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Abstract: The handheld, portable laser methane detector (LMD) was developed to detect gas leaks
in industry from a safe distance. Since 2009, it has also been used to measure the methane (CH4 )
concentration in the breath of cattle, sheep, and goats to quantify their CH4 emissions. As there
is no consensus on a uniform measurement and data-analysis protocol with the LMD, this article
discusses important aspects of the measurement, the data analysis, and the applications of the LMD
based on the literature. These aspects, such as the distance to the animal or the activity of the animals,
should be fixed for all measurements of an experiment, and if this is not possible, they should at least
be documented and considered as fixed effects in the statistical analysis. Important steps in data
processing are thorough quality control and reduction in records to a single point measurement or
“phenotype” for later analysis. The LMD can be used to rank animals according to their CH4 breath
concentration and to compare average CH4 production at the group level. This makes it suitable for
genetic and nutritional studies and for characterising different breeds and husbandry systems. The
limitations are the lower accuracy compared to other methods, as only CH4 concentration and not
flux can be measured, and the high amount of work required for the measurement. However, due
to its flexibility and non-invasiveness, the LMD can be an alternative in environments where other
methods are not suitable or a complement to other methods. It would improve the applicability of
the LMD method if there were a common protocol for measurement and data analysis developed
jointly by a group of researchers.
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1. Introduction
Ruminants produce methane (CH4 ) in their rumen and hindgut through enteric fermentation. This leads to losses of up to 12% of the gross energy intake and is a major source
of greenhouse gas emissions [1]. Options to reduce CH4 emissions from livestock include
feeding strategies, feed supplements, and selective breeding [2–4]. Several methods have
been developed to quantify CH4 emissions from ruminants, such as the open-circuit respiration chamber (RC), which is very accurate and considered the “gold standard” for CH4
measurements in ruminants [5]. However, when CH4 emissions are to be measured on-farm,
other methods such as the GreenFeed (GF) breath-analyser station (C-Lock Inc., Rapid City,
SD, USA; [6]), non-dispersive infrared (NDIR)/Fourier-transformed infrared (FTIR) breath
analysers (“sniffers”) installed in feed bins [7,8], or the sulphur hexafluoride (SF6 ) tracer
gas technique [9] are used. All these methods have their own advantages and disadvantages in terms of purchase and running costs, labour, repeatability, behaviour change, and
throughput [10] (Table 1), and they meet different requirements [11] (pp. 34–35). Another
on-farm technique is the portable laser methane detector (LMD), which has comparatively
low purchase and running costs and results in only low-to-moderate behavioural changes
of the animals but requires relatively high labour resources and has a moderate throughput
in terms of the number of records per time [10].
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Table 1. Comparison of methods for measuring methane output by individual ruminants (adapted
from [10] (p. 4)).
Method

Purchase Cost

Running Cost

Labour

Repeatability

Behaviour Alteration

Throughput

Respiration chamber
SF6 tracer gas
technique
Breath analysers
(“sniffers”)
GreenFeed
Laser methane
detector

High

High

High

High

High

Low

Medium

High

High

Medium

Medium

Medium

Low

Low

Low

Medium

None

High

Medium

Medium

Low

Medium

Low

Medium

Low

Low

High

Low

Low–medium

Medium

The LMD was originally used to detect gas leaks from a safe distance in gas transmission networks, landfills, and other areas with CH4 leakage risk [12]. In recent years,
it has also been used to detect CH4 concentrations in exhaled air from animals. Since the
first known application for this purpose in 2009 by Chagunda et al. [12], researchers have
further developed and evaluated the measurement, refined the analysis of data obtained
with the LMD, and applied the LMD in studies on genetic analyses [13–15], on nutrition
and feed efficiency [16–18], on the physiological status of animals [15], and to characterize
different husbandry systems [19]. So far, measurements with the LMD have been carried
out mostly on dairy cows, but also on sheep, beef cattle, and goats. A list of studies with
the LMD used in this article can be found in Appendix A (Table A1).
There is no consensus on a uniform measurement and evaluation protocol with the
LMD, so the results are poorly comparable. Therefore, this article aimed to provide an
overview of relevant studies using the LMD and to discuss which aspects of the protocol
for measuring and analysing LMD data have already been well studied, which could and
should be standardised, and where further studies are still needed. An outlook will also be
given as to which applications the method is suitable for and where, in the author’s view,
there are significant limitations.
2. The Laser Methane Detector
The measurement with the LMD (Figure 1a) is based on infrared absorption spectroscopy: it uses a semiconductor laser as a collimated excitation source and employs
the second harmonic detection of wavelength-modulation spectroscopy for the measurement [12]. A visible guiding laser (Class 3 R laser, 532 nm) helps to direct the invisible
measuring laser (Class 1 laser, 1653 nm) to the desired target. The integrated CH4 concentration between the LMD and the target is measured by detecting a fraction of the
diffusely reflected laser beam [20]. The measured value is expressed as CH4 column density
(ppm × m), i.e., a cumulative CH4 concentration along the laser path or the average CH4
concentration (ppm) multiplied by the length of the path (m) [21]. The LMD measures CH4
in the range of 1 to 50,000 ppm × m (up to 5 vol-%) with an accuracy of ±10%, and can be
used from a distance between 0.5 and 30 m and in a temperature range from −17 to +50 ◦ C.
It autocalibrates via an internal reference cell [22]. The LMD shows the data in real time
on its display and optionally issues an acoustic and visual alarm if a certain threshold is
exceeded. Data can be stored in a csv file on a wirelessly connected Android device running
the GasViewer app [23]. This can be, for example, a mobile phone (smartphone) worn in an
armband sleeve so that one person can operate the LMD and the app at the same time. It
has been originally designed to detect CH4 from gas leaks in mining, the petrochemical
industry, and landfills. The studies cited here used a “LaserMethane mini-g,” a similar
model or a previous model of the same series of LMD from the same manufacturer (Tokyo
Gas Engineering Solutions, Tokyo, Japan).
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Figure 1. (a) A laser methane detector (LMD, Tokyo Gas Engineering Solutions, Tokyo, Japan).
Figure 1. (a) A laser methane detector (LMD, Tokyo Gas Engineering Solutions, Tokyo, Japan) (b)
(b,c) cows in different positions with the visible guiding laser pointed at their nostrils. (d) measureand (c) cows in different positions with the visible guiding laser pointed at their nostrils (d)
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Table 2. Selected, quantitative aspects of the measurement protocol for the laser methane detector.

Variable
Distance to animal
Duration of recording
Measurement interval

Minimum Reference
Observed (Example)
1m
[28]
15 s
[12]
0.1 s
[26]

Maximum
Observed
3m
10 min
5s

Reference
(Example)
[12]
[29]
[30]
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Table 2. Selected, quantitative aspects of the measurement protocol for the laser methane detector.
Variable

Minimum
Observed

Reference
(Example)

Maximum
Observed

Reference
(Example)

Distance to animal
Duration of recording
Measurement interval
Repeats per day
Repeats per animal
Consecutive days

1m
15 s
0.1 s
1
1
1

[28]
[12]
[26]
[14]
[14]
[14]

3m
10 min
5s
6
72 (cow); 63 (goat)
10

[12]
[29]
[30]
[31]
[26,32]
[30]

3.1. Distance to the Animal
The evident advantages of a distance of 1 m are the direct conversion of the unit of
measurement “ppm × m” to ppm (i.e., dividing the values by 1 m); the lower accumulation
of background CH4 , which is added with every metre of distance along the laser path; and
a lower influence of environmental factors such as air movements. It is also easier to track
the target from a short distance, especially for goats, which are more mobile than cattle or
sheep [26]. However, if such a short distance is not possible, e.g., if the natural behaviour
of the animal is too much affected [31], a distance of up to 3 m seems acceptable. This
distance should then be fixed for all measurements in an experiment, and a well-ventilated
but windless environment is more important than for smaller distances.
3.2. Duration of Recording
In most studies, single LMD recordings were 3–5 min long. Shorter times are not recommended because an eructation event can be expected every one to three minutes [33,34].
Shorter recordings may, by chance, lead to lower mean CH4 values if no eructation event is
recorded or to significantly higher mean values if this is the case. Longer recordings have
not been well studied. Sorg et al. [34] found no significant (p > 0.05) change in mean CH4
values for recordings up to 9 min long compared to shorter recordings, and Doran [29]
found no difference between mean CH4 concentrations in the first and second half of a
10-min recording.
3.3. Measurement Interval
Most studies used a measurement interval of 0.5 s (i.e., two CH4 values per second,
the default setting of the LMD) [18,35,36]. Roessler et al. [26] recommended the use of
0.1 s—the shortest possible measurement interval—after showing that reducing data points
to simulate a 1 or 4 s measurement interval resulted in increasing deviation of mean CH4
values from the mean of the full data set. Since it is only a question of storage space and not
affecting the amount of work involved in analysing the data, the shortest possible recording
interval should be chosen.
3.4. Total Number of Repeats per Animal
Reported numbers of measurements per animal range from 1 [14] to 72 per cow [32]
and 63 per goat [26]. When deciding on the appropriate number of replicates per animal,
there is a trade-off between workload and invasiveness on the one hand and the quality of
the data on the other. Studies with a small number of animals often use many replicates
per animal, e.g., [17,26,30]. On the other hand, a study with a large number of animals
(622 dairy cows) used one to three repeats per animal to calculate estimates of heritability
(h2 ) for CH4 phenotypes [14]. So, it depends on the aim of the study and the available
number of animals how many replicates per animal are feasible and appropriate. As with
all measurement methods, increasing the number of measurement replicates is highly
advisable, as this effectively reduces noise in the data [37] (p. 140), cited in [35].
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3.5. Number of Consecutive Days per Measurement
Most LMD studies have used 3 consecutive days, e.g., [12,14,38], but up to 10 days
have also been reported [30]. The former is similar to the number of days commonly
used for RC measurements, but less than the protocol recommended for GF. For RC, a
one-day measurement provides a reliable estimate of total CH4 production within that
day. However, in many studies, two to three days are used to reduce the variation in
emissions caused by variations in dry matter intake (DMI). For GF, 20–50 spot samples
are recommended, which would require 7–17 days of measurement if the animals visit the
facility three times a day [39]. LMD measurements are more influenced by meteorological
conditions and animal activity than GF measurements, and sampling over a few minutes is
far less accurate than measuring over 24 h in a RC. Therefore, the number of consecutive
days of LMD measurement is another important source of variation, and, so far, it is not
clear what number of days gives the most reliable average value, but more than three is
strongly recommended. However, the effect of measuring on several consecutive days
should not be confused with repeating a round of measurement days some time later under
different conditions. In the study of Mapfumo et al. [32], for example, the effect of different
seasons on CH4 emission was investigated in two measurement periods of six days each,
three months apart. It should also be considered that the physiological state of the animals
(lactation, growth, and performance) changes over such a long period of time, which leads
to additional variation.
3.6. Time of Day
The time of day can have a significant influence on the measured concentrations [29,34,38],
as CH4 production in ruminants follows a diurnal pattern that is influenced by the timing
of feeding and the times of rumination [36,40,41]. Therefore, it is recommended to perform
all measurements in an experiment at approximately the same time of day and at the same
distance from feeding to increase comparability or to include the time interval from feeding
to the CH4 recording as a fixed effect in the statistical model as described by Pinto et al. [19].
3.7. Animal Activity
The LMD has been applied on animals during different activities (eating, drinking,
ruminating, lying, standing idle, and sleeping), being restrained or free to move in a
barn or on pasture [27]. Considerable variation in CH4 concentrations has been found
during different activities; however, the ranking of the animals was not consistent between
studies [12,26,40]. Drinking was among the activities with the highest CH4 concentrations,
presumably because the influx of water into the rumen triggered the flux of accumulated
gas [36]. In a study with goats, neither activity nor restraint as opposed to free roaming
had any effect on recorded CH4 concentrations [31]. If possible, animal activity should
be standardized within one experiment. If this is not possible, e.g., with free-roaming or
grazing animals, it should be attempted to repeatedly record CH4 during different activities
for each animal and analyse the data for each activity separately.
3.8. Pointing Angle
This aspect has not yet been studied intensively, but, for purely practical considerations, it is of some importance for the measurement protocol. When measuring free-ranging
animals, it is not always possible to aim exactly at the nostrils from the front, e.g., when
the animal is facing a wall. If the laser beam of the LMD passes through a larger part
of the exhaled CH4 plume, the measured CH4 values are higher. This could be the case
if the laser beam is directed at the nostril at an angle corresponding to the direction of
the exhaled air, as opposed to an angle perpendicular to the exhaled air. Sorg et al. [34]
analysed the difference between pointing at cows in a tie-stall barn from the front or from
the side in two different data sets and found that, on average, significantly (p < 0.05) higher
CH4 levels were recorded from the side (82 and 101 ppm × m) than from the front (73 and
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93 ppm × m; p < 0.05). If the pointing angle varies during one experiment, this should be
documented for each recording and considered in the statistical analysis.
3.9. Location
LMD measurements were performed at different locations inside buildings: in RC,
e.g., [18,36]; in free-stalls, e.g., [12,14]; in a tie-stall [17]; in the milking parlour (according
to the author’s experience); a weighing facility for sheep [15]; and in individual pens,
e.g., [38,42]. A few studies have been conducted on pasture [31,32,43] or in other half
or full outdoor locations [19]. Apart from animal-related factors such as feed intake, the
construction of the enclosure, the ventilation rate, and the presence of other animals seem to
affect measured CH4 levels, considering that the results from different experimental setups
vary considerably, and significantly lower (p < 0.05) CH4 concentrations were recorded
outdoors than indoors [19]. Meteorological factors such as relative humidity and barometric
pressure have been shown to have a weak but positive relationship with outdoor CH4
concentrations, presumably by slowing the upward movement of CH4 in the air [36]. Wind
speed had a negative relationship with CH4 concentration [36], probably due to a greater
dilution of CH4 in the ambient air. It can be assumed that the same mechanisms apply to
CH4 concentrations measured indoors. For this reason, Mühlbach et al. [14] recorded the
wind speed in the barn during their LMD measurements and included it in their statistical
model for genetic parameters for CH4 . Similarly, Reintke et al. [15] and Pinto et al. [19]
accounted for temperature and humidity. Van Wyngaard et al. [43] even concluded that the
LMD was not a practical tool for use with grazing animals in their region (Southern Cape,
South Africa) and that weather conditions did not allow for successful use. After all these
experiences with the LMD in different locations, it seems favourable to use a windless,
but well-ventilated, environment with low and stable background CH4 concentrations for
measurements with the LMD. Furthermore, Chagunda [44] emphasises the need to include
statistics on environmental conditions in the analysis of the data.
3.10. Operator
Most reports do not mention whether different LMD devices or different operators
were used in a study. Chagunda et al. [12] found no significant operator effect in their
statistical analyses. One study compared three operators who randomly alternated between
using one of three LMD devices and jointly collected a dataset of a total of 520 LMD profiles
from dairy cows in a free-stall barn [34]. As a result, one individual recorded significantly
(p < 0.01) higher average CH4 levels (97 ppm × m) than the other two individuals (86 and
87 ppm × m). Different handling of the LMD (e.g., precision in pointing at the animal’s
nostrils) and body size of the operators (i.e., a different vertical pointing angle) may have
been the determining factors here. Mühlbach et al. [14] therefore included the operator
of the LMD in the statistical model in their analyses of LMD data that had been collected
jointly by five different operators. If more than one operator records LMD data during one
experiment, the individual should be documented for each recording and considered in the
statistical analysis.
3.11. Device
Previously, it was shown that two LMD devices agreed well when recording CH4
concentrations in the air of an RC or barn in parallel [40]. However, in the same study as
mentioned above [34], one LMD device recorded higher CH4 values at the cow’s nostrils
(101 ppm × m) than the other two devices (85 and 86 ppm × m; p < 0.001), regardless of
the operator. Interestingly, the unit with the deviating values had been purchased later
than the other two, which had been delivered at the same time, although all three units
were from the same supplier and of the same model. It can only be speculated whether
this deviation is due to the date of manufacture, a different calibration, or a drift in the
hardware conditions of the auto-calibration cell in the unit. As with the operator and the
wind speed, Mühlbach et al. [14] included this as a fixed effect in the statistical model for
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Figure 2. A typical profile of CH4 in the breath of a cow, recorded with the laser methane detector.
Figure 2. A typical profile of CH4 in the breath of a cow, recorded with the laser methane detector.
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In order to process the data from several profiles together, these files must be transferred to a computer and combined into one file. In doing so, the CH4 values from each
file should be given an individual number belonging to that file/profile so that they can
be distinguished from each other during later analysis. This can be done manually, or,
to facilitate the processing of a large number of files and minimise errors, with an automated, self-written computer script. Once a single file with all values is available, extensive
processing of the data is required, which includes—but is not limited to—the following
optional steps:
4.1. Exclusion of Profiles
A deletion of entire recordings was described in one study, where profiles were not
categorisable into one of two fitted normal distributions (one for eructation and one for
respiration; see step: “Separation of eructation from respiration”) [18]. A more intuitive
approach would be to plot all profiles and visually inspect the plots for any distinct
deviation from the natural pattern of peaks and troughs. This seems only practical with a
small data set and should be done very carefully in order to not introduce any unnecessary
bias into the data.
4.2. Exclusion of Single Data Points
Some studies mention the deletion of single data points. One reason for this is unusually high CH4 values, which are likely caused by errors in the reflectance of the laser
beam [19,38]. These implausibly high values, e.g., above 2500 ppm × m (according to
the author’s experience ) or more, depending on the experimental conditions, may occur
when the recorded value for “reflection” is below 100 or when the visible pointing laser
is reflected from a polished metal surface (according to the author’s experience). For this
reason, Niero et al. [42] deleted all values above three standard deviations from the overall
mean. As with the exclusion of entire recordings, profiles can be visually inspected for
isolated, very high peaks that are not part of the regularly occurring pattern of peaks but
with the above limitations. Regardless of which variant is chosen, it should be ensured
that unphysiologically high single values are detected and deleted. Another source of
faulty data is the movement of the animal, which can lead to a time- and labour-consuming
removal of data from times when the laser beam was off-target [18,31].
4.3. Accouting for Background CH4 Concentration/Offset
The LMD has an internal “offset” function to subtract the background CH4 from all
subsequently recorded values. This was used in several studies, e.g., [12,31,45]. Other
researchers used the minimum CH4 concentration of each profile [15,19,38] or from all
records [29] and subtracted it from all values in a profile. Rey et al. [46] assumed a
fixed background concentration of 2 ppm and subtracted it from their measurements.
However, the background CH4 concentration can be highly variable and is unrelated to
the day, time of day, or time within the measurement ([26], and according to the author’s
experience). Doran [29] concluded that the offset function of the LMD was not suitable
in their experiment because there were many other animals and a dung heap nearby. So,
the question remains whether this step is really necessary or whether it introduces bias by
deliberately choosing a random value in a random location as a background.
4.4. Accounting for Distance
The recorded CH4 can be directly converted from ppm × m to ppm by dividing it by
the length of the laser path. This is useful when the distance is 1 m or less, or when the
CH4 concentration is relatively homogeneous over the entire distance between the LMD
and the target, such as in an RC [36]. Rey et al. [46] assumed that the plume with the high
CH4 concentration in front of the animal was only 0.1 m long and therefore multiplied their
measurements by 10. In many other studies, no such conversion or consideration of distance
was included [12,30,31]. If the animals are to be ranked or different treatments are to be
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compared, absolute CH4 values and accounting for distance are not necessary. Here it is
only important to use the same experimental conditions for all animals and measurements
to ensure comparability. It has also been shown that high CH4 concentrations are only up
to 0.4 m from the animal and decrease very quickly with increasing distance [34]. Dividing
by a distance of 2 or 3 m would therefore artificially dilute the recorded CH4 values. Sorg
et al. [35] assumed that the additional low CH4 background added by different distances
(1 m, 2 m, and 2.5 m) at different measurement sites was negligible for the specific purpose
of their study. Kobayashi, et al. [18] reported a variation in distance of 0.6 to 1.2 m in their
experiment but did not describe any consideration of distance in the analysis of the data.
However, if possible, the distance should be standardised within a study.
After a thorough quality control, the data can be transformed and the CH4 concentrations of the individual animals should be combined into some kind of point measurement,
also called a “trait” or “phenotype.” Typical steps for creating these point measurements
are described in the following Sections 4.5–4.9.
4.5. Transformation of the CH4 Values
Within a profile there are many low (respiration, Figure 2) and few high CH4 values
(eructation, Figure 2), so the data do not follow a normal distribution. In some studies,
therefore, all CH4 values were loge -transformed (natural logarithm) to achieve a normal
distribution and homogeneity of variances [42], or only the peak respiratory values (“minipeaks,” see “Separation of Eructation and Respiration”) were loge -transformed [15]. Bruder
et al. [33] found that when all values above the 95th (238 ppm) or 99th percentile (562 ppm)
were deleted from their data set, a normal distribution could be achieved without logtransforming the data. Most other studies proceeded without any transformation of the
individual values. It is not certain whether such a transformation is necessary when all
values of a profile are later condensed into a single point measurement.
4.6. Separation of Peaks and Troughs
The regularly occurring CH4 peaks in an LMD profile (Figure 2) represent the respiratory cycle [28,35]. These peaks in the time series of CH4 values can be identified using an
automated, self-written computer script or Excel macro (Microsoft Corporation, Redmond,
WA, USA; [38]). Another simple identification method was used by Niero et al. [42]: They
defined the last decile of the distribution of all CH4 values as peak values. However,
it is unclear whether this phenotype is comparable, in a physiological sense, to the one
described above [35,38]. Niero et al. [42] concluded that repeatability and reproducibility
were better for the average of the peaks than for all CH4 values. However, the same authors
acknowledged that the average of the peaks may not be suitable to distinguish between
high and low CH4 emitters due to its lower variability [42]. Sorg et al. [35] also found
higher repeatability (between-cow variance/total variance) for the mean of peak values
(0.24) than for the mean of all values (0.12) and subsequently used the former phenotype
for their analyses. Rooke et al. [28] obtained similar results with the mean of all and the
mean of the peak CH4 values and subsequently used the mean of all values. The majority
of the studies used the peak values. This fact and the physiological explanation that the
peaks are the CH4 concentration in the breath make it seem reasonable to at least calculate
and analyse both phenotypes in parallel.
4.7. Separation of Eructation and Respiration
Series of very high CH4 peaks in each LMD profile can be clearly attributed to eructation Rooke [28]. Several of these eructation events can be distinguished in a typical
CH4 profile (Figure 2). This is an advantage of the LMD over other CH4 measurement
methods: because the LMD has a very short measurement interval (up to 0.1 s), it can
accurately resolve the fluctuations in CH4 levels due to respiration and eructation and
provide valuable information about physiological processes. Several methods have been
developed to automatically separate the eructation values from the respiration values. An
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easily calculated threshold is one standard deviation (SD) above the mean of all values in a
CH4 profile [28,33,36]. Such a value appears physiologically reasonable (Figure 2) and takes
into account the individual values of exhaled and background CH4 . Sorg et al. [35] used
the definition from the boxplot method [47,48] (Figure 2), which has similar advantages:
Possible outliers (i.e., eructation) in a distribution of values (i.e., all values of a profile) are
above the threshold (T) with
T = Q3 + (1.5 × ( Q3 − Q1)),

(1)

Q3 being the third quartile and Q1 the first quartile of all values. A more sophisticated
approach was introduced by Ricci et al. [38], who fitted two normal distributions (one for
eructation and one for respiration) to the pool of all values from all records and calculated
the probability that each value belonged to one of these distributions. The threshold for
respiration was a cumulative probability of 99%, and eructation events were defined as at
least two consecutive eructation peaks [38]. Other studies that applied this threshold used
a probability of 95% for respiration [15], of 10% for eructation [19], or set the threshold such
that all values were placed in the category for which the values had a higher probability [18].
It is still not clear whether it is necessary to analyse respiration and eructation of CH4
separately. According to Ricci et al. [38], this separation improved the ability of LMD
outputs to discriminate between feeding treatments and the correlation with CH4 outputs
of a RC. Furthermore, Kobayashi et al. [18] found a higher correlation with the CH4 of the
RC when only the respiration CH4 from the LMD measurements was used. This contrasts
with the higher repeatability (between-cow variance/total variance) of the mean of all
peaks (0.24) compared to the mean of only the eructation peaks (0.11) or the mean of the
maxima of eructation events (0.17) [35] and the higher estimates of h2 for the mean of all
peaks (0.07–0.23) than for the mean of the maxima of eructation events (0.05–0.08) [14].
4.8. Reduction of Data to Point Measurements
For the statistical analysis of CH4 data obtained with the LMD, it is necessary in
most cases to reduce the time series of CH4 values to a single point measurement (or trait
or phenotype). So far, there is no consensus on the best phenotype. The mean of the
peak values seems to be the most studied phenotype [12,13,17,26,38], but other measures
that summarise all values [28,30,42,46], peak values [19,38,42], respiration or eructation
values [18], respiration or eructation peak values and eructation events [14,15,19,35,38,46]
have also been analysed (Table 3). So far, different phenotypes based on total, respiration,
and eructation values have performed inconsistently and differently across studies in
terms of CH4 prediction accuracy [18] and usability for genetic [14,15] and nutritional
analyses [38]. It is therefore recommended to analyse and present relevant phenotypes
from respiration, eructation, and total CH4 (Table 3) in parallel as long as there is no
consensus on the best phenotype.
The selection of phenotypes should also be based on the previous studies with which
one’s own results are to be compared.
Table 3. Possible point measurements (traits and phenotypes) that can be derived from data obtained
with the laser methane detector.
Category

Point Measurement
Mean

All values

Number
Maximum
Sum

Explanation 1
Breath CH4 concentration including re-inhaled and exhaled eructation and
background CH4 concentration during inhalation
Not meaningful – number is pre-defined by measuring interval (e.g., 2 per s)
Highest single CH4 concentration
Cumulative CH4 concentration including background
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Table 3. Cont.
Category

Mean
Peaks

Number
Sum
Mean
Number

Respiration peaks 2

Maximum
Sum
Time
Percentage

Eructation peaks

Mean
Number
Maximum
Sum
Time
Percentage
Mean of the maxima
Number

Eructation events

Explanation 1

Point Measurement

Maximum
Sum of the maxima

Breath CH4 concentration including re-inhaled and exhaled eructation CH4
without background
Proxy for breath frequency (not for CH4 emission)
Cumulative breath CH4 concentration without background
Breath CH4 concentration without eructation
Breath frequency but without times of eructation—physiologically not
meaningful
Highest non-eructation CH4 peak
Cumulative breath CH4 concentration without eructation and background
Duration of respiration
Of respiration peaks from all peaks in a recording—can be used to validate
physiological plausibility of the data
Breath CH4 concentration from eructation only
Breath frequency during eructation—physiologically not meaningful
Highest single CH4 concentration (same as for “all values”)
Cumulative breath CH4 concentration from eructation only
Duration of eructation
Of eructation peaks from all peaks in a recording—can be used to validate
physiological plausibility of the data
Series of the highest CH4 concentrations
Eructation frequency—not a real CH4 phenotype but can be used to validate
physiological plausibility of the data
Highest single CH4 concentration (same as for “all values”)
Cumulative breath CH4 concentration from the series of the highest CH4
concentrations

1

according to the author’s assessment and other studies [12–15,17–19,26,28,30,35,38,42,46]. 2 Separation into
respiration and eructation can also be done with all values but would include background CH4 during inhalation.

4.9. Estimation of Daily CH4 Production
LMD measures a concentration, whereas most other widely used methods allow
quantification (mainly the RC) or at least estimation of an animal’s total CH4 production
in g/day [10]. Direct comparison or pooling of CH4 data from LMD with data obtained
using other techniques is therefore only useful if the aim is to rank animals rather than
quantify their absolute CH4 production. For this reason, there have been many attempts
to establish equations to convert CH4 concentrations measured with the LMD into total
CH4 production in g/day [27]. Chagunda et al. [12] estimated daily CH4 production
based on the CH4 concentrations in the breath during different activities, the assumed
duration of these activities in a day, and the average tidal volume during different activities.
Similarly, Sorg et al. [34] estimated CH4 production during a 5 min LMD measurement
from average CH4 breath concentration, individual number of CH4 peaks (i.e., number of
breathing cycles), and the individual tidal volume estimated from live weight [49] (p. 200).
Both equations [12,34] produced values that were biologically meaningful, on average,
but had very high standard deviations and some implausible low and high individual
CH4 production values [34]. In two studies with sheep [29] and goats [50], where similar
equations were used, this deviation was much lower and allowed reasonable use of this
phenotype for further analyses. Nevertheless, these equations are suitable to provide
rough estimates of the average CH4 production of a group of animals or a treatment
group, but they are not suitable for the accurate quantification of an animal’s individual
CH4 production.
Another approach to obtain data on total CH4 production from LMD measurements is
to use another technique as a reference and measure CH4 with the LMD in parallel. In this
way, a regression equation can be derived from the known CH4 production (measured with
the other technique) for LMD measurements. In a number of studies, the “gold standard,”
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the RC, was used for this purpose. These results should be interpreted with caution, as the
conditions in the RC are very different from those in a barn. In some of these studies, the
LMD was applied while the animals were inside the RC [18,36]. CH4 concentrations are
higher in enclosed spaces than in well-ventilated barns or outdoors [19,40]. Therefore, LMD
measurements in RC cannot be directly compared with those on-farm. Another approach
is to measure on-farm CH4 concentrations in the same environment as used for subsequent
LMD studies and then move the animals to a RC for an estimate of daily CH4 production, as
described by Rooke et al. [28], Ricci et al. [38] and Kecman et al. [51]. It must be considered
that the CH4 output in the chamber may not be the same as the one on-farm. Animal
behaviour, feed intake, and milk yield may be affected by the stress caused by handling,
confinement, and the unfamiliar environment [10,52,53]. Therefore, equations derived from
comparing LMD and RC are unlikely to reliably estimate on-farm CH4 production. For this
reason, total CH4 production in g/day estimated with a GF system was used as a reference
in the study by Sorg et al. [35]. The GF system was installed in the barn, and the cows had
free access to it. Between these visits, recordings were made with the LMD in the same
barn, so that both measurements were made in a similar environment and physiological
status of the cows. The resulting regression equation (R2 = 0.65) for daily CH4 production
from LMD measurements allowed a successful comparison of LMD and FTIR/NDIR sniffer
measurements from different trials [35].
All the above-mentioned studies produced equations for an estimate of daily CH4
production derived under the specific conditions in these experiments and adapted for a
specific purpose. It is not recommended to apply these equations to LMD measurements
from other experiments with different conditions without further validation or reference.
Even with more research, it may not be possible to develop a universal equation suitable for
all types of LMD measurements, as the conditions are very different between experiments.
It remains a serious limitation to the method that only the concentration and not the flux of
CH4 can be measured.
Knowing the limitations of a simplified analysis, here is nevertheless a suggestion
for a very basic protocol for the analysis of LMD data for researchers who want to start
with the LMD method and do not yet have much experience with this type of data: Delete
all CH4 values above 2500 ppm × m and those with an intensity value < 100. Calculate
the mean of all values for each profile. If you have access to mathematical computer
software or programmes with customizable computing algorithms, determine peak values
and calculate the mean of all peak values. Choose a simple threshold for respiration and
eructation, e.g., the boxplot method or one standard deviation above the mean of each
profile and calculate the mean of all respiration and eructation values for each profile.
5. Comparison with Other Techniques
Since the beginning of the use of the LMD in livestock, researchers have compared the
LMD with other techniques for measuring CH4 emissions from ruminants. It is important
to distinguish between
1.
2.

Technical evaluations of the accuracy of the sensor and
Evaluations of the overall measurement and analysis protocol for the LMD.

For (1), Chagunda and Yan [45] and Sorg et al. [40] installed LMD units in RC and
recorded ambient air CH4 concentrations in the chamber by aiming the LMD at the gas
outlets from inside the chamber. This was a comparison of the sensors of the RC and
the LMD, not of the measurement principle of these techniques [11] (pp. 29–30). Both
studies reported good agreement with CH4 levels measured by the RC sensors, proving
that the LMD is capable of accurately quantifying fluctuating and physiologically low CH4
concentrations in the air inside buildings. This is an important prerequisite for further
applications of the LMD on livestock, considering that it was originally developed for
detecting very high CH4 concentrations at gas leaks in mining, the petrochemical industry,
and landfills.
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For (2), the LMD was compared with RC, GF, and FTIR/NDIR sniffers, as well as with
indirect methods using prediction equations for CH4 production from proxies. One such
prediction equation from feed intake and feed properties yielded lower average CH4 values
than the one estimated from LMD measurements [12]. Reported quantitative agreement
ranges from none with CH4 predicted from milk mid-infrared spectroscopy (MIR) and
RC [17] to a Pearson correlation of 0.82 with RC expressed as total CH4 production in
g/day and kg milk [51]. A significant positive regression of LMD on RC CH4 was also
reported by Rooke et al. [28] (R2 = 0.27, p < 0.001), or in the form of a positive and significant
(p < 0.05) Pearson correlation by Chagunda et al. [36] (0.18 and 0.47 for sheep and dairy
cows, respectively), Doran [29] (0.57), Rooke et al. [28] (0.53), Bruder et al. [33] (0.47),
Brocklehurst et al. [54] (0.6), and Kobayashi et al. [18] (0.55). Ricci et al. [38] improved
the relationship of LMD and RC with a model containing the LMD phenotypes “mean
eructation time” or “maximum CH4 concentration during respiration” and DMI. Kobayashi
et al. [18] found the best correlation with RC CH4 output using respiration only, in contrast
to all values or eructation only.
In addition, Chagunda et al. [36] evaluated the ability of the LMD to detect high CH4
levels (above the third quartile of all values) similarly to the RC sensor and reported a sensitivity of 95% and 94% and a specificity of 97% and 79% for cows and sheep, respectively.
When comparing methods, systematic differences between methods (means), any
random differences (precision), and correlation between methods can only be assessed
without residual error when two or more measurement replicates are performed per
animal [10]. This was not always the case in these studies (e.g., when an overall average for
LMD phenotypes was compared to an average CH4 production from the RC). Therefore,
simple correlations should be interpreted with caution and may not reflect true agreement
or prove disagreement between methods.
Under on-farm conditions, a high repeated measures correlation (rp = 0.66) was
found using replicates of the LMD phenotype “mean of all peaks” and the total daily
CH4 production determined by GF [35]. In addition, a regression equation for total CH4
production in g/d from the LMD was derived from this comparison and used to compare
the LMD with an FTIR (rp = 0.57) and an NDIR sniffer (rp = 0.60) [35]. Although means
and variances differed greatly between instruments, Sorg et al. [35] concluded that these
values of the rp implied minimal re-ranking of the animals in their experiment. Rey
et al. [46] obtained an even higher rp for the mean of all CH4 values (0.98) and the number
of eructation events (1.00) when they compared the LMD with an NDIR sniffer. This
could be due to the fact that the sampling tube of the NDIR sensor was manually held to
the cow’s nostrils while measuring simultaneously with the LMD. In the study by Sorg
et al. [35], it was placed in the feed container of an automatic milking system (AMS) and the
measurement with the LMD was taken after the cow had left the AMS. A comparison with
the SF6 tracer gas technique in grazing cows was attempted by Van Wyngaard et al. [43],
but the measurement was not successful due to weather conditions.
A systematic comparison of different on-farm techniques to measure CH4 using
bivariate models was conducted by researchers of the European Cooperation in Science
and Technology (COST) Action METHAGENE (www.methagene.eu, accessed 23 December
2021, [10]). Data from only one study comparing the LMD with other techniques [35] were
available to the group at that time. It would be helpful to systematically compare the LMD
to the RC, the GF, sniffer sensors, the SF6 tracer gas technique, CH4 prediction equations,
and possibly other new methods in one joint data set along the lines of this work. In this
way, the agreement and important factors influencing it, the limitations, and the possibilities
of the LMD could be better characterized, working towards a more standardized protocol
for the measurement and the analysis of LMD data. From the above-mentioned studies, it
becomes clear that the LMD has the potential to rank animals similarly to other techniques,
even if the absolute CH4 levels are different.
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6. Applications
In several areas of ruminant research, there is a need to assess CH4 emissions in order
to develop mitigation measures or to obtain valuable information on the physiological and
metabolic status of animals. Hence, the LMD has been successfully used for studies in
various fields of animal science:
6.1. Genetics
In addition to the established and well-studied traits for animal performance, conformation, health and fertility, traits for feed efficiency and environmental impact have been
studied for some time. Selective breeding for lower CH4 emissions could make a valuable
contribution to the set of mitigation strategies to achieve climate targets but requires data
from a sufficient number of animals that are phenotyped and genotyped [55]. Such data
must be obtained under on-farm conditions from a large sample of animals. Therefore,
complex or invasive techniques with high accuracy such as the RC or SF6 tracer gas methods are not suitable. The LMD is able to classify animals according to their CH4 production
and has therefore been used to calculate estimates of h2 for several CH4 phenotypes [13–15].
The results (0.01–0.23) are in the range of those obtained with other on-farm methods [56],
although the standard errors are higher. The measurements with the LMD are more influenced by environmental conditions, resulting in higher variability of the recorded values.
Furthermore, the number of animals that have been included in genetic evaluations based
on LMD data so far is limited. With larger samples and a more standardised protocol for
measurement and data analysis, estimates of h2 are likely to improve.
6.2. Nutrition
Novel feeds and natural and synthetic feed additives are emerging CH4 -mitigation
technologies with high commercialisation potential and a potentially large impact on CH4
emissions in the future [4]. The effect of these feeds and feed additives needs to be validated
in a large sample of animals under on-farm conditions. Among other methods, the LMD
could be a valuable technique for their investigation. A few studies have successfully used
the LMD to discriminate between different rations and feeding strategies at the group
level [28,38,50]. Cameron et al. [57] measured the CH4 production of dairy cows with the
LMD and concluded that adding fresh grass or pasture to a total mixed ration reduced it by
17% and 39%, respectively, and could be a valuable tool to reduce CH4 emissions. However,
some researchers were unable to detect differences in CH4 concentration or production
measured with the LMD due to dietary components [19,26] despite their well-studied effect
on methanogenesis [2].
Vrancken et al. [16] demonstrated the effectiveness of a novel feed additive to decrease
CH4 emissions from cows using LMD measurements. If such feed additives are to be used
as mitigation measures in the future, their effect must be extensively demonstrated at the
farm level. For this, the LMD could be a useful application.
6.3. Farming Systems and Breeds
Due to its relatively low cost, flexibility, and portability, the LMD can be used to systematically compare farms and farming systems in regions with limited access to research
infrastructure or with animals on pasture. This was demonstrated by Pinto et al. [19],
who were able to characterise access to pasture and different husbandry systems along
an urban–rural gradient in India using CH4 phenotypes obtained with the LMD. Grobler
et al. [30] found breed differences (p < 0.05) in the CH4 production of South African Jersey,
Bonsmara, and Nguni cattle, while in the study by Mapfumo et al. [32] extensively reared
African Boran and Nguni heifers showed no difference in CH4 output per DMI. If the breed
differences in CH4 production are too small, the LMD may not be able to detect them.

Methane 2022, 1

52

6.4. Health and Metabolism
To the author’s knowledge, the correlation of physiological blood parameters with
CH4 production measured with the LMD has only been investigated in one study so far. In
the study by Reintke et al. [58], the blood concentrations of zinc, β-hydroxybutyrate, and
unesterified fatty acids had a partly breed-specific significant (p < 0.05) influence on CH4
concentrations.
For the applications described above, the LMD can be a complement to other established methods or an alternative in environments where more sophisticated and complex
methods are not suitable. The LMD meets the requirement to measure variation over time
(especially whole and consecutive lactation periods) in large numbers of animals without
disrupting normal animal behaviour or farm management on commercial farms and limiting investment and maintenance costs [11] (pp. 34–35). It can be used for experiments where
animals are to be categorized or ranked according to their CH4 concentration—especially in
genetic analyses—or where average values of CH4 concentration or estimated CH4 production at a group level are sufficient. For these purposes, large samples are recommended:
many replicates per animal and/or many animals. A common protocol specific to each
purpose would further improve the comparability of such studies and is also suggested
by other researchers [27]. If possible, external validation with another on-farm method
(e.g., GF, sniffer, or SF6 ) or the newly developed “artificial cow” [59] should be attempted.
It is not recommended to use the LMD if accurate values for absolute CH4 production of
individual animals are needed.
7. Conclusions
The LMD has several advantages: it is flexible, portable, easy to handle, and it does
not require an external power source. It is therefore relatively inexpensive to use in
many different experimental and commercial environments. Nevertheless, there are also
substantial limitations: measurement with the LMD is labour- and time-intensive, and
of all the established on-farm methods for CH4 measurement, it is probably the least
accurate, as it only measures concentrations, not quantities, and is strongly affected by
environmental conditions. Absolute values for CH4 production can only be calculated
with some uncertainty and must be interpreted with caution. Nevertheless, it can be a
complementary method to others or where alternatives are lacking or not applicable. The
application of the LMD can be extended to various research questions and has already been
demonstrated exemplarily for nutrition, physiology, and genetics.
From the first exploratory application of the LMD in 2009 to today, the research
community has come a long way, and many questions have been answered about what
the LMD method can and cannot do. Still, that knowledge is not yet systematic but
rather fragmentary.
Findings on the protocol for LMD measurements and the analysis of the data cannot
be transferred directly from one species to another or from one experimental set-up to
another. Some research groups have developed their own working protocol, which they
have applied in subsequent studies. However, several protocols exist side by side, making
it difficult to compare the results of different research groups. Therefore, further research
is needed, preferably in an integrated group of experts who develop a joint protocol for
measurement and data analysis and to make it available to all others. This would also
be very useful for researchers who want to use the LMD for the first time and who do
not want to or cannot develop their own protocol. In this way, more CH4 emissions from
ruminants worldwide could be measured under on-farm conditions in the future, which
would facilitate the development of mitigation measures for CH4 and would enhance the
efficiency of ruminant production.
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Appendix A
Table A1. Overview of relevant studies with the laser methane detector.
Aim
Comparison of LMD
and RC 7

No 1

Dis 2

Dur 3

Rep 4

Selected Result(s)

Ref 5

20 dairy cows

1m

5 min

3

Correlation between daily CH4 g/kg energy
corrected milk with LMD and RC: 0.82

[51]

2 + 12 dairy cows

0.6–1.2 m

2–3 min

26

Correlation of daily CH4 production with RC
and LMD: 0.55; natural grassland hay not
recommended for indoor-fed cows

[18]

[58]

6

Development of protocol
for measurement and data
analysis; nutritional study
Relationship of blood
serum parameters with
CH4 emission

46 ewes

1m

3 min

-

Zinc, β-hydroxybutyrate, and non-esterified fatty
acid blood concentrations had a partially
breed-specific significant impact on CH4
emission

Comparison of LMD, RC
and MIR 8 ;

30 dairy cows

1m

6 min

12

No agreement of LMD with RC or MIR

[17]

Book chapter reviewing
previous work with the
LMD

NA 9

NA

NA

NA

Discussion of advantages and challenges of the
LMD

[27]

Development of protocol
for data analysis

2 dairy cows

3m

5 min

15

Number of peaks best phenotype to discriminate
high and low emitters

[42]

Comparison of CH4
emissions from different
husbandry systems

448 dairy cows

1m

2 min

3

CH4 concentrations were affected by location,
breed, and husbandry system along a
rural-urban gradient

[19]

Genetic analyses

330 ewes

1m

3 min

-

h2 10 for CH4 concentration 0.00–0.03

[15]

60

No influence of restraint on CH4 concentration;
restraint of grazing goats can facilitate LMD
measurements

[31]

[54]

Development of protocol
for measurement and data
analysis

4 goats

2m

4–5 min

Development of data
analysis

46 dairy cows

1m

5–6 min

6–8

Correlation of daily CH4 production with RC,
and several LMD phenotypes: up to 0.6; simple
phenotypes not outperformed by those
considering the time series nature of data

Comparison of LMD and
other techniques for CH4
measurement

NA

NA

NA

NA

Review and meta-analysis; sufficient correlation
between methods for methods to be combined
for international genetic studies

[10]

Comparison of LMD and
NDIR 11 sniffer

48 dairy cows

1m

5 min

6

Moderate agreement between LMD and NDIR
sniffer

[46]

Effect of a novel feed
additive on CH4

30 dairy cows

1m

4 min

-

Feed supplement significantly reduced CH4
concentration (p < 0.05)

[16]

Nutritional study

45 dairy cows

1m

-

-

Daily CH4 production and CH4 per kg milk
decreased by grass-feeding compared to a total
mixed ration

[57]

Breed comparison

24 beef cows

3m

1 min

72

No between-breed difference in CH4 output

[32]

Genetic analyses

622 dairy cows

2m

5 min

1–3

h2 for CH4 phenotypes 0.05–0.28

[14]

Development of protocol
for measurement and data
analysis

4 + 12 goats

1m

2 min

24 + 63

Recording interval should be 0.1 s; high
variability of CH4 concentration across
individual goats and days; LMD able to detect
diurnal pattern of CH4 production in goats

[26]

[35]

[50]

Development of data
analysis, comparison of
LMD, GF 12 and
NDIR/FTIR 13 sniffer

156 dairy cows

1, 2, 2.5 m

5 min

1–6

Number of CH4 peaks = respiratory rate; similar
ranking by LMD, GF and NDIR/FTIR sniffer
sensors, regression equation for CH4 g/d from
LMD data

Nutritional study

18 goats

1.5 m

5 min

-

CH4 production affected by energy and tannin
levels of feed, and sex

Methane 2022, 1

54

Table A1. Cont.
Aim

No 1

Dis 2

Dur 3

Rep 4

Selected Result(s)

Ref 5

Development of protocol
for measurement and data
analysis

71 + 18 dairy
cows

1m

~5 min

NA

Optimal recording duration > 3 min, correlation
of LMD and RC CH4 average 0.47, regression
equation for CH4 g/d from LMD data

[33]

Development of protocol
for measurement and data
analysis

8 dairy cows

3m

1 min

40

The proposed LMD measurement protocol could
not be successfully implemented due to local
weather conditions (grazing)

[43]

[34]

Development of protocol
for measurement and data
analysis

-

0.4–2.5 m

5–10 min

NA

Duration of recording should be >2 min; no
significant change in CH4 concentration above
0.4 m distance; pointing angle, operator, LMD
unit, time of day have significant effect on CH4
concentration; number of peaks is the respiratory
rate; prediction equation for total daily CH4 from
LMD record

Comparison of LMD and
RC, comparison of 2 LMD
devices

4 dairy cows

NA

continuous

NA

Good agreement in concentration in spent air
from RC measured with RC and LMD, good
agreement between 2 LMD devices

[40]

Genetic analyses

57 dairy cows

1m

1–5 min

Up to 9

h2 for CH4 concentration 0.05

[13]

Development of protocol
for measurement and data
analysis

32 sheep

1m

5–10 min

9–12

Correlation of daily CH4 production with RC
and LMD: 0.57

[29]

Comparison of Bonsmara,
Nguni and Jersey cattle

12 heifers

3m

1 min

40

Differences in CH4 concentration between breeds
and feed sources

[30]

5; 3

Low correlation of CH4 from RC and
LMD-model improved by DMI 14 ; best LMD
phenotypes: length of eructation and maximum
of respiration CH4

[38]

NA

The LMD is a very recent tool and has potential
to measure enteric CH4 production in ruminants,
further validation needed

[44]

[36]

Development of protocol
for measurement and data
analysis

24 ewes; 72 steers

?

2 min; 4
min

Review summarizing
previous work with the
LMD

NA

NA

NA

Development of protocol
for measurement and data
analysis

2 + 24 dairy cows;
4 sheep

2.75 m

5 min

-

LMD has good sensitivity and specificity in
detecting high and low CH4 concentrations as
compared to RC; cow activity and meteorological
factors affect CH4 concentrations

Development of protocol
for measurement and data
analysis

72 cross-bred
steers

1m

4 min

-

Significant regression of LMD on RC with
R2 = 0.27; similar results for mean of all values,
all peaks, respiration peaks or eructation peaks

[28]

Comparison of LMD and
RC

10 dairy cows

2.3 m

continuous
(12–16 h)

NA

Good agreement in concentration in spent air
from RC measured with RC and LMD

[45]

Development of protocol
and data analysis

71 dairy cows

3m

15–25 s

3

LMD is applicable for cows, data make biological
sense

[12]

1

Number and type of animals included in the study, 2 distance of measurement, 3 duration of recording, 4 repeats
per animal, 5 references, 6 laser methane detector, 7 respiration chamber, 8 mid-infrared spectroscopy, 9 not
applicable, 10 heritability, 11 non-dispersive infrared, 12 GreenFeed, 13 Fourier-transformed infrared, 14 dry
matter intake.
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