In 
Australia, livestock is responsible for about 10% of direct 
emissions (Henry et al., 2012). In Brazil, direct emissions 
from livestock from enteric fermentation and manure man-
agement accounted for 20.8% of national emissions in 2016, 
or 62% of the emissions of the agriculture sector (Brazilian 
Ministry of Science, 2021). In 2000, India had the highest 
methane (CH4) emission in the south-Asian countries, of 
which 61% was from the agriculture sector (40% was from 
enteric fermentation, 17% from rice cultivation, and 4% 
from manure management), and livestock was responsible 
for 11.8 Tg CH4 emissions (Garg et al., 2011). Furthermore, 
discrepancies among country’s estimates of the livestock 
sector’s relative contribution to their national GHG emis-
sions might exist due to different assessment frameworks 
(e.g., life cycle assessment according to ISO 14044 vs. GHG 

inventory accounting based on IPCC guidelines), modeling 
approaches, updates in methodology (e.g., IPCC (2006) vs. 
IPCC (2019a)), and GHG emissions factors.

The concept of a sustainable production system is often 
confounded with the philosophy of a resilient system (Tedes-
chi et al., 2015), but regardless of its terminology or attri-
butes, appropriate identification and quantification of GHG 
emissions of all players within a system of interest are of 
utmost importance for the implementation of management or 
mitigation strategies towards sustainable or resilient produc-
tion conditions. For instance, livestock production systems 
have different sources of GHG, and although many methods 
exist to quantify the emissions, there are intrinsic method-
ological limitations that prevent broad recommendations 
without negative repercussions or unintended consequences. 
In part, the difficulties arise because of the complexity of live-
stock production systems (Ominski et al., 2021) and different 
management strategies specific to each situation.

Methane produced during enteric fermentation and 
manure handling and storage represents the largest source 
of GHG emissions from ruminant livestock production sys-
tems. However, there is no universally superior CH4 quan-
tification method from animals or manure. Some methods 
are more appropriate for small-scale scenarios, mainly 
because they were developed with that intent, while others 
have been developed, since their conception, for large-scale 
use. Nevertheless, it does not mean that all methods agree or 
that their quantification can be scaled up or down without 
making assumptions that might not hold for all conditions 
without increasing uncertainties. Thus, it is challenging to 
provide a definitive assessment of a production system’s sus-
tainability (or resiliency for the sake of inclusiveness) when 
discussing climate neutrality or global warming. Some meth-
ods work better for a few animals wholly or partially within 
an enclosure (e.g., classical bioenergetics methods) (Gerrits 
and Labussière, 2015), whereas others have been tested for 
large areas containing (or not) free-ranging animals (e.g., 
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top-down approaches). Yet, when comparing broad methods 
like the top-down approaches, one needs to ensure that the 
assignment of the GHG emission from point (e.g., feedlot) 
and nonpoint (e.g., dam and peatland) sources is unequiv-
ocally carried out (Tedeschi, 2022). Therefore, it becomes 
imperative that the chosen quantification methodology is 
appropriate to the measurement purpose and provides suf-
ficient evidence to support further investigation or recom-
mendation without leaving much space for speculation or 
error, which creates distrust in science. Other publications 
have discussed existing techniques and methods to measure 
and estimate GHG emissions of ruminants (Cole et al., 2018; 
Bekele et al., 2022).

This review arose from a technical guidance document for 
the Food and Agriculture Organization of the United Nations 
(FAO) under the Livestock Environmental Assessment and 
Performance Partnership (LEAP) program. Our review pro-
vides a comprehensive and updated overview of the mea-
surement and estimation of enteric and manure CH4 from 
ruminants. The goal is to present and discuss the advantages 
and limitations of existing methods and methodologies to: 
1) measure enteric- and manure-based CH4 emissions and 2) 
estimate (i.e., predict through mathematical modeling) CH4 
production of typical domesticated ruminants. A companion 
review paper addresses the potential mitigation of enteric 
CH4 (Beauchemin et al., 2022).

Measurements Using Animal-Based 
Techniques
There are many different techniques and methodologies 
used to measure enteric CH4 emissions from ruminants, 
including gas exchange measurements (e.g., respiration 
chambers, headboxes, and face masks), air spot sampling, 
tracer gas, and micrometeorological technologies (Lassey, 
2007; Storm et al., 2012; Hill et al., 2016; Hammond et 
al., 2016). Table 1 lists specific aspects of the different 
techniques, and Figure 1 depicts the flowchart of the cat-
egorization of the techniques. Each technique has specific 
requirements and assumptions that may limit its applica-
tion outside of its intended purpose, and each has a dif-
ferent level of accuracy and precision that can be affected 
by the conditions of use. Incorrect use may overestimate 
or underestimate CH4 measurements if the conditions are 
inconsistent with original assumptions. For instance, some 
techniques are more suitable for grazing animals (e.g., sul-
fur hexafluoride—SF6—tracer gas technique), whereas oth-
ers can mainly be used for confined animals (e.g., open-path 
laser).

Direct gas measurement techniques
Direct techniques calculate the difference between the CH4 
concentrations in ambient air with and without the animal 
present. Measurement of airflow (e.g., open circuit chambers) 
or volume (e.g., closed chambers) is used to calculate an emis-
sion rate.

Respiration chambers
Respiration chambers have been used for decades as the 
gold-standard technique to determine the energy expenditure 
of individual animals. They were previously viewed as the 
benchmark for measuring CH4 production from individual 
animals, but more recently, several other techniques have been 

shown to be equally valuable. Respiration chambers use the 
indirect calorimetry methodology that relies on gas exchange 
of mainly oxygen (O2), carbon dioxide (CO2), and CH4 either 
using open-circuit chambers that analyze the composition of 
inflow and outflow air or closed-circuit chambers that analyze 
the composition of air accumulated over some time (Johnson 
and Johnson, 1995). Some chambers are constructed using 
transparent polycarbonate, panels with polymethyl methac-
rylate (acrylic) windows, or metabolism crates covered with 
transparent polycarbonate walls. Respiration chambers pro-
vide accurate and precise measurements of CH4, including 
hindgut emissions but are costly and technically demanding 
(Goopy et al., 2016). However, limitations exist, and methods 
to overcome such limitations are impracticable or impossible 
to perform. There are limitations regarding altered metabolism 
rates such as gluconeogenesis, ketogenesis, or lipogenesis when 
animals are inside the respiration chambers (van den Borne et 
al., 2015). Another limitation of respiration chambers is that 
animals may not exhibit normal behaviors, e.g., feed consump-
tion may decrease, thus resulting in an under-estimation of 
actual CH4 emissions compared to free-ranging animals under 
farm conditions (Huhtanen et al., 2019). In research studies, 
animals usually undergo a metabolism or performance trial, 
and CH4 is measured over 3 to 5 consecutive days by moving 
the trained animals to the chambers (Sakita et al., 2022). Several 
factors are essential when using this technology for controlled 
experiments, such as gas recovery routine maintenance, cham-
ber temperature (<27 °C), relative humidity (<90%), CO2 con-
centration (<0.5%), ventilation rate (VR; 250 to 260 L/min), 
and constant gas flow as suggested by Pinares-Patiño and Wag-
horn (2014). The utility of respiration chambers is also limited 
to quantifying gaseous emissions from relatively few animals 
(12 or less) mainly to account for the emissions from manure 
when they are accumulated in the barn with and without the 
animals (Mathot et al., 2016). Respiration chambers are rela-
tively expensive to build and maintain. The Global Research 
Alliance (GRA) on agricultural GHG has published respiration 
chamber designs from various countries around the world (Pin-
ares-Patiño and Waghorn, 2018). Alternative low-cost systems 
exist (Abdalla et al., 2012; Hellwing et al., 2012; Canul Solis et 
al., 2017) that use the same principles as open-circuit indirect 
calorimetry, but with lower-cost materials available locally and 
simplified air-conditioning systems. These alternative chambers 
are typically set up in the daily environment of the cow (Hell-
wing et al., 2012; Canul Solis et al., 2017) or sheep (Abdalla 
et al., 2012; Sakita et al., 2022). With open-circuit chambers, 
gas concentrations are measured in the outlet using an infrared 
analyzer, gas chromatograph, or laser. Airflow is measured at 
the inlet, the exhaust, or both. Together, gas concentrations and 
airflow are used to calculate flux. To ensure measurement accu-
racy, it is critical to regularly calibrate the gas analyzers using 
gasses of known composition (zero and span) and to perform 
gas recovery tests before and after experiments. Heetkamp et 
al. (2015) and Pinares-Patiño and Waghorn (2018) detailed the 
design of respiration chambers for large and small ruminants. 
A simpler version of the respiration chamber is the polytunnel 
that consists of one large fixed or inflatable or tent type tunnel 
made of heavy-duty polyethylene or PVC film in which individ-
uals or groups of cattle are housed for selected periods during 
which the amount of CH4 they produce is measured (Goopy et 
al., 2016). Polytunnels can be placed directly on pastures simu-
lating semi-normal grazing conditions (Murray et al., 2001) or 
fixed close to the pastures where the daily allowance and intake 
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of forages can be measured (Molina et al., 2016; Gaviria-Uribe 
et al., 2020). Typically, polytunnels have a volume ranging 
from 35 to 60 m3 per animal, and multiple animals are some-
times used to elevate the outlet gas concentrations, especially 
for small ruminants (Molina et al., 2016; Gaviria-Uribe et al., 
2020). In addition to gas concentration measurements, the rate 
of flow-through air is calculated, and a daily CH4 emission is 
estimated. As with respiration chambers, polytunnels are used 
to measure the effects of treatment diets on CH4 emissions as 
dry matter intake (DMI) can be measured accurately. The main 
advantage of polytunnels is that they can be used in associa-
tion with grazing studies. Similarly, feedyard conditions can be 
created to measure emissions from pen-fed beef cattle animals 
using a dome-like structure with dirt floors, pipe fencing, feed 
bunks, and water trough with similar principles of respiration 
chambers (Cooprider et al., 2011). Ventilated hoods and head-
boxes can also quantify gaseous exchange using principles sim-
ilar to whole animal chambers. However, unlike whole animal 
respiration chambers, only enteric CH4 is measured. Animals 
have access to feed and water, and thus, these systems can be 
used to measure emissions continuously. Ventilated hoods and 
headboxes are considerably less expensive to construct than 
whole animal respiratory chambers, but not all animals can be 
trained to use these systems. Place et al. (2011) outlined config-
urations and schemes for constructing and operating ventilated 
hood chambers. For all techniques aimed at quantifying gas 
exchange, full system recovery tests of the relevant gas should 
be performed before and after the measurement period. Typical 
full systems tests, including CO2 recovery, use burning propane 

or ethanol, or nitrogen injection or release inside the respira-
tion chambers (Lighton, 2008; Heetkamp et al., 2015). Should 
recoveries differ substantially from 100%, it is recommended 
that the source of error be identified and remedied. Addition-
ally, the results of these tests should be included in published 
papers and reports.

Spot sampling
Spot sampling techniques measure the concentration of CH4 
in the breath of individual animals for short periods of time. 
Some techniques combine the concentration measurements 
with airflow measurements to obtain a flux, as is the case with 
automated head chamber systems (AHCS), such as the Green-
Feed Emission Monitoring system (C-Lock Inc., South 
Dakota) (Hristov et al., 2015). In contrast, sniffers (e.g., GAS-
MET 4030 system) and handheld lasers that measure CH4 
concentration must be calibrated against prediction equations 
to estimate a daily CH4 emission rate. The GreenFeed Emis-
sion Monitoring system is a stand-alone head chamber with 
an overhead hopper (in some cases double hopper) pro-
grammed to deliver a small amount of “bait” feed once the 
animal’s head is near the sensor. Allocating feed entices the 
animal to position its head near the sensors allowing the sys-
tem to measure the increase in CH4 and CO2 concentration 
due to the animal’s breath compared with the background 
concentrations in ambient air. The increased CH4 and CO2 
concentrations and the airflow rate in the collection pipe are 
used to calculate a flux each time the animal visits the system. 
The head needs to be in position for at least 3 min to obtain 

Figure 1. A schematic flowchart of current techniques used to determine methane emissions at the animal, facility, and large-scale levels.
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an accurate measurement. The fluxes determined at each visit 
are then averaged over the measurement period to determine 
the mean daily CH4 emission. Sound estimates of CH4 pro-
duction from the GreenFeed Emission Monitoring system 
depend upon the animal visiting the system in a distributed 
pattern over the 24-h cycle to ensure the daily emission pat-
tern is represented. To avoid bias toward daytime emissions, 
Manafiazar et al. (2016) recommended averaging the spot 
fluxes over the measurement period by six 4-h times of day 
bins. Hegarty (2013) proposed considering the circadian 
rhythm to minimize errors in CH4 estimates when using the 
GreenFeed Emission Monitor system. A sufficient number of 
days of data collection is also needed (Hammond et al., 2015; 
Thompson and Rowntree, 2020). An adequate sampling 
regime is easier to accomplish when the system is used with 
animals housed in stalls such that the system can be posi-
tioned in front of each animal at the desired sampling time. 
Using this approach, Hristov et al. (2015) recommended sam-
pling eight times during a 24-h feeding cycle, staggered in 
time over 3 d. For group-housed animals, Gunter and Brad-
ford (2017) recommended at least 2.4 visits per day for 6.3 d. 
Others recommended at least 20 visits over a 7- to 14-d mea-
surement period (Manafiazar et al., 2016). Arbre et al. (2016) 
measured daily values and obtained repeatability of 70% in 
17 d and could increase it to 90% in 40 d. Coppa et al. (2021) 
reported repeatability of 60% for a 1-wk measurement on 
daily CH4 and increased it to 78% for an 8-wk measurement 
period. Thus, AHCS estimates an average emission over sev-
eral days in contrast to respiratory chambers that estimate an 
emission each day, which can be averaged over multiple days. 
Methane emissions determined with the GreenFeed Emission 
Monitoring system and empirical regressions developed from 
respiration chambers had a high correlation (r = 0.958) and 
low mean bias (12.9% of observed mean) for dairy cows 
(Huhtanen et al., 2019). The relationship between predicting 
CH4 using the GreenFeed Emission Monitoring system and 
respiration chamber seems to be high for grazing heifers. 
However, the trend might not be the same throughout the 
grazing period (Jonker et al., 2016), and feed intake might be 
needed to correct the estimates by the GreenFeed Emission 
Monitoring system (Alemu et al., 2017). The GreenFeed 
Emission Monitoring system can be used in research settings 
and on commercial farms with large and small ruminants 
(Zhao et al., 2020), and is suitable for grazing conditions, 
indoors and outdoors group-housing, and individually 
penned animals (e.g., tie-stalls). However, animal training is 
required, and not all animals will learn to use the system. The 
use of feed as bait in the system may interfere with the dietary 
treatments because animals consume the bait feed at different 
proportions of total DMI. In some cases, treatments can be 
delivered through the hopper system. Like respiration cham-
bers, the gas sensors require calibration, and gas recovery 
tests must be performed routinely (Hristov et al., 2015). 
Although the components of the GreenFeed Emission Moni-
toring system can be calibrated, it is impossible to perform a 
whole-system evaluation using a release and recovery 
approach similar to that used for respiratory chambers 
(McGinn et al., 2021). The main advantages of the system are 
its ease of use, the ability to make measurements on a large 
number of animals, and the use of animals that are housed in 
conditions representative of commercial settings. However, 
head chambers do not consider CH4 emissions from hindgut 
fermentation like sniffers and gas tracers. Furthermore, intake 

of the bait feed can interfere with dietary treatment compari-
sons. Inline CH4 “sniffers” measure the concentration of CH4 
in the animal’s breath at a feed bin usually located at an auto-
matic milking station (Garnsworthy et al., 2012; Huhtanen et 
al., 2015). The set-up allows for repeated measurements over 
long periods and it can be installed in commercial dairy oper-
ations. The technique assumes a close relationship between 
daily CH4 production and CH4 concentration in the animal’s 
breath. The precision of sniffers is significantly less (Bell et al., 
2014) than for respiration chambers (Yan et al., 2010) due to 
high within- and between-animal variation in the CH4 con-
centration in an animal’s breath. Muzzle movement and prox-
imity to the sample intake and variable air-mixing conditions 
within the feed bin contribute to this variability. Ideally, the 
distance between the sniffers and the animal’s muzzle should 
be less than 30 cm (Huhtanen et al., 2015). Portable accumu-
lation chambers can determine short-term CH4 emissions 
(1–2 h) in grazing sheep (Goopy et al., 2011). The principle is 
similar to that of closed-circuit respiration chambers. These 
chambers are bottomless boxes made with Plexiglass on the 
sides and top that are lowered down on animals and sealed 
(Thompson and Rowntree, 2020). Sampling ports located on 
the top of the box allow the operator to measure gas accumu-
lation. Comparisons with respiration chambers have indi-
cated moderate correlations (r < 0.6) for up to 2-h sampling 
durations (Goopy et al., 2011; Goopy et al., 2015). Face 
masks have been used to quantify CH4 emissions similar to 
closed-circuit animal chambers. Face masks do not permit 
animals to eat or drink during measurement, and thus they 
can only be used for short periods of time (e.g., 30 min) to 
obtain a spot measurement. These measurements can be 
repeated over time; however, the discomfort caused to the ani-
mal must be considered. Hand-held laser methane detectors 
(LMDs) can be used to measure CH4 concentration in the 
breath of individual animals (Chagunda, 2013). Although the 
LMD uses spot sampling of the animal’s breath, it can be used 
to calculate total emissions (g/d). The LMD uses infrared 
absorption spectroscopy, and other industries have used simi-
lar detection systems (van Well et al., 2005). The device is 
pointed toward the nostrils of the cow at a fixed distance of 
one to several meters, and thus, it does not disturb animal 
behavior. The instrument accounts for the thickness of the 
CH4 plumes (i.e., concentration), and the result is expressed 
as CH4 concentration. The LMD can segregate the CH4 con-
centration from dairy cows performing different physiologi-
cal activities (e.g., ruminating, feeding, and sleeping). Other 
challenges relate to applying this approach to grazing animals 
because wind speed and direction, relative air humidity, and 
atmospheric pressure can significantly affect the resultant 
concentration of CH4. For example, wind speed negatively 
correlated with CH4 concentration (r = −0.41). The CH4 con-
centration at the animal’s muzzle is highly variable, depend-
ing upon respiration and eructation of the animals and air 
movement. The higher CH4 concentrations during eructation 
can be differentiated from the lower concentrations during 
respiration. An additional limitation is a correct distance the 
device should be from the animal (Sorg, 2022) to avoid con-
tamination from the neighboring animal. The major disad-
vantage of the technique is that similarly to sniffers, only 
concentration and not flux are measured. Within a closed 
chamber, the flux can be estimated assuming the concentra-
tion differential and the volume, area, and temperature of the 
chamber, assuming the ideal gas law (Pedersen et al., 2010; 
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Hüppi et al., 2018). However, it is not recommended for out-
doors animals where air movement can dilute the concentra-
tion measurements. The CH4 measurement with the LMD 
demonstrated a strong agreement with measurements in res-
piration chambers (r = 0.8) in one study (Chagunda and Yan, 
2011), but not in others (Ricci et al., 2014). Although the 
handheld laser is easy to use on commercial farms, studies are 
required to determine the precision and accuracy of the mea-
surements.

Tracer techniques
Methane emissions can also be determined using a tracer gas 
(e.g., SF6) released from a bolus or permeation tube with a 
predetermined release rate in the animal’s rumen. The ani-
mal’s breath is sampled over time (usually every 24 h) into 
an evacuated cylinder by placing a tube near the nostril of 
the animal, usually positioned on a halter. The CH4 emission 
rate is computed by the known release rate of the tracer gas 
and the ratio of expired CH4 and tracer gas concentrations 
in the canister while accounting for background concentra-
tions of CH4 and SF6 in ambient air (Johnson et al., 1994). 
Like AHCS and head chambers, the tracer gas technique only 
measures animal breath emissions and not CH4 from the rec-
tum. Several factors can affect the accuracy of the technique, 
including the inconsistent release of SF6 from the permeation 
tubes, elevated background concentrations of SF6 and CH4 
in ambient air, and equipment failure (breakage and leak-
age of the air collection canisters, and blockage of sampling 
tubes) (Lassey, 2007). There is also a need to handle animals 
frequently (daily) to exchange collection canisters. Several 
studies have reported that the tracer gas technique and respi-
ratory chambers produced similar estimates of CH4 once an 
additional 3% correction for CH4 from the rectum is applied 
to the tracer estimates (Hammond et al., 2016). However, 
other studies have shown that the difference between SF6 and 
respiration chambers can be greater than 10% (Storm et al., 
2012; Ramírez-Restrepo et al., 2020). Modifications to the 
SF6 method have been proposed to improve its predictabil-
ity, such as continuous collection at a constant rate for 24 h 
and the incorporation of orifice plates rather than capillary 
tubes to restrict the rate of sample collection (Deighton et al., 
2014). Arbre et al. (2016) suggested that a 3-d measurement 
period was needed to achieve a repeatability of 70% for CH4 
emissions per unit of feed intake (i.e., CH4 yield), without 
any further increase in repeatability with more extended 
measurement periods. The SF6 tracer gas technique is suit-
able for large and small ruminants, and it can potentially 
be used outdoors (Ramírez-Restrepo et al., 2010) or indoors 
(Ramírez-Restrepo et al., 2016) in well-ventilated areas. In 
poorly ventilated buildings, background CH4 (and some-
times SF6) concentration in ambient air interferes with the 
CH4 calculation (Hristov et al., 2016). The technique can-
not be used close to other CH4 sources (e.g., slurry, manure, 
other animals, and wet areas) and SF6 sources (e.g., electric-
ity transformers and industrial sites) (Jonker and Waghorn, 
2020). Although the SF6 technique is relatively inexpensive, 
it requires technical skill to operate. Adequate calibration of 
the release rate of the tracer gas from the permeation tube 
must be conducted in advance of placement in the rumen, 
with the experiment carried out soon after to ensure a con-
stant release rate from the permeation tubes, as the rate can 
decline after 6 to 12 mo of use. For long-term trials, adjust-
ments for the changing permeation rate should be performed 

(Jonker and Waghorn, 2020). Gas chromatography is also 
a fundamental and critical step in the tracer gas technique, 
which requires specific skills and facilities. Pinares-Patiño et 
al. (2015) provided the design and operation of the SF6 tech-
nique.

Madsen et al. (2010) suggested predicting CH4 from CO2 
modeled from body weight, energy-corrected milk yield, 
and days of pregnancy, assuming that the energy utiliza-
tion efficiency for maintenance and production is constant 
for dairy cows. Individual CH4 emission was recorded in 
an automatic milking system on dairy cows for 3 d, using 
a portable air sampler and analyzer unit, based on Fou-
rier transform infrared detection and CO2 as a tracer gas 
(Lassen et al., 2012). Air was analyzed every 20  s when 
the animals were milked, and the ratio between CH4 and 
CO2 was used to measure CH4 emission. The repeatability 
of the measurement (CH4:CO2 ratio) was 0.39 and 0.34 
for Holstein and Jersey cows, respectively (Lassen et al., 
2012). These results suggested that the CH4:CO2 ratio 
could be used for the management and genetic evalua-
tions of dairy cows (Lassen et al., 2012). However, efficient 
cows (i.e., more milk per feed consumed) produce less heat 
and consequently CO2 per unit of metabolic body weight 
and energy-corrected milk, thus overestimating their CH4 
production. Hence, genetic selection for low CH4 emitters 
using this technique would favor inefficient dairy cows 
(Huhtanen et al., 2020).

Open-path laser technique
The open-path laser technique quantifies the dispersion of a 
specific gas from the source and the downwind concentration 
of the gas to establish the emission rate, using an “inverse dis-
persion” approach (McGinn et al., 2006). The technique has 
been used for CH4 (McGinn et al., 2006) and ammonia (NH3) 
(McGinn et al., 2007) emissions from groups of animals (e.g., 
feedlot and pastures). The open-path laser technique has been 
updated with different analyzers and atmospheric parame-
ters integrated into aircraft (Hacker et al., 2016) and drones, 
showing reliable and promising results. Hacker et al. (2016) 
indicated that CH4 and NH3 could be detected for at least 
25 and 7 km, respectively, from a high strength source (e.g., 
feedlot). Validation assays have shown limitations of the tech-
nique regarding the time of data collection (McGinn et al., 
2006; McGinn et al., 2008); spot measurements made by air-
craft and drones during the daytime, when emission rates are 
highest, may not reflect the 24-h period.

Tomkins et al. (2011) compared the daily CH4 emissions 
estimated using the open-path laser technique used on pas-
ture to respiration chamber with animals fed freshly-cut 
Rhodes grass (Chloris gayana) from the same pasture. 
Daily estimates were 136 and 114  g CH4/d, respectively, 
and the authors suggested that further comparisons using 
different forages and herds were needed. Subsequently, 
Tomkins and Charmley (2015) tested the open-path laser 
technique around water points when animals were present. 
The authors concluded that the open-path laser technique 
is a good option when employed on aggregated grazing 
cattle for at least seven hours per day over 7 to 14 d. How-
ever, the 24-h pattern of CH4 emissions would not be fully 
represented. The open-path laser technique is helpful for 
directly measuring CH4 emissions from cattle at the herd 
scale in grazing conditions and in intensive livestock oper-
ations.
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In vitro techniques
The in vitro fermentation technique has been used for many 
years to evaluate ruminal fermentation of feedstuffs and, 
more recently, to assess the effect of different nutritional 
strategies to mitigate CH4 production (Yáñez-Ruiz et al., 
2016). Due to the complexity and cost of methodologies for 
evaluating enteric CH4 emissions directly from animals, the 
possibility of obtaining results through in vitro systems is a 
potential alternative, mainly to provide an initial screening 
of a larger number of samples with different alternatives for 
reducing methanogenesis such as tannins, plant secondary 
metabolites, and essential oils (Tedeschi et al., 2021). How-
ever, limitations exist if the fermentation end products are not 
adjusted for microbial mass (Makkar, 2005). Various in vitro 
techniques can be used, varying from batch culture systems 
(Pell and Schofield, 1993; Theodorou et al., 1994; Mauri-
cio et al., 1999) to continuous fermenters such as RUSITEC 
(Czerkawski and Breckenridge, 1977) or dual-flow contin-
uous culture system (Hoover and Stokes, 1991). Within the 
batch culture systems, the in vitro gas production technique 
has been widely adopted to determine the nutritive value of 
feeds through fermentation kinetics (Blümmel et al., 1997; 
Getachew et al., 1998; Tedeschi et al., 2009). Some systems 
measure CH4 production throughout the incubation, but CH4 
production is determined at the end of the fermentation in 
other systems. An optimal fermentation time has not been 
established, and it is likely variable because the terminal 
CH4 production may represent the potential CH4 production 
rather than actual CH4 production if the incubation time 
used in vitro exceeds the mean retention time of feed in the 
rumen. Danielsson et al. (2017) reported a high correlation 
(r = 0.98) between in vitro and a head stall systems (Green-
Feed Emission Monitoring system), though the values were 
underpredicted (399 vs. 418 L/d, respectively). Most in vitro 
techniques are derived from Tilley and Terry’s (1963) two-
stage method, which consists of simulating rumen conditions 
(temperature, pH, and anaerobiosis) using a rumen inoculum 
(strained rumen fluid), buffer to avoid significant pH varia-
tion, and a media to provide necessary nutrients to the rumi-
nal microbiota. The CH4 production is usually expressed per 
incubated or digested DM or organic matter basis and is more 
closely correlated with in vivo CH4 production expressed per 
unit of degraded material. Yáñez-Ruiz et al. (2016) discussed 
specific details about the in vitro techniques regarding exper-
imental design, implementation and interpretation of in vitro 
experiments to assess enteric CH4, and factors that influence 
the results from in vitro fermentation techniques (e.g., donor 
animals and diet, inoculum collection and processing, differ-
ent substrates, and incubation buffer and procedures).

Measurements Using Facility-Based 
Techniques
Manure storages
Three different approaches for the quantification of CH4 
emissions (manure-only or manure and animal CH4) from 
housing are commonly used: direct measurement methods, 
inverse modeling (animal housing emissions), and chamber 
technique (manure emissions) (Hassouna and Eglin, 2016). 
At the barn level, removal of cattle to estimate emissions from 
manure has been performed (Mathot et al., 2012; Mathot et 
al., 2016; Edouard et al., 2019). Some methods are developed 
for measuring emissions from barn and manure storage at an 

experimental scale (Mathot et al., 2016) but are difficult to 
implement on commercial farms. To date, there is no interna-
tional standardization of the methods for the animal house 
scale because of the considerable variability of the bedding 
conditions. Methodology to quantify the accuracy of the mea-
surement is limited because of the complexity of the different 
measurement processes.

Direct methods
Direct methods are the most widely used. An emission rate is 
calculated as the product of the housing VR and the in-house 
CH4 concentration minus the background concentration 
(Hassouna et al., 2021). Methodology to quantify the uncer-
tainty of aerial emissions for the direct methods has been 
outlined by Gates et al. (2009) and involves the statistical 
uncertainty of both the emissions concentration measurement 
and the VR measurement. Measurements associated with VR 
have been demonstrated to be the major contributor to the 
emissions rate uncertainty when utilizing direct methods.

Ventilation rate
For the VR quantification, three methods have been imple-
mented mainly in studies and compared in the literature: 
internal tracer gas and external tracer gas (indirect methods) 
and sensor use (direct method). The first method is CO2 bal-
ance. For this method (Barreto-Mendes et al., 2014; Liu et al., 
2016), the leading hypothesis is that VR determines the rela-
tionship between CO2 production in the barn and the differ-
ence in CO2 concentrations between the inside and outside of 
the barn (ΔCO2). CO2 is used as an internal tracer gas. In the 
barn, CO2 production comes from animals, litter, and gas or 
fuel heating systems, if applicable in the barn. Pedersen et al. 
(2008) did not recommend using this method to calculate VR 
in the animal house with deep litter because of its high and 
variable CO2 production. Animal CO2 production can be esti-
mated from animal heat production, CO2 production per heat 
unit, and animal activity. In many studies, these parameters 
are calculated with models given by the International Com-
mission of Agricultural Engineering (CIGR, 2002). According 
to Zhang et al. (2010), associated errors ranging from 10% 
to 20% and more recent models that take into account the 
progress of animal genetics should be taken into consider-
ation to improve the accuracy of the VR estimations. Con-
cerning the accuracy of VR, Calvet et al. (2011) demonstrated 
that it is necessary to consider the daily variation of CO2 
production that depends on animal activity to estimate the 
daily variation of VR accurately. This CO2 balance method 
also requires ΔCO2. Van Ouverkerk and Pedersen (1994) sug-
gested that ΔCO2 values should not be lower than 200 ppm 
for the method to yield reliable results, which can often be the 
case in very open barns.

The second method to estimate VR is using non-CO2 
external tracer gas. The external tracer gas method for mea-
surement of the emissions in Iivestock buildings refers to a 
technique that relies on the release of an external tracer gas 
(i.e., a gas that is not produced in the barn). This method 
is often used in naturally ventilated buildings (Ogink et al., 
2013). The most widely used gas is SF6 because it is easy to 
detect, chemically inert, and is not produced in the build-
ing. The barn VR is calculated using the tracer gas injection 
rate and the tracer concentration gradient, assuming perfect 
mixing of the air inside the barn and steady-state conditions. 
Because of the high GWP of SF6, low concentrations of SF6 
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should be injected, and the concentration measurements 
have to be done with a sensor with a low detection limit. 
This method could be implemented in livestock buildings 
using two different approaches: a constant injection of the 
tracer gas or spot injections (concentration decay method). 
For the constant injection method, the tracer gas is dosed into 
the barn or, more generally, close to an emitting areal/point 
source. This tracer gas mimics the dynamic flow and the dilu-
tion of CH4 or other target gas such as N2O or NH3 (Schrade 
et al., 2012). For the tracer decay method (spot injections), 
a dose of tracer gas is injected and mixed into the housing 
until the desired threshold is achieved and uniform distribu-
tion of the tracer gas is reached. Then the injection is stopped, 
and the decrease of tracer gas concentration is monitored 
during a given period to calculate the VR (Mohn et al., 2018). 
This method requires a sensor or device to measure tracer 
concentration with a reasonably fast analysis frequency in 
highly ventilated barns like open barns and is not suitable for 
long-term airflow measurements (Ogink et al., 2013). Many 
studies have compared this method with the CO2 method in 
different livestock buildings. Edouard et al. (2016) found that 
both methods gave similar results being 10% to 12% lower 
with the CO2 mass balance method than SF6 tracer methods.

The third method for estimating VR is through sensors. 
In mechanically ventilated houses, continuous monitoring of 
the static pressure differential and each fan’s operating status 
(on-off) can be used to estimate the fan’s VR based on its 
theoretical or measured performance characteristics. Ideally, 
the in situ performance of each fan is determined first, and 
the house VR can be estimated by summing all operating fan 
flow rates (Gates et al., 2004). Gates et al. (2005) developed 
and improved a fan assessment numeration system (FANS) to 
measure ventilation fans’ in situ performance curve operating 
in a negative pressure mechanically ventilated animal house. 
This approach can provide ventilation estimates with uncer-
tainties of less than 10% in low airflow conditions and less 
than 25% in higher airflow conditions when regular in situ 
calibration is conducted (Gates et al., 2009). In naturally ven-
tilated houses, Joo et al. (2014) proposed a method that relies 
on implementing a high number of ultrasonic anemometers 
at the openings of the barn. In the methods they developed, 
any positive velocities indicated air outflows, whereas nega-
tive velocities denoted air flowing into the barns. The total air 
inflow rate was assumed as the sum of air inflows at the inlets, 
while the total air outflow rate was the sum of air outflow 
rates at the outlets.

Methane concentration
Methane concentrations also have to be measured inside 
and outside the barn to quantify the emission rate. The same 
device is often implemented for both measurements, imply-
ing that the device has to have the adapted detection range. 
Powers and Capelari (2016) listed many techniques com-
monly implemented for CH4 concentration measurements, 
including gas chromatography, infrared spectroscopy, Fourier 
transform infrared spectroscopy technologies, photoacoustic 
spectroscopy, mass spectroscopy, tunable diode laser absorp-
tion spectroscopy technology, and solid-state electrochemical 
technology. These techniques are mainly spectroscopic and 
portable, but only techniques with a very selective detection 
system, such as lasers, are preferable for continuous measure-
ments. Hassouna et al. (2013) have highlighted interference 
problems with nonselective methods such as photoacoustic 

infrared spectroscopy (commonly used), leading to overesti-
mated CH4 emissions. Gas chromatography can also be imple-
mented, but continuous measurement is more complicated 
on commercial farms because regular calibration is required. 
Nevertheless, not all sensors and gas analyzers on the market 
are suitable for detecting CH4 in barns due to existing adverse 
conditions (e.g., dust, moisture, NH3, and animals). The reli-
ability of measurements over time is not always guaranteed. 
Testing the new measuring equipment available is a process 
that can be quite long. Moreover, the available sensors and 
devices are typically costly.

Other methods
Inverse modeling (animal housing emissions) and chamber tech-
nique (manure emissions) comprise other methods to estimate 
CH4 emissions for housing and outdoor storage and spreading. 
Inverse modeling consists in determining the concentrations of 
CH4 in and around the area of interest and iteratively adjust-
ing the sources to minimize the difference between measured 
and model-predicted concentrations. It has been employed on 
manure storage systems, spread slurry, manure of mineral fer-
tilizers, or livestock buildings (Hassouna and Eglin, 2016). The 
inverse modeling technique has also been used to solve other 
problems (Vargas-Villamil and Tedeschi, 2014; Vargas-Villamil 
et al., 2020), and it shares some resemblance with the system 
dynamics methodology (Tedeschi, 2019). Both open and closed 
chambers are implemented for measuring CH4 emissions at a 
local scale, usually for areas less than a square meter (Wang et 
al., 2010) in various manure handling systems, including liq-
uid and solid storage (M⊘ller et al., 2004; Kreuzer and Hin-
drichsen, 2006). Static chambers are used mainly to characterize 
the gaseous fluxes after spreading manure on fields (Norris et 
al., 2020), but they can be adapted for emissions from manure 
storage (e.g., slurry pits, lagoons, and manure heaps) and pasture 
land. This method estimates the fluxes from the manure based 
on the accumulation dynamics of CH4 inside the chamber placed 
on the surface of the manure (Hassouna and Eglin, 2016). Static 
flux chambers are intrusive, and for an accurate and reliable esti-
mation of the emissions, a sampling strategy that relies on the 
implementation of several chambers has to be applied to reflect 
the variations in emissions over the area.

The principles for collection and measurement via cham-
bers apply to both soils and manure storage systems. A solid 
or clear open-bottomed chamber of a known volume is fitted 
onto a permanently installed ring or collar. For closed or static 
chambers, CH4 builds up in the chamber’s headspace over time 
(e.g., 30 min), and the concentration in the chamber is sampled 
over a time series. For non-CO2 trace gases like N2O and CH4, 
more extended time series are often required due to these gases’ 
low, negligible, or negative fluxes (Collier et al., 2014). A small 
fan is often installed inside the chamber to mix the gases thor-
oughly. Gas samples can be collected via syringe and transferred 
into glass vials for offsite analysis (Sass et al., 1990; Sass et al., 
1991) or in situ if using a dynamic system (Hall et al., 2014); 
these types of closed chambers are known as non-steady-state 
non-through-flow and non-steady-state through-flow chambers, 
respectively (Livingston and Hutchinson, 1995; Pumpanen et al., 
2004). Open chambers, i.e., dynamic or steady-state chambers, 
replace air inside the headspace with ambient air through an 
inlet port, and CH4 flux is estimated as the difference between 
the gas concentrations at the inlet and outlet ports (Pumpanen et 
al., 2004). Like closed chambers, gas analysis can occur in situ or 
through collection in glass vials for offsite analysis.
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Gas chromatography (GC) is the conventional method 
used to analyze CH4 concentrations in gas samples from 
soils and manure handling systems. Several types of GC 
detectors exist (Harvey et al., 2020), including mass spec-
trometry (Ekeberg et al., 2004), flame ionization detector 
(Weiss, 1981), and multiple gas analysis systems (Sitaula 
et al., 1992; Hedley et al., 2006). Laser technologies, 
Fourier-transform infrared, and other optical techniques 
continue to grow in popularity for analyzing CH4 con-
centrations because of their low detection limits, a higher 
degree of precision, and ability to measure multiple 
GHGs simultaneously at the sampling location (Brannon 
et al., 2016; Harvey et al., 2020). These include quantum 
cascade laser (QCL) (Nelson et al., 2002; Cowan et al., 
2014), and other spectroscopic techniques with QCL like 
cavity ring-down spectroscopy (Christiansen et al., 2015; 
Brannon et al., 2016), and off-axis integrated cavity out-
put (Brannon et al., 2016; Waldo et al., 2019; Harvey et 
al., 2020). Infrared adsorption measurement detectors 
are ideal for automated chamber systems and in situa-
tions that require frequent, high precision measurements. 
Although comparisons show good agreement between 
these methods, non-GC-based methods better capture 
diel variation and responses to experimental treatments. 
Other auxiliary measurements like soil and water tem-
perature, air temperature inside and outside the chamber, 
and soil moisture should be collected at the time of collec-
tion (Pavelka et al., 2018) for use in seasonal and annual 
CH4 flux calculations. Regardless of chamber type, care 
should be taken to ensure that the collection of gas sam-
ples does not introduce artificial environments or con-
ditions that alter CH4 flux. Collections rings or collars 
should be installed well in advance of sample collection, 
i.e., >24 h, to allow the diffusion of gas to the atmosphere 
from the soil or litter layer sufficient time to equilibrate 
after the disturbance event.

Both open and closed static chambers are widely accepted 
in the literature, but selecting between chamber types 
involves consideration of costs, labor availability, exper-
imental design, and sampling conditions (e.g., site acces-
sibility, climate, and soil type). Non-through-flow closed 
chambers are advantageous because they are low cost and 
simple to deploy, but they require greater manual labor 
investment (Savage et al., 2014), and both non-through-
flow and through-flow types can alter temperature, mois-
ture, and gas diffusion dynamics during sample collection 
(Husted, 1993) leading to errors in flux estimation (Pihlatie 
et al., 2013; Ueyama et al., 2015). For flux estimation 
with closed chambers, errors can be significantly reduced 
by increasing chamber size, i.e., height, area, and volume 
(Pihlatie et al., 2013). The long duration times needed for 
measurement with closed chambers can also alter diffu-
sion gradients (Davidson et al., 2002; Savage et al., 2014). 
Open chambers, particularly through-flow systems, allow 
for more frequent, and less time and labor-intensive mea-
surements (Savage et al., 2014; Ueyama et al., 2015). Fur-
thermore, open chambers may be more appropriate for 
manure handling systems given the differences in gas dif-
fusion dynamics relative to soils (Husted, 1993). However, 
these chambers require greater capital investments and 
maintenance, and may not be suitable in low infrastructure 
contexts (Collier et al., 2014).

Measurements Using Large-Scale Techniques
In addition to the open-path laser technique discussed above, 
there has been an increased use of aircraft, satellites, and 
unpersonned aerial vehicles (i.e., drones) in the last 5 yr to 
assist with GHG measurements and estimations primarily 
based on the top-down approach discussed below.

Aircraft
Airborne CH4 measurements of dairy farms have been con-
ducted using a series of concentric, closed flight paths, and 
the emission rates were estimated with the application of 
Gauss’s Theorem (Conley et al., 2017). The CH4 mixing ratio, 
pressure, temperature, and horizontal wind are measured at 
the barn level while an aircraft is flying a series of concen-
tric close paths around the farm facilities to calculate the 
whole-facility CH4 emissions. Aircraft measurements were 
compared with open-path measurements with inverse dis-
persion modeling, and vehicle measurements with the tracer 
flux ratio method in California dairies and estimated CH4 
emission rates were compared on a whole-farm level and pri-
mary sources with a farm (e.g., animal housing and liquid 
manure lagoons) (Arndt et al., 2018; Daube et al., 2019). 
These measurement techniques are also sensitive to captur-
ing CH4 emissions dynamics under different management 
systems, i.e., liquid slurry vs. dry manure storage (Arndt et 
al., 2018), with direct implications for GHG inventories and 
climate actions.

Satellite and drone imagery
Precision imagery, such as drone or satellite imagery, can 
be utilized to determine and monitor soil and crop health 
and estimate the yield of crops, given the good correlation 
between leaf area index and normalized difference vegeta-
tion index (NDVI) (Lamb et al., 2011; Nagy et al., 2018; 
Wahab et al., 2018). Drones could be used to track and 
count animals (Laradji et al., 2020) and have also been 
shown to detect CH4 leaks in natural gas pipelines (Tan-
nant et al., 2018; Barchyn et al., 2019). There is potential 
to adapt these technologies to assess and benchmark live-
stock-related CH4 emissions on farms, but research is lack-
ing in this field.

A new generation of remote sensing and satellite-based 
monitoring systems continues to support the quantification 
and monitoring of CH4 emissions. Satellite CH4 emission 
measurements provide better spatiotemporal coverage of 
emissions and hotspots than traditional in situ measurements. 
Early satellite measurements of global CH4 emissions were 
made with SCIAMACHY (Frankenberg et al., 2006) and later 
with GOSAT (Houweling et al., 2014; Kuze et al., 2016). The 
number of dedicated CH4 focused missions has increased 
over the past several years, including GHGSat (Varon et al., 
2018), GOSAT-2 (Glumb et al., 2014), geoCARB (Polonsky 
et al., 2014), and MethaneSAT (Staebell et al., 2021; UNEP 
and CCAC, 2021). Satellite-based measurements rely on 
inverse modeling to understand and quantify CH4 emissions 
at regional and global scales (UNEP and CCAC, 2021). Under 
inverse modeling, the atmospheric measurements made with 
satellites are used to back-calculate both the location of an 
emissions source and the rate of emission (UNEP and CCAC, 
2021; Houweling et al., 2014).
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Methods to Estimate Methane
Bottom-up approaches
The so-called “bottom-up” approaches sum up estimates of 
all identified source components of a given region or bound-
ary to achieve an estimate of the global source of CH4 emit-
ters, including enteric, manure, and soil/crop. Lassey (2008) 
stated that many of these components are ill-quantified and 
that there is a lack of agreement among distinct estimates. 
The “bottom-up” approaches follow a more mechanistic, 
conceptual, build-up approach rather than a reconciliatory 
approach (e.g., “top-down”) that may be ill-equipped if the 
actual sources are not known; thus, incorrectly assigning esti-
mate shares to known sources. Vibart et al. (2021) provided 
an extensive discussion about mathematical models predict-
ing on-farm CH4 and N2O emissions.

Enteric modeling
There are many different types of mathematical modeling 
methods in agriculture; the most common ones are empiri-
cal vs. mechanistic, stochastic vs. deterministic, and static vs. 
dynamic (Thornley and France, 2007; France and Kebreab, 
2008). Some mathematical nutrition models may incorporate 
different (and sometimes complementary) methods for pre-
dictability purposes, often called levels of solutions (Tedeschi 
and Fox, 2020a), or in other words, tiers of solutions. The 
simplicity of empirical models is often the dominant factor in 
decision-making when selecting models to predict CH4 emis-
sions. In part, the model simplicity is brought up by the inputs 
required for the execution of the model (essentially derived 
from statistical regression models and methods), and it ends 
up favoring the selection of empirical models over more com-
plex (and sometimes more complete) types of modeling such 
as mechanistic or even agent-based models. Empirical mod-
els, unfortunately, are not good explainers of the underlying 
biological mechanisms behind a natural phenomenon, but 
they serve their intended purpose of deterministic predictions 
(Tedeschi and Fox, 2020a) if all inputs (e.g., variables) are 
available and within the range of the original dataset used to 
develop the statistical regression. Another factor that is rarely 
considered is that the new inputs must have similar correla-
tions among themselves as the inputs of the original data-
set; otherwise, the variable’s coefficients might be incorrect, 
and the prediction will be biased. Therefore, cautionary notes 
should accompany model predictions because their limitations 
and intended use may not be the appropriate mathematical 
model for all types of production scenarios. Ideally, different 
alternatives for model predictability using contrasting model-
ing methods should be available and used. For instance, the 
Beef Cattle Nutrient Requirements Model (BCNRM) by the 
NASEM (2016) provided empirical and mechanistic options 
to predict the CH4 emissions of beef cattle. The BCNRM’s 
empirical option was developed based on selected empiri-
cal equations for typical beef cattle production scenarios in 
North America (Escobar-Bahamondes et al., 2017), whereas 
the BCNRM’s mechanistic option was developed based on 
mechanistic and empirical approaches to model the rumen 
functions (NRC, 2000; Fox et al., 2004), often called func-
tional models because they simultaneously have empirical 
and mechanistic elements in support of a specific predictive 
goal (Tedeschi and Fox, 2020a). Unfortunately, few math-
ematical nutrition models have explicitly modeled the CH4 
emission from the hindgut of ruminants, in part because the 

rumen represents close to 90% of the CH4 emission (Murray 
et al., 1976; Tedeschi and Fox, 2020a), and there is a lack of 
interest in predicting the fermentation dynamics in the hind-
gut because they contribute little, if any, to ruminant animal 
performance and production.

The gold standard for enteric CH4 determination is actual 
measurement using the methods described above. However, 
such measurements are resource-intensive. Bottom-up models 
to predict emissions have been used in place of actual mea-
surement. These models use regional activity data to estimate 
emissions. The IPCC (1996) developed a standard predictive 
bottom-up model that has undergone several refinements to 
the current one. These models are generally stratified into tiers 
depending on the level of sophistication. Tier 1 uses default 
emission factors based on general literature due to the paucity 
of data in a region. This level, therefore, does not consider 
the characterization of livestock systems prevalent in a region, 
such as breed types, age of animals, physiological states, level 
of productivity (except for cattle and buffalo Tier 1a), and 
diet (intake and composition). Tier 2 is based on emission 
factors refined to consider feed and animal characterization. 
The emission factors for each livestock category are estimated 
based on the gross energy intake (GEI) and CH4 conversion 
factor (Ym, expressed as % of GEI converted to CH4). Tier 
3 is region-specific based on years of extensive research in 
the region. The IPCC (2019a) model has been criticized for 
assuming ad libitum feed intake and that uncertainties accom-
panying the derived emission factors are ill-defined, which is 
often the case when prevailing conditions in a region are not 
considered (Goopy et al., 2018).

Many predictive models exist and are discussed in several 
reviews (Moraes et al., 2014; Niu et al., 2018; Benaouda et 
al., 2019; van Lingen et al., 2019). These models are based 
on dietary intake, proportions and compositions, and animal 
characteristics. The scientific community agrees that DMI 
is crucial in predicting CH4 production (and emission). For 
instance, Benaouda et al. (2019) reviewed 36 empirical mod-
els involving 16 dietary and animal variables and found that 
56% of the models used DMI as the best predictor of enteric 
CH4 production, while 28% of the models selected GEI as the 
main predictor of CH4 production. Niu et al. (2018) devel-
oped 42 empirical models and reported that increased com-
plexity improved prediction. They also reported that models 
with DMI only were as good as the complex models while 
other dietary variables, such as dietary fiber fractions and 
ether extract, improved the models’ prediction. These find-
ings are consistent with those discussed by Appuhamy et al. 
(2016), who reviewed 40 models involving 20 variables and 
found that 43% of the models used DMI as a good predictor 
of CH4 production.

Determination of DMI for stall-fed and confined animals 
is straightforward, but many livestock systems involve rumi-
nants grazing on native pastures supplemented with crop 
residues and cultivated fodder/forage in mixed crop-live-
stock systems. The determination of dietary amounts and 
composition in these systems is complicated. In part, vol-
untary feed intake depends on the digestibility of the diet 
(or digestible energy), which, in turn, depends on the intake 
level (Tedeschi et al., 2019). This complication becomes more 
convoluted because of the lack of proper characterization of 
the prevailing livestock systems (i.e., numbers, breeds, herd 
structures, body weight, physiological states, and level of 
productivity). General methods for estimating DMI include 
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the use of empirical models such as those based on the net 
energy system (NRC, 2001; NRC, 2007; NASEM, 2016) 
and those utilizing animal characteristics, pasture condi-
tions, and supplementation (CSIRO, 2007), use of internal 
and external markers and herbage disappearance (Macoon 
et al., 2003; Undi et al., 2008). These methods, being mere 
estimates, may inherit uncertainties that further compound 
and increase uncertainties in CH4 predictive models. In such 
cases, it would be advisable to adapt DMI estimates to local 
conditions as much as possible. One such adaptation is the 
use of “feed basket,” a term referring to proportions of feeds 
on offer in a given season in a given region, making up the 
seasonal diet of livestock in that locality (Gerber et al., 2013; 
Goopy et al., 2018; Marquardt et al., 2020). It is possible 
that the more region-specific the data and model, the lower 
the accompanying uncertainty and the better the resulting 
estimates. Predictive models are used to develop national 
emission inventories for monitoring, reporting, and verify-
ing nationally determined contributions to the mitigation of 
GHG emissions (Bodansky et al., 2016).

As alluded above, mechanistic models represent the under-
lying processes that control emissions and their interactions. 
There are very few mechanistic models developed to pre-
dict CH4 emissions. A dynamic mechanistic model designed 
to simulate digestion, absorption, and outflow of nutrients 
in the rumen was developed by Dijkstra et al. (1992). The 
model contains 19 state variables representing N, carbohy-
drate, lipid, and volatile fatty acid (VFA) pools. Enteric CH4 
production is estimated based on VFA stoichiometry devel-
oped by Bannink et al. (2006), which relates the VFA pro-
duced to the type of substrate fermented in the rumen. The 
assumption is that the hydrogen produced in the rumen from 
the fermentation of carbohydrates and protein is used: (1) to 
support rumen microbial growth, (2) for biohydrogenation of 
unsaturated fatty acids, and (3) for production of glucogenic 
VFA (i.e., propionate and valerate). The remaining hydrogen 
is used for the reduction of CO2 to CH4, and the prediction 
from rumen methanogenesis and hindgut fermentation is 
described by Mills et al. (2001). The model has been used 
to estimate enteric CH4 emissions mostly from dairy cattle 
(Kebreab et al., 2008; Alemu et al., 2011b; Morvay et al., 
2011). A version with an updated VFA stoichiometry that 
includes the effect of rumen pH on the stoichiometry of VFA 
formed upon fermentation of soluble sugars and starch (Ban-
nink et al., 2008) is used as a Tier 3 method for CH4 inventory 
accounting in The Netherlands (Bannink et al., 2011). Ellis et 
al. (2010) introduced modifications to the model in order to 
be able to handle predictions for beef cattle better.

MOLLY is another dynamic mechanistic model that simu-
lates rumen digestion and whole-body metabolism in lactat-
ing dairy cows (Baldwin et al., 1987a; Baldwin et al., 1987b; 
Baldwin et al., 1987c; Baldwin, 1995). The model was con-
structed in a similar way as described above, but the VFA 
stoichiometry is based on the equations developed by Mur-
phy et al. (1982) and later updated by Argyle and Baldwin 
(1988), which relate the amount of VFA produced to the type 
of substrate fermented in the rumen. In addition to the stoi-
chiometric differences described above, the two mechanis-
tic models differ in the number of microbial pools; MOLLY 
uses one microbial pool, whereas the model by Dijkstra et 
al. (1992) uses three pools (amylolytic, fibrolytic, and pro-
tozoa). The number of model pools (i.e., stock or state vari-
ables) is usually associated with different modeling concepts; 

it does not necessarily improve the model’s predictive abil-
ity because their purposes might differ (Tedeschi and Fox, 
2020a, b).

Several studies have evaluated the predictive potential of 
empirical and mechanistic models for enteric CH4 production 
from cattle using independent data sources (Benchaar et al., 
1998; Kebreab et al., 2006; Kebreab et al., 2008; Alemu et 
al., 2011b). Benchaar et al. (1998) compared the predictive 
capacity of two mechanistic and two linear models with a 
database constructed from literature. Predictions from linear 
equations were poor; the models explained between 42% 
and 57% of the variation. On the other hand, the mechanis-
tic models explained more than 70% of the variation. Alemu 
et al. (2011a) compared empirical models and the VFA stoi-
chiometry used in mechanistic models to estimate and assess 
trends in enteric CH4 emissions from western Canadian beef 
cattle. The authors concluded that a more robust approach 
might be to use mechanistic models to estimate regional Ym 
values, which are then used as input for IPCC models for 
inventory purposes.

Another mathematical model that can be used to forecast 
CH4 emission was developed by Pitt et al. (1996) and Pitt and 
Pell (1997) to predict VFA and ruminal pH within the Cor-
nell Net Carbohydrate and Protein System framework. The 
assumptions in developing the model were based on the mass 
balance approach and included (1) ruminal degradation of 
real protein yields negligible amounts of VFA and CH4, (2) 
CH4 is the main sink of H2, (3) ruminal N balance is posi-
tive, and (4) the end products of ruminal fermentation are 
essentially computed as one minus bacteria yield, multiplied 
by the amount of ruminally degraded carbohydrate corrected 
for bacteria ash, crude protein derived from ammonia-N, and 
the carbon skeletons of noncarbohydrate sources (Tedeschi 
and Fox, 2020a, b). Further additions to Pitt’s model were 
discussed by Tedeschi and Fox (2020a, b) and incorporated 
into the NASEM (2016), including pectin impact on rumi-
nal pH, adjustments for bacterial nitrogen, and optimization 
for ruminal pH given the rates of degradation and escape of 
carbohydrates, VFA, and lactate, and buffering capacity from 
saliva production and feed composition. Despite the limited 
evaluation of the VFA-pH-CH4 model conducted by Pitt et 
al. (1996), the CH4 emission has not been fully vetted. The 
model developed by the French Institute for Agricultural 
Research (INRA, 2018) serves as the base of a Tier 3 method 
to estimate CH4 emissions of indoor and grazing production 
systems, given available information on the type of animal, 
production level, and diet characteristics and consumption 
(Eugène et al., 2019).

Although mechanistic mathematical models represent a 
more advanced form of predicting CH4 production and emis-
sion by ruminants, additional, targeted inputs might further 
improve the adequacy of the predictability of such models. 
An example is the milk mid-infrared (MIR) spectra of milk 
components as a proxy to estimate individual CH4 emissions 
when using chemometrics models. Indeed, common metabolic 
processes will affect both the amount of eructated CH4 and 
the level of milk components (e.g., fatty acids). Milk mid-in-
frared spectra represent the chemical bonds from the compo-
nents present in the milk. Moreover, milk MIR spectra can be 
obtained routinely at a reasonable cost (already collected for 
milk payment and/or milk recording). This proxy represents 
significant interest for large-scale studies (compare animals, 
herds, periods, geographical regions, and genetic studies) 
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(Vanlierde et al., 2020), but information about the limitation 
and applicability of milk MIR is lacking.

Manure modeling
Like enteric models to estimate CH4, there are empirical and 
mechanistic models to estimate CH4 emissions from manure. 
For empirical models, as is the case for enteric CH4, IPCC’s 
(2019a) guidelines for National Greenhouse Gas inventories 
indicate three tiers of complexity to estimate CH4 produced 
during the storage and treatment of manure and from manure 
deposited on pasture. The Tier 1 approach is based on default 
emission factors per unit volatile solid (VS) by animal cat-
egory and manure storage system. Tier 2 is based on coun-
try-specific estimates of VS and the impact of interactions 
between manure management systems and animal categories 
on total CH4 emissions during excretion and storage, includ-
ing manure treatments such as biogas production. Recent 
emission factor databases may help refine the Tier 2 approach 
in line with the distribution of climate regions within a coun-
try (Vigan et al., 2019; van der Weerden et al., 2020; Bel-
tran et al., 2021). Finally, Tier 3 requires specific modeling 
approaches tailored to country-specific methodologies or 
measurement-based approaches to quantify emission fac-
tors. Likewise, several models have been used to estimate the 
CH4 emissions from manure storage systems, which unfortu-
nately possess a higher degree of uncertainties. For example, 
using the IPCC Tier 2 method, for the management of liquid 
manure in anaerobic lagoons and slurry storage systems, the 
reported CH4 emissions were in the range of 368 ± 193 and 
101 ± 47 kg CH4 per head/year, respectively (Owen and Sil-
ver, 2015).

Mechanistic modeling of CH4 emissions from manure is 
challenging because of the complex data requirement and 
model parameterization (Li et al., 2012). Other limitations of 
most existing mechanistic modeling are the lack of microbial 
response to variations in manure temperature, substrate avail-
ability and age, and management system (Dalby et al., 2021) 
or the distinction between short- and long-term responses to 
environmental changes. Similar to enteric emissions, mecha-
nistic models of manure emissions are scarce. Although some 
approaches are part of whole-farm models and can simu-
late and compare different manure systems, e.g., Manure-
DNDC by Li et al. (2012) and Dairy-CropSyst by Khalil et 
al. (2019), others simulate specific manure systems, e.g., liq-
uid manure storage by Huang et al. (2010), or treatments, 
e.g., anaerobic digestion (ADM1) by Batstone et al. (2002). 
The Manure-DNDC (Li et al., 2012) is an extended version 
of DeNitrification-DeComposition model (Li et al., 1992). 
The Manure-DNDC model was developed to simulate bio-
geochemical cycles of C, N, and phosphorus (P) in livestock 
farms and can be applied to simulate GHG, ammonia, and 
nitric oxide (NO) emissions from significant components of 
livestock production facilities. The model contains fundamen-
tal processes describing the turnover of manure’s organic mat-
ter. A relatively complete suite of biogeochemical processes, 
including decomposition, urea hydrolysis, ammonia vola-
tilization, fermentation, methanogenesis, nitrification, and 
denitrification, have been embedded in the Manure-DNDC, 
which allows the model to compute the complex transfer 
and transformations of C, N, and P in livestock production 
systems. The model has been extensively calibrated for Cal-
ifornia cropping systems and has been used for developing 
California CH4 emission inventory from rice paddies and 

N2O emission inventory from synthetic fertilizers and crop 
residue (Deng et al., 2018a; Deng et al., 2018b). Nevertheless, 
there is still a need for simpler models that use fewer input 
parameters than mechanistic models but can adequately rep-
resent C and N flows dynamically and are sensitive to most 
of the factors influencing GHG emissions. Few mathematical 
models, to the best of our knowledge, have been successfully 
developed (Pardo et al., 2017b) and applied following these 
balanced and flexible principles (Pardo et al., 2017a).

Top-down approaches
“Top-down” approaches can provide more accurate estimates 
of global CH4 after mass balance is applied to global sources 
and sinks (Lassey, 2008). Measurements of CH4 emissions are 
made along a spectrum of spatial and temporal scales rang-
ing from instantaneous (e.g., individual sources) to global 
assessments of annual CH4 emissions. As indicated above, 
“bottom-up” approaches typically involve measuring at a 
scale of individual CH4 emitters, such as livestock or manure 
storage facilities. It uses emissions factors developed based on 
data collected at individual, activity, and sometimes mecha-
nistic models. “Top-down” approaches, in contrast, estimate 
emissions using observations of atmospheric CH4 concen-
trations and models that account for atmospheric transport 
from an emitter to an observation location (NASEM, 2018). 
The isotopic characterization of CH4 emission may provide 
robust discrimination between sources (Nisbet et al., 2020). 
The proportion of biogenic emissions (from wetlands, rumi-
nants, or wastes) leads to a shift to negative values of δ13CCH4 
(atmospheric CH4 changing carbon isotope ratio) (Nisbet et 
al., 2019). However, various “top-down” techniques are used 
for measuring CH4 emissions, including remote observations 
(e.g., atmospheric CH4 by infrared spectrometry), towers, 
aircraft, and satellites. Many modeling approaches are suit-
able for spatial scales of 10 to 100 m (Lassey, 2007). Another 
method is the airborne integrated-path differential-absorp-
tion LiDAR (Light Detection and Ranging) (Amediek et al., 
2017), but more results are needed to confirm its usability and 
effectiveness given cloud coverage and different instrument 
settings for different regions.

Comparing bottom-up with top-down approaches
Comparing estimates produced from top-down and bot-
tom-up techniques has helped identify information gaps and 
research needs. In some cases, top-down estimates of emis-
sions and bottom-up inventories have significant differences, 
leading to a reexamination of estimates from both approaches 
(NASEM, 2018). The challenge for top-down approaches is 
that estimates include emissions from all sources but may 
have difficulty attributing emissions to specific sources. Bot-
tom-up approaches, on the other hand, provide estimates 
from specific sources. Miller et al. (2013) used atmospheric 
CH4 observations, spatial datasets, and a high-resolution 
atmospheric transport model to estimate CH4 sources in the 
United States. The authors concluded that emissions due to 
ruminants and manure are up to twice the magnitude of the 
bottom-up approaches used by the US Environmental Protec-
tion Agency (EPA). Hristov et al. (2013) challenged Miller’s 
et al. (2013) top-down estimates and showed that the EPA 
estimates agree well with other more refined models used 
to quantify emissions at the individual scale. According to 
NASEM (2018), uncertainties in top-down CH4 emission 
estimates arise from uncertainties in atmospheric transport 
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models. Further, NASEM (2018) reports that current global 
and regional atmospheric transport models are likely unable 
to accurately represent small-scale processes, making it diffi-
cult for them to simulate observed CH4 at continental sites 
accurately. Arndt et al. (2018) conducted contemporane-
ous top-down and bottom-up measurements. The authors 
showed that whole-facility CH4 emissions estimates were 
similar among open-path, vehicle, and aircraft measurements 
and to bottom-up estimates. Emissions from animal housing 
were similar to EPA estimates, but CH4 emissions from liquid 
manure storage were 3 to 6 times greater during the summer 
than during the winter measurement periods. Top-down and 
bottom-up methods could be complementary in identifying 
gaps and may lead to better characterization of CH4 emis-
sions.

Uncertainty
Regardless of the method used to measure CH4, the measure-
ment error associated with the quantification of aerial pol-
lutants, such as CH4, comprises both systematic and random 
components. Uncertainty represents the quantification of the 
random component, and every technique has different sources 
of uncertainty. Because uncertainty establishes the range of 
values that the actual measurement value will be within, the 
uncertainty of emission measurements must be known when 
using the measurements to develop emission inventories or 
emission factors. Gates et al. (2009) reported how compo-
nent error analysis could be used to quantify uncertainties 
associated with direct measurement of aerial pollutant emis-
sions such as CH4. Hristov et al. (2018) examined the roots of 
uncertainties in predicting CH4 for inventory purposes. They 
reported that, at the animal level, animal inventory, feed dry 
matter intake, the chemical composition of the diets, CH4 
emission factors, and predictions of enteric CH4 emissions are 
the main culprit. Uncertainty has not been evaluated for all 
published emissions values, making it difficult to compare the 
results between the different papers, evaluate the quality of 
the results, and the certification of emission reductions. One 
future challenge will be to provide a standard methodology 
for uncertainty assessment associated with emission mea-
surements. Hristov et al. (2018) concluded that quantitative 
attribution of changes in atmospheric CH4 concentrations to 
CH4 sources based on δ13CH4 data (stable isotope signature, 
specifically 13C/12C used in top-down methodology) is at least 
questionable.

Final Remarks
The quality of CH4 measurements is critical, but spe-
cial attention must also be paid to the information given 
in publications in relation to measurement context and 
methods to reasonably and comprehensively contextual-
ize the results obtained (Webb et al., 2021). Every method 
or methodology to quantify CH4 emissions from livestock 
production has limitations brought about by their original 
intent of use. Della Rosa et al. (2021) assessed variations 
in technical procedures of respiration chambers, SF6, and 
Greenfeed Emission Monitoring System for measuring 
CH4 from ruminants and concluded that standardization 
within and between techniques could improve the reliability 
of the results. Therefore, using these technologies outside 
of their purpose is risky, and extrapolation of their esti-
mates will undoubtedly result in unintended consequences. 

There is no one ideal method or methodology given the 
many different production scenarios worldwide, manage-
ment strategies, and inherent assumptions associated with 
the method or methodology. Combining different methods 
might be the best approach, but more research is needed to 
validate individual methods, compare different methods in 
different production scenarios, and develop calibration and 
standardization protocols for existing methods and meth-
odologies.
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