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Simple Summary: Greenhouse gases (GHG) are the major responsible drivers for global warming
and climate change. Methane (CHy) is deemed the second most important GHG emitted from anthro-
pogenic sources in terms of global warming potential (GWP) and quantity. Ruminants contribute to
approximately one-fourth of all agricultural anthropogenic sources of CH, emissions. As such, ample
time and resources were committed to developing strategies to reduce CH4 emission from ruminants
and its negative impacts on the environment. This has led to the development of several techniques
for measuring and estimating CHy emissions from ruminants. This review summarizes state-of-the-
art and futuristic technologies for measuring and estimating CHy4 emissions from ruminants, and
their strengths and limitations, for easy understanding.

Abstract: This review aims to elucidate the contemporary methods of measuring and estimating
methane (CH,) emissions from ruminants. Six categories of methods for measuring and estimating
CHy4 emissions from ruminants are discussed. The widely used methods in most CHy abatement
experiments comprise the gold standard respiration chamber, in vitro incubation, and the sulfur
hexafluoride (SF4) techniques. In the spot sampling methods, the paper discusses the sniffer method,
the GreenFeed system, the face mask method, and the portable accumulation chamber. The spot
sampling relies on the measurement of short-term breath data adequately on spot. The mathematical
modeling methods focus on predicting CH4 emissions from ruminants without undertaking extensive
and costly experiments. For instance, the Intergovernmental Panel on Climate Change (IPCC)
provides default values for regional emission factors and other parameters using three levels of
estimation (Tier 1, 2 and 3 levels), with Tier 1 and Tier 3 being the simplest and most complex
methods, respectively. The laser technologies include the open-path laser technique and the laser
CHy detector. They use the laser CHy detector and wireless sensor networks to measure CHy flux.
The micrometeorological methods rely on measurements of meteorological data in line with CHy
concentration. The last category of methods for measuring and estimating CH, emissions in this
paper is the emerging technologies. They include the blood CH, concentration tracer, infrared
thermography, intraruminal telemetry, the eddy covariance (EC) technique, carbon dioxide as a
tracer gas, and polytunnel. The emerging technologies are essential for the future development
of effective quantification of CH, emissions from ruminants. In general, adequate knowledge of
CH,4 emission measurement methods is important for planning, implementing, interpreting, and
comparing experimental results.

Keywords: ruminant; emission; measurement; enteric methane

1. Introduction

The Environmental Protection Agency [1] defines greenhouse gases (GHG) as gases
that trap heat in the atmosphere. Greenhouse gases, such as carbon dioxide (CO,), methane
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(CH,), water vapor, and nitrous oxide (N,O), while others that are synthetic, including
chlorofluorocarbons (CFCs), hydrofluorocarbons (HFCs) and per-fluorocarbons (PFCs), as
well as sulfur hexafluoride (SFg), are found in the atmosphere [2]. The main GHGs are
CO,, CHy, and N;O [3,4]. Greenhouse gases are major contributors to climate change [5].
According to Rosenstock et al., [6], agricultural systems are a major source of atmospheric
GHG emissions, accounting for roughly 30% of total anthropogenic emissions, including
indirect emissions associated with land-cover change [7]. Animal agriculture is a major
producer of GHGs, equivalent to 14.5% of global emissions, which is approximately the
same size as the transportation sector [8,9]. The enteric fermentation process contributes
>90% of CH, emissions from livestock [10] and contributes 40% to the agricultural GHG
emissions [11], which is the major source of GHG emissions from the agricultural sector [12].
Recent figures show that actually, the contribution of enteric fermentation and manure
management is below 10% of the total contribution of the agriculture sector (which is
around 15%). The remaining 5% relates to the contribution of rice cultivation, manure
applied to soils and synthetic fertilizers.

Methane is the second most important anthropogenic GHG in terms of global warming
potential (GWP) and quantity [13,14] and is responsible for 20% of the global warming
caused by anthropogenic GHG emissions [15]. The global annual CH4 emission from rumi-
nant livestock is estimated to be between 80 and 95 million tons [16-18]. CH, production
is also a loss of energy availability to the host ruminant animal, normally representing
between 2% and 12% of the total gross energy intake, depending on the level of intake and
diet composition [19-21].

There is immense interest to develop an accurate ruminant CH, emission of accounting
to reduce the negative effects of GHGs on the environment and to evaluate mitigation
strategies [22-25]. Several methods have been developed to measure CH,4 emissions from
ruminants [26,27]. All methods have different scopes of applications, advantages, and
disadvantages, and none of them is perfect in all aspects [26,28]. The measurement methods
depend on aim, equipment, knowledge, time, and money available to facilitate researchers
and producers to construct and monitor valid CHy mitigation strategies [28]. Knowing the
advantages and disadvantages of each method will ease the interpretation of experimental
results [29]. Therefore, the objective of this review is to present the contemporary methods
of measuring and estimating CH,4 emission from ruminants, as well as emphasize their
advantages and disadvantages.

2. Widely Used Methods
2.1. Respiration Chambers (Direct Measurements)

Respiration chambers (RC) have been used for studying the energy metabolism of ani-
mals and CHy energy losses of ruminants for more than 100 years [28,30,31]. The principle
of the RC technique relies on measuring CH4 concentrations released from enteric fermen-
tation (nasal and rectum) in gas samples and the total volume of air removed from the
RC [4,28,32,33]. The chamber method uses only a few animals for continuous monitoring,
usually over a course of 24 h periods, for 3-7 days [26,31]. Changes in O, CO,, and CHy
contents are calculated from the gas flow, and changes in gas concentrations between the air
inlet and outlet are measured using gas analyzers, infrared (IR) photoacoustic monitors, or
gas chromatography systems [24,34]. Respiration chambers provide an accurate reference
method used for research purposes [26].

There are two types of RC: closed-circuit and open-circuit [35]. While the closed-circuit
systems are these days almost never used, the open-circuit chambers are currently the most
commonly used, with varying degrees of complexity [31,32]. Gas recovery is an essential
routine maintenance task while performing RC experiments. Thresholds for the chamber
temperature, relative humidity, CO; concentration, and ventilation rate are <27 °C, <90%,
<0.5%, and 250-260 L/min, respectively [24].

Chambers need to be routinely calibrated and demonstrate gas recovery rates of close
to 100%, both before and after each experimental deployment [36,37]. However, in practice,
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it is estimated that the average recovery value is 98.1% [5]. Respiration chambers have
low animal-to-animal variations and good refinement in CHy measurements. They are
suitable for studying the differences between treatments for mitigation strategies and
are still regarded as the “gold standard” method for measuring individual animal CHy
emissions [24,33,37]. However, RC use is technically demanding, and only a few animals
can be monitored at the same time [38]. The chamber method has both high investment and
labor costs [26]. Animals” behavior is supposed to be affected by the artificial environment
created by the method, and it is not suitable for free-ranging animals [28]. Nevertheless, RCs
are the most appropriate for providing continuous and accurate data on air composition
over an extended period of time [24].

2.2. In Vitro Incubation (Indirect Measurements)

The basic principle of the in vitro technique is incubating feed under gas-tight culture
bottles involving natural rumen microbes under an anaerobic environment [24,28]. The gas
measuring technique has been widely used for evaluating the nutritive value of feeds and
simulating ruminal fermentation of feed and feedstuffs [32,39]. In this technique, feedstuffs
are incubated for a specific time frame (2, 4, 8, 24, 48, 72, 96 and/or 144 h) with a mixture
of reducing solution, buffer, and rumen fluid at 39 °C [4]. In the meantime, the total gas
production and CH, are measured [28]. Blank samples with no feedstuffs are also run to
correct for the amount of background gas produced.

The method requires access to fresh rumen fluid from fistulated animals, collected
by esophageal tubing on intact animals or from slaughtered animals [4]. The method is
ideal to screen different feedstuffs within a short time (1-4 weeks) in a controlled envi-
ronment [4,28]. One way of determining the kinetic parameter of total gas production
is by using the nonlinear curve fitting procedure in GenStat and SAS [24,40]. Syringes;
Rusitec; closed vessel batch fermentation and fully automated systems have been used
for CHy determination [41—44]. The method allows as many replications in one batch to
discern differences among treatments [28]. The result of this technique can serve as input
to optimize larger and more expensive in vivo experiments [4]. However, the system can
only simulate the ruminal fermentation of feed. Furthermore, under normal conditions,
the system lacks to capture the thriving environment of rumen microorganisms in the
tested feedstuffs [28].

2.3. The Sulfur Hexafluoride (SF4) (Direct Measurements)

The sulfur hexafluoride tracer method was first developed at Washington State Uni-
versity [45] and described in 1993-1994 by [19]. It is a widely used technique to measure
enteric CHy emissions [37]. The technique provides a direct measurement of the CHy
emission of individual animals [24]. The purpose of the SF¢ technique is to investigate how
much CHy does the penned as well as free-ranging and grazing animals produce over a
given period (24h feeding cycle) [4,31,46]. SF is a non-toxic, physiologically inert, and
stable gas that is easy to detect, even in minute amounts [4,32,47]. In addition, SFs gas
mixes with rumen air in the same way as CHy [28].

The principle behind this method is that from the rumen, the SF4 gas release rate is
determined in order to calculate the CH4 emission measurement [19,33,48]. The SF¢ gas
release rate could be achieved by placing an SFg filled permeation tube in a 39 °C water
bath. Once the release rate is known and reaches stability, the permeation tube will be
placed in the rumen of the study animals [28].

The sampling apparatus consists of a small brass permeation tube placed in the rumen
and a lightweight “yoke”, fitted with a collection PVC canister, a halter and capillary
tubing in which an air-evacuated canister draws air at a slow and steady rate from near
the animal’s nostrils [4,28,32,45,46]. Eructated gas samples release both SFs and CHy4 from
their nostrils, and some of this is sucked into the canister (along with air surrounding the
animal) [4,46]. The ratio of CHy4:SF¢ in the canister is used to determine the daily CHy4
emission with each gas corrected for background concentration. The concentration of SFg
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and CHy in the canister is determined by gas chromatography [32], in conjunction with
the pre-determined SF¢ permeation rate of the tubes [31,48,49]. Samples are advised to be
taken over 24 h intervals, over a minimum period of five sequential days, with background
air samples collected alongside animals at the same time [31]. The following equation is
used to determine CH, emission using the SFq technique [33].

CHy (g /day) = SF¢ (g /day) x ([CHale — [CH4] b)/ ([SFec — [SFe] b)

where [CHy4]c and [SF¢]c are the concentrations of CHy and SFg in the canister, respec-
tively; while [CH4] b and [SF4] b are the CH4 and SF4 concentrations in the background
air, respectively [33].

In theory, the SFg technique is recommended for grazing cattle involving large herds
(n > 50), [32,50]. Furthermore, it can also be employed under more controlled conditions
where the intake is measured and/or regulated [24]. The duration of collection of each
sample is regulated by altering the length and/or diameter of the capillary tube [19,28].

3. Spot Sampling Methods

Collecting adequate short-term breath data for measurements of emission are the
essence of spot sampling methods [26]. The methods use spot measurement of exhaled
CH,4 at milking or during feeding. Such methods are usually automated, non-invasive
and non-intrusive, allowing a high throughput of animals [31]. Adequate data provide a
repeatable estimate of emission rate and scale up from a short-term emission rate to CHy
emissions for the whole day [32].

3.1. Sniffer Method

The idea of the sniffer method was first gestated by Garnsworthy et al. [51]. This
method is based on short-duration continuous breath analysis of exhaled air from the
feed troughs in automatic milking systems (AMS) or concentrate feeders (CF) [26]. To
collect air eructed by animals during milking, a sample inlet is inserted in the feed manager
of an autonomous milking system [51]. The sniffer method sample analysis is based on
continuous sampling of air in the manager using data recorders to monitor CHy and CO,
concentrations near the animal’s muzzle [33]. This method provides an estimate of total
daily emissions by individual animals on-farm [31]. It also provides hundreds of repeated
measurements over prolonged periods [37]. However, studies using the sniffer method
have shown, a high between-animal coefficient of variation (CV) as compared to the RC
and flux method [26,52-54]. In addition, with this method, CH4 and CO, concentrations
are highly influenced by the distance of the animal’s head from the point of sampling,
which is not an issue with total-air sampling [55].

3.2. GreenFeed

GreenFeed® (GF) is a patented, commercially available gas-flux quantification sys-
tem (C-lock Inc., Rapid City, SD, USA) that combines an automatic feeding system with
measures of CHy, CO,, airflow, and the detection of head position during each animal’s
visit to the unit [24,26,56]. The GF method is based on the idea that many short-term
CH,4 emission samples from an individual animal, taken several times throughout a day;
can be aggregated to estimate an animal’s average daily CHy emission across several
days/weeks/months [31]. The system measures CH4 emissions from non-confined cattle
and sheep and records short-term data (3—6 min) repeatedly over 24 h by attracting animals
to the unit using a “bait” of pelleted concentrate [4,24]. This method uses a similar principle
for measuring gas emissions as for respiration chambers (flux method) [26]. What makes
the (GF) method special is that there are sensors that measure the concentration of CHy
released from the animal’s mouth during the several minutes that the animal is feeding [4].
The head sensor also detects if the head of the cow is in the correct position before using
the exhaled CHy4 concentration values for further calculations of the flux.
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The GF system is embedded with automatic baiting, measurements of airflow and
gas concentrations, electronics, communication devices, and a gas tracer device. Animal
visits result in a feed reward and measurement of CH, emission after a specified time has
elapsed between visits (determined by the investigator) [28,31,33]. Daily CHy4 emissions
are estimated from multiple short-duration visits to the feed station over 1-2 weeks [4].
Daily CH4 emission CHy (L/min) is calculated using the volumetric airflow rate (Fair (i)
adjusted to STP and corrected for the capture rate.

CH4 (L/min) = Cp(i) x ([CH4]c(i) — [CH4] b(i)) x Fair(i) /106

where Cp(i) is the fractional capture rate of air at time i; [CH4]c(i) and [CH4]b(i) are the
concentrations of captured gas (ppm) and background gas of CHy (ppm), respectively, at
time i; and Fair(i) is the volumetric airflow rate (L/min) measured on a dry-gas basis at
time i. [26,33]. The system provides comparable estimates to those produced both by RC
and SFg techniques [24,57]. The measurements with sufficient duration (at least 3 min), and
30 observations were enough to obtain reliable CH4 emission data, regardless of how many
times per day the measurements were obtained [37,58]. For measuring CH4 emissions from
individual animals, GF is a more cost-effective method than both SFg and RC, both indoors
and in pastures [31,37].

3.3. Face Mask Method

The principle of face mask (FM) for spot samplings of respiratory exchange and CHy
emissions is based on animals trained to stay in sternal recumbency for 30 min measurement
periods taken every 2-3 h with up to 7 measurements per day [59,60]. The method has
been used to measure emissions from cattle, sheep, and goats [31]. The principle of this
method is similar to RC in terms of measuring gas exchange and changes in the exhaled
CH, concentration. It includes a mass flow controller, gas sampling unit, and CH4 emission
analyzer attached to each face mask, where gas measurements are corrected for differences
in humidity, lag time, drift, and CH4 emission (mL/min) for each period [61]. The FM
method is comparatively cheaper and simpler than SFs or RC. Its mobility provides access
to measure multiple locations to collect CHy emissions [62]. However, the number of
measurements presented had a marked impact on animal behavior, as access to food and
water was restricted during measurement periods. The FM method was also considered
too laborious and interest in using the method to measure enteric CH, from ruminants
has faded [61].

3.4. Portable Accumulation Chambers

A portable accumulation chamber (PAC) system is essentially an airtight box without
airflow [31,33]. The PAC consist of a clear polycarbonate box that has an opening at the
bottom and that is sealed by achieving close contact with flexible rubber matting [24]. The
method uses a portable air sampler and analyzer unit based on transform IR detection [32].
In this technique, PAC traps all exhaled gases during 2 h of sampling, during which oxygen
is depleted, and a single measurement of CHy is taken at the end of the sampling [55,63].

One of the advantages of the PAC system is to facilitate easy access to emission
measurements on grazing conditions, something not possible with immobile open-circuit
chambers [24]. It allows for screening a large number of ruminants for an efficient CHy
emission measurement [24]. However, the time of measurements relative to feeding and
any postprandial changes in CHy emission is a potential source of variation in these
measurements and thus, should be accounted for when the method is used [31].

4. Models to Estimate CH; Emission

Mathematical modeling has been used as an alternative approach to estimating CHy
emissions [64,65]. Mathematical modeling can be defined as the use of equations to describe
or simulate processes in a system and assumes to reasonably represent the behavior of a sys-
tem [66,67]. Models have a pivotal role in ruminant nutrition, from quantifying nutrient uti-
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lization, setting feeding standards, and estimating CH,4 emissions [68]. Models can be classi-
fied as; (i) empirical vs. mechanistic, (ii) dynamic vs. static, (iii) deterministic vs. stochastic,
and (iv) continuous vs. discrete [3]. Models used to estimate enteric CH4 emission are
mainly categorized into two principal groups: statistical (empirical) or/and dynamic
mechanistic models (simulation-based model) [32,65,69].

Simple empirical (statistical) models estimate CHy emission from data, such as animal
parameters (weight, breed, age), and feed data, such as (nutrient composition and/or
digested nutrients) [32,69]. Statistical models have been commonly used for inventory
purposes [37]. Ramin and Huhtanen [29], suggested that feed intake is the main deter-
minant of total CHy emission. Changes in CHy emissions from empirical models have
limited scope; they can be evaluated only in relation to changes in animal parameters or
feed characteristics [33,64]. Dynamic mechanistic models, on the other hand, predict CHy
emissions using mathematical descriptions of rumen’s fermentation biochemistry [33,69].
Recently, an integrated farm system model has emerged, which is a process-based whole-
farm simulation technique [32,70] that incorporates soil processes, crop growth, tillage,
planting and harvest operations, feed storage, feeding, herd production, manure storage,
and economics [69].

Model development often uses data derived from experiments conducted with an-
imals in respiration chambers [28]. Thus far, available data suggested that mechanistic
models are superior to empirical models in accurately predicting CH4 emissions from
animals, having the predictive potential of 70% vs. 42-57% for mechanistic and empirical
models, respectively [69].

The Intergovernmental Panel on Climate Change (IPCC) and Food and Agricultural
Organization [71], have also developed and issued a standard model for calculating cattle
CH, emissions. The objective of the IPCC guidelines is to provide “good practice” by
promoting high-quality inventories [72]. There are three levels of IPCC estimation meth-
ods, Tiers 1, 2, and 3, where Tier 1 is the simplest and most straightforward of the three
methods, and Tier 3 is more complex and data-dependent. The three methods are based
on the proportion of the cow’s gross energy intake excreted as CHy. The Tier 1 method is
simple so that any country can estimate emissions with limited data and information. The
Tier 2 method uses the same methodological approach and equations as Tier 1, but with
country-specific emission factors instead of global or continental default values provided
by the IPCC. The Tier 3 level uses higher-order estimation methods that typically include
complex models, national inventory measurement systems, and highly disaggregated
activity data [73,74]. However, the IPCC models are limited due to the fact that there are
no models are available to predict CH4 emissions from tropical cattle, buffaloes, sheep
and goats [33].

5. Laser Technologies to Measure Enteric CH; Emission
5.1. The Laser CHy4 Detector (Direct Measurements)

The use of lasers for gas detection has traditionally been used in environmental moni-
toring, air-quality monitoring, security, and health care [75]. A laser CHy detector (LMD) is
used to monitor exhaled air CH4 concentrations in the air between the laser device and the
animal’s nose or mouth [37,76]. The LMD method is based on IR-absorption spectroscopy
to establish the CH4 concentration measurement [75]. It allows measurements of CH4 emis-
sions from the same animals repeatedly in their normal environments [33]. Measurements
of CHy concentration are taken manually by a portable apparatus approximately 1-3 m
from the animal [31]. The technique is similar to automated measurements of CH4 concen-
tration in exhaled air samples during milking or feeding, except here, measurements are
taken from the animals’ nostrils [51]. The advantages of LMD over the traditional enteric
CHj4 measurement techniques are that the LMD is a non-invasive, non-contact technique,
with a fast response, and enables real-time measurements [75]. The author [75] concluded
that LMD reflects a strong agreement between those recorded in the indirect open-circuit
respiration calorimetric chambers [75]. However, the LMD technique is affected by factors,
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such as temperature, wind velocity, the proximity of other animals, humidity, and atmo-
spheric pressure [33,37]. In a recent review by Sorg [77], it was suggested that the LMD
method could be an alternative in situations where other methods are not suitable for use.

5.2. Open-Path Laser (Direct Measurements)

Open-path laser is a novel method for quantifying CHy emissions during feeding. It
is currently been used to measure enteric CHy emissions from herds of animals [24]. The
concept of this technique relies on lasers and wireless sensor networks that send beams of
light from the herds of animals to an open-path tunable diode detector to analyze CH, from
grazing animals by IR-absorption spectroscopy [78,79]. The laser comprises upwind and
downwind paths for the predominant wind direction of the herd. The herd acts as a surface
source or, when individual animals can be fitted with GPS collars, individual animals
are treated as point sources. By combining the micrometeorological data, the method
possibly measures whole-farm CH, emissions across several pastures [24]. However, wind
directions, surface roughness, or periods of unfavorable atmospheric conditions (fog, rain,
waves, heat, etc.) are a particular concern for the application of this technique [80].

6. Micrometeorological Methods

Micrometeorological methods are based on gas-flux measurements in the free atmo-
sphere and the corresponding emission rates of animals [28,81]. The methods rely on
concomitant measurements of wind velocity and CH, concentration [32]. For gas analysis,
Fourier Transform Infrared (FTIR) spectroscopy is integrated into the system. However,
there are differences in the measurement techniques and the calculation of emission rates.
Some of the techniques available for emission measurements include mass balance, vertical
flux, and Lagrangian dispersion analyses [81]. An advantage of these techniques is that it
is possible to study animals within their normal production setting and the measurements
can be made on a potentially large number of animals [81]. In addition, the methods can
incorporate the measurement of footprint over larger areas [32]. It was confirmed that
micrometeorological methods could give similar values of CH4 emission compared to
open-circuit respiration chambers [28,82]. It is, however, not possible to detect emissions
from indoor-housed animals as well as from individual animals by using micrometeorolog-
ical methods [33].

7. Emerging Technologies to Measure CH4 Emission from Ruminant
7.1. Blood CH4 Concentration Tracer

This methodology is an emerging and future technology where the quantification of
CHy, is accessed from a blood sample from the jugular (vein). The method uses SF¢ gas
introduced into the rumen by an intraruminal bolus. Enteric CHy is absorbed across the
rumen wall, transported in the bloodstream to the pulmonary artery, and respired by the
lungs [24,83]. The method provides a little more than a “snapshot” of CHy concentration at
the time of sampling [24].

7.2. Infrared (IR) Thermography

Infrared thermography is the process of using a thermal image to detect radiation
coming from an object, converting it to temperature and displaying an image of the tem-
perature distribution [84]. Ian [85], examined the use of IR thermography to measure CHy
emissions using a thermal imaging camera to record flank temperatures on cattle. The
difference in temperature between the left and right flanks is believed to be indicative of the
heat of fermentation in the rumen, and hence CH,4 emission. A moderate correlation value
relationship was found, ranging between r = 0.35 to 0.53, post-feeding between CH, emis-
sions and temperature variations [85,86]. However, the postprandial period (100-300 min
or 300442 min after a meal) is the best period to assess CHy using IR thermography [85,87].
The system is an emergent technology to measure emissions from the body surface of an
animal, which is a simple procedure, non-invasive, and relatively inexpensive [85].
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7.3. Intraruminal Telemetry

A telemetry approach is used to measure the concentration of CHy, CO,, and hydrogen
gas in the rumen using an intraruminal device. The method encompasses miniaturized IR
sensors and a wireless network platform [88]. The system is ideal to measure real-time data.
However, the unfavorable rumen environment can cause corrosion of electrical circuits in
electronic devices [33]. This technology is still in its exploratory stages [24].

7.4. Eddy Covariance (EC) Technique

Eddy covariance is a popular micrometeorological method currently being used to
directly observe the exchanges of gas, energy, and momentum between ecosystems and
the atmosphere [89]. The application of the EC technique to quantify CH, fluxes and
other tracer gases was made possible with the development of fast-response and field-
deployable optical sensors [25]. The method requires the knowledge of animal numbers
and their location within the footprint and a model to interpret the relationship between
the calculated flux and the emission rate of point sources within the footprint [90]. Under
the current technical conditions, minor fluctuations of air mass and energy flux on several
time scales (hour, day, season, and year) can be measured [89]. The EC method was
successfully applied to measure CHy and CO; flux data to estimate CH, emissions from
grazing cattle [6,25]. This method uses footprint calculations to estimate cattle emissions
and interpret the relationship between the EC-derived flux and emissions occurring at the
animal locations [90,91]. However, one of the practical challenges to measuring tracer gases
using the EC technique is the high cost of fast-response instrumentation and the challenge of
changes in wind direction, surface roughness, and atmospheric stability conditions [25,90].

7.5. Carbon Dioxide as a Tracer Gas

The use of CO; as a tracer gas is used in a newly developed approach for quantifying
CH,4 emissions from cattle [28]. The technique uses equations for estimating animal heat
production [92]. The premise is that feed intake is assumed to translate to heat produc-
tion [93] and there is a close correlation between heat and CO; production [94]. This method
requires knowledge about the intake, energy content, and heat increment of the ration
consumed [24]. The method uses the ratio of CH,4:CO, in exhaled breath to calculate enteric
CHy4 emission [95]. The calculated CH4 emission from this method was similar to values
derived from the SFg tracer technique [32]. The analysis of CHs and CO, can be conducted
with portable FTIR equipment [28]. As a consequence, the CO; technique produces a
higher level of variability than the RC method, with the coefficient of determination (R2)
being 0.4 between the two methods, making it unsuitable for precise measurements of
CH,4 emission in dairy cows [24,96]. In addition, the CO, technique does not capture the
variation in CHy emission between efficient and non-efficient cows, as shown by [97]. The
analysis of RC data indicated a large bias between the low and high-efficiency cows [97].
The method overestimated CHy from efficient cows and underestimated it from inefficient
cows. However, the method can easily be applied to many animals, making it possible to
reduce the standard error of means from experiments [28,97].

7.6. Polytunnel

A tunnel system for measuring CHjy release from grazing systems was first conceptu-
alized by the Institute of Grassland and Environmental Research, UK [98]. The system is
the simplest method in which animals are housed under controlled conditions [24]. Essen-
tially, polytunnels consist of one large inflatable or tent type tunnel made of heavy-duty
polyethylene fitted with end walls and large diameter ports. Air is drawn through the
internal space at speeds of up to 1 m3/s [98]. The system consists of (i) a large polythene
tunnel, (ii) two small wind tunnels used to blow air into, and draw air from the larger
tunnel, (iii) an apparatus to measure and record the concentration of CHy in the air entering
and leaving the tunnel and (iv) apparatus to monitor and record airspeed and temper-
ature [99]. This allows test animals to express normal grazing behavior, including diet
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selection over the forages confined within the polytunnel space [24]. This technique can be
used to measure CHy in individual or small groups of animals under semi-normal grazing
conditions. This approach is easier to use and transport, but it is difficult to maintain the
temperature and humidity inside the tunnel [33].

8. Pros and Cons of Various Methods for Measuring and Estimating CH4 Emissions
from Ruminants

Various methods exist for measuring and estimating CH, emissions [28]. Every method
has its advantages and limitations (Table 1), and no single method is appropriate for reliable
monitoring of CH, emissions in all situations [33].

Table 1. Pros and cons of various methods for measuring and estimating CHy emissions from ruminants.

Categories

Pros

Cons

Widely Used Methods

Respiration chamber

Provides the most accurate and precise
measurements of emissions, including CHy
from ruminal and hindgut fermentation.

Expensive to construct
and maintain.

Use is technically demanding.
Not suitable for examining effects of
grazing management; restricts normal
animal behavior and movement.

In Vitro Incubation

Can be used as a first approach to test
potential feedstuffs and additives under
controlled conditions.

Less expensive and time-consuming than
respiration chambers.

May not represent whole animal (in vivo) emissions.

Sulfur Hexafluoride Tracer
Technique (SF¢)

Applicable for large numbers of
individual animals.
Allows the animal to move about freely,
suitable for grazing systems.

SFe is a highly potent GHGs with GWP 22800.
A great risk of equipment failure and more
labor-intensive than respiration chambers. Does not
measure hindgut CH, emissions.

1. Spot sampling methods

Sniffer method

Provides hundreds of repeated measurements
over prolonged periods.

High between-animal CV compared to RC or flux.

GreenFeed

Provides comparable estimates to respiratory
chamber and SF4 techniques.

Requires the use of a feed “attractant” to lure the animal
to the facility, which alters measurement results. Does
not measure hindgut CHy,

Face mask method

When compared to other techniques such as
SFe or RC, it is far less expensive and simpler.

Restricted measurement periods and access to food and
water. FM technique was considered also too laborious.

Portable Accumulation Chambers

Designed to measure large numbers of animals
for genetic screening of relative CHy emission.

Similar in cost to open-circuit
respiration chambers, but with much shorter
measurement time.

Comparability with respiration chambers unclear.

Applicable in cases where measurements are
not possible.

Since the models are trained on experimental data, their
applicability is limited.
Developed empirical models are mainly related to the
range of intake in the dataset used to develop
the equations.

2. Modeling Inexp er}siye to use once Models cannot be used to study
developed; eliminates need for CHy . .
measurement; easy for predicting national or between—amrpal variation. -
global emis,sionS' they are easy to apply. A.lthough many models W}th. different cha?acterlstlcs
! exist for predicting CHy emission from ruminants, most
of them require the use of feed intake which is difficult to
obtain on a large thereby hindering their use.
3. Laser technologies
Measures CHy emissions from herds of Expensive. Requires sensitive instrumentation to analyze
Open Path Laser animals and facilitates whole-farm CHy concentration; dependent on environmental factors

measurements across a number of pastures.

and the location of test animals.
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Table 1. Cont.

Categories

Pros

Cons

The laser CHy detector

Non-invasive, non-contact technique, fast
response, and enables real-time measurements.

Affected by factors, such as temperature, wind velocity,
proximity of other animals, humidity,
and atmospheric pressure.

Ideal for measuring animal emissions, without
altering animal behavior; measurements can

Individual animals, as well as indoor confined animals
cannot be measured.
Hardly to use during evaluation of CHy4 abatement.

4. Micrometeorological methods . The accuracy and precision of measuring CHy varied
be made on a potentially large number . . .
. with surrounding weather, e.g., wind speed
of animals.
and landscape.
This method is generally costly.
5. Emerging technologies

Blood CH,4 Concentration tracer

Potential to measure large number of animals.

The method provides little more than a “snapshot” of
CHy concentration.
Destructive method during collection of blood sample.

Infrared Thermography

Simple procedure, non-invasive
and relatively inexpensive.

No direct relationship was reported between temperature
in any specific part of the body and CH4 emission.

Intraruminal Telemetry

Ideal to measure real-time data.

The electronic circuit of an electric gadget corrodes inside
the rumen due to the tough rumen environment.

Eddy covariance (EC) technique

Successfully applied to measure CHy and CO,
flux data to estimate CH4 emissions from
grazing cattle.

The high cost of fast-response instrumentation and the
challenge with changes in wind direction, surface
roughness, and atmospheric stability conditions.
Interpretation of the EC flux as an animal emission rate
is challenging.
EC measurements of point-source emissions may be
biased because of cattle movement.
When measured during daylight, the EC is more effective
than when measured at night.

Carbon dioxide as a tracer gas

Can be easily applied to many animals.

Has a higher day-to-day variation unsuitable for
precision measurements.
Overestimate CHy from efficient cows and
underestimated it from inefficient cows.

Polytunnel

Suitable for measuring CHy emission from the
small group of grazing animals. This is
portable and easy to operate.

It is difficult to control the temperature and humidity
inside the tunnel.

9. Conclusions

To date, quite a lot of ruminant CH4 measurement and estimation methods are avail-
able in the literature. Knowing the advantages and disadvantages of each method helps us
to fine-tune experimental designs based on the cost, suitability, and availability of methods
of measuring and estimating CH4 emission. The choice of the technique should primarily
be driven by the objective of the experiment; but obviously, other considerations also come
into play. In situations where CHy cannot be measured directly, it could be estimated
reliably by the use of empirical or mechanistic models available in the literature.
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