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On-farm methane measurements during milking correlate
with total methane production by individual dairy cows
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ABSTRACT

The objective of this study was to investigate whether
measurement of methane emissions by individual dairy
cows during milking could provide a useful technique
for monitoring on-farm methane emissions. To quan-
tify methane emissions from individual cows on farm,
we developed a novel technique based on sampling air
released by eructation during milking. Eructation fre-
quency and methane released per eructation were used
to estimate methane emission rate. For 82 cows, meth-
ane emission rate during milking increased with daily
milk yield (r = 0.71), but varied between individuals
with the same milk yield and fed the same diet. For 12
cows, methane emission rate recorded during milking
on farm showed a linear relationship (R? = 0.79) with
daily methane output by the same cows when housed
subsequently in respiration chambers. For 42 cows, the
methane emission rate during milking was greater on
a feeding regimen designed to produce high methane
emissions, and the increase compared with a control
regimen was similar to that observed for cows in res-
piration chambers. It was concluded that, with further
validation, on-farm monitoring of methane emission
rate during milking could provide a low-cost reliable
method to estimate daily methane output by individual
dairy cows, which could be used to study variation in
methane, to identify cows with low emissions, and to
test outcomes of mitigation strategies.

Key words: methane, dairy cow, environmental im-
pact, greenhouse gas inventory

INTRODUCTION

Methane is a greenhouse gas with a global warming
potential 25 times that of CO, (Forster et al., 2007).
In ruminant animals, typically 80% of methane is gen-
erated in the rumen during microbial fermentation of
cellulosic feed materials (enteric methane) and 20% by
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decomposition of manure (Vergé et al., 2007), although
these proportions will vary in dairy systems, with en-
teric methane ranging from 60 to 100% and manure
ranging from 0 to 40%, depending on diet composition
and digestibility, animal housing, and manure storage
and application systems (Rotz et al., 2010). Globally,
the dairy sector is estimated to contribute 4% (£26%)
of anthropogenic greenhouse gas emissions (FAO,
2010). Methane accounts for >50% of greenhouse gas
emissions from milk production and its contribution
can be up to 80% in grassland systems (FAO, 2010).

Under the terms of the 1997 Kyoto protocol, Annex
I signatory nations are required to submit an annual
national inventory of greenhouse gas emissions and to
decrease total emissions by 5.2% of 1990 values before
2012. Some countries have introduced legislation with
more stringent targets; the UK Climate Change Act
2008, for example, requires a decrease in greenhouse
gas emissions by 80% of 1990 values before 2050.

National methane inventories are calculated using 1
of 3 methodologies prescribed by the Intergovernmental
Panel on Climate Change (IPCC, 2006). Each meth-
odology entails calculating the national population of
animals according to species (e.g., sheep, pigs, and
cattle) or subgroup (e.g., total dairy cows or grazing
cows and feedlot cows) and multiplying by appropriate
emission factors. For dairy cows, tier 1 methodology
uses a fixed emission factor per cow ranging from 128
kg/yr in North America to 46 kg/yr in Africa and the
Middle East; tier 2 methodology uses a factor of 6.5
+ 1% of gross energy intake per cow; tier 3 methodol-
ogy uses country-specific estimates of emissions factors
derived from models that allow for parameters such
as diet composition, seasonal variation, and possible
mitigation strategies (IPCC, 2006).

Whichever methodology is used in their calculation,
total methane emissions at farm or national level are
the product of number of cows and emissions per cow.
It is easy to count cows, but it is difficult to measure
emissions by individual cows accurately on farms us-
ing conventional methods. This presents a problem for
evaluating potential mitigation strategies and assessing
their efficacy; methane emissions will always remain
theoretical extrapolations from research findings unless
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a technique is developed to measure actual emissions
under commercial conditions.

The reference method used for research purposes is
the respiration chamber, in which an individual cow is
confined for several days and methane emissions are
calculated from gas flow and changes in gas composition
between ventilation inlet and outlet ports (Grainger et
al., 2007; Yan et al., 2010). Respiration chambers are ac-
curate, but confinement distorts cow feeding behavior,
and measurements take several days per cow. Enclosing
grazing or penned animals in polytunnels has less ef-
fect on feeding behavior, but the polytunnel technique
underpredicts methane emissions, is susceptible to
temperature fluctuations, and is not suitable for large
ruminants (Lockyer, 1997; Murray et al., 1999). Meth-
ane sensors around groups of cows are noninvasive and
can be applied to commercial conditions, but measure-
ments are compromised by variable wind and weather
outdoors (Laubach and Kelliher, 2005; Griffith et al.,
2008), and require specialist ventilation control indoors
to avoid compromising cow health (Kinsman et al.,
1995; Tremblay and Massé, 2008). Furthermore, group
measurements limit experimental power and interpreta-
tion through lack of replication at the individual cow
level. The sulfur hexafluoride (SFg) tracer technique
(Johnson et al., 1994) generates values for daily meth-
ane emissions by individual cows that correlate with
chamber measurements (Grainger et al., 2007), but the
technique requires frequent cow handling, insertion of
a rumen bolus, and gas collection equipment attached
to the animal’s head that can interfere with normal
behavior.

Given the limitations of available techniques for ap-
plication under commercial conditions, the main objec-
tive of the current study was to investigate whether
a novel technique involving measurement of methane
concentrations in air expelled through eructation by
cows during milking could provide useful information
about total daily emissions by individual dairy cows on
farm. Because dairy cows are milked up to 3 times daily
in standard milking parlors and up to 6 times daily in
automatic milking systems, milking provides an ideal
opportunity to make repeated noninvasive recordings
of individual methane emissions. Initial observations
made using a hand-held methane analyzer showed large
increases in methane concentration of exhaled air at
approximately 1-min intervals during milking, which
corresponded to when cows released gas from the ru-
men by eructation. We hypothesized that variations
in eructation frequency and methane concentration in
eructations are related to differences in daily emissions.

The second objective of the study was to compare
measurements of methane measured online during
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milking with daily methane output measured in respi-
ration chambers. This would provide an indication of
the reliability of the technique.

The third objective of the study was to compare mea-
surements of methane measured online during milking
in cows under feeding regimens designed to generate
different levels of methane emissions. This would in-
dicate whether the technique was sensitive enough
to detect differences in methane emissions caused by
dietary changes.

MATERIALS AND METHODS

Animal work was conducted under authority of the
UK Animal (Scientific Procedures) Act 1986, and ap-
proval was obtained from the University of Nottingham
animal ethics committee before commencement of the
study.

On-Farm Methane Measurement During Milking

All cows used in this study were Holstein-Friesians
from the Nottingham University Dairy Centre (Sut-
ton Bonington, Leicestershire, UK; average annual
milk yield 10,000 L/cow). For the on-farm parts of the
study, cows were group housed under commercial con-
ditions in a freestall barn and milked individually at
automatic (robotic) milking stations in which cows pre-
sented themselves for milking, on average, 2.8 (SE 0.37)
times per day. Milking stations used in experiment 1
(Fullwood Merlin; Fullwood Ltd., Ellesmere, UK) were
replaced as part of an expansion and upgrade program
for the facility and a different model of milking sta-
tion (Lely Astronaut A3; Lely UK Ltd., St Neots, UK)
was used in all subsequent experiments. Cows had ad
libitum group access to partial mixed rations (PMR;
Table 1) and concentrates were given to cows during
milking. Concentrates were supplied by a commercial
company (declared specification per kilogram as fed:
ME, 12.2 MJ; CP, 16%; NDF, 24%; starch, 21%; and
fat, 6.2%). Each cow’s concentrate allocation, based on
individual milk yield and number of milkings per day,
was dispensed into the milking station’s integral feed
bin throughout each milking.

Methane concentrations were measured during milk-
ing using one infrared methane analyzer per milking
station (Guardian Plus; Edinburgh Instruments Ltd.,
Livingston, UK) with a range of 0 to 10,000 mg/kg.
Air was drawn through the instrument by an integral
pump between the gas inlet port and analyzer. Air was
sampled continuously from the feed bins in the milking
stations at 1 L/min via an 8-mm diameter polyethylene
tube, approximately 3 m in length, connected to the
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Table 1. Formulation and composition of diet components fed to cows in experiments 1 and 3 (on farm), and
experiments 2 and 4 (on farm and in respiration chambers)

Experiment
Ttem 1 2, 3 (Low CHy) 3, 4 (High CH,)
Partial mixed ration
Ingredient (g/kg of DM)
Grass silage 322 132 316
Maize silage 272 319 191
Whole crop silage 126 78
Lucerne hay 99
Wheat straw 21
Rape straw 50 30
Sugarbeet pulp 44 96 113
Rapeseed meal 82 132 78
Soybean meal 55 84 50
Peas 107
Fat supplement’ 22 23 14
Molasses and urea’ 53
Minerals and vitamins® 30 37 23
Composition
DM (g/kg) 376 461 389
ME (MJ/kg of DM) 11.6 11.2 11.1
CP (g/kg of DM) 171 168 171
NDF (g/kg of DM) 345 359 403
Starch (g/kg of DM) 162 136 128
Oil (g/kg of DM) 46 48 39
Concentrate® feeding during milking
Per cow (kg/d) 2.0 1.5 1.5
Milk yield threshold for extra feed (L/d) 29 23 23
Kilogram per liter milk yield above threshold 0.29 0.16 0.16

"Megalac (calcium salts of palm FA; Volac International Ltd., Royston, UK).
*Regumaize 44 (KW Alternative Feeds, Peterborough, UK).

*Bibby HiPhos (ABN Ltd., Peterborough, UK), containing calcium, 18%; phosphorus, 10%; magnesium, 5%;
salt, 17%; copper, 2,000 mg/kg; manganese, 5,000 mg/kg; cobalt, 100 mg/kg; zinc, 6,000 mg/kg; iodine, 500
mg/kg; selenium, 25 mg/kg; vitamin A, 400,000 IU /kg; vitamin Dj, 80,000 IU /kg; and vitamin E, 1,000 mg/kg.
‘Manufacturer’s declared specification per kilogram as fed: ME, 12.2 MJ; CP, 16%; NDF, 24%: starch, 21%;

and fat, 6.2%.

gas inlet port of the analyzer. The exhaust port of the
analyzer was vented into the air at least 3 m clear of
any sampling point. An inline combined particle filter
and water separator (Air-Pro IF-14; Flotec Industrial
Ltd., Loughborough, UK) was fitted to the sample
tube, approximately 50 cm from the analyzer inlet port.
The inlet end of the sampling tube was positioned at
the rear of the feed bin of the milking station. The
design of the feed bins (Figure 1) differed between
manufacturers, although both designs contained a
trough approximately 50 cm wide x 50 cm long x 25
cm deep into which concentrates were delivered via a
chute approximately 8 cm in diameter; in experiment 1,
the feed bin was fully enclosed, except for the side that
allowed cow access, and the concentrate delivery chute
was behind a panel that left a slot 25 ¢cm high 10 cm
from the rear of the trough; in subsequent experiments,
one of the vertical sides of the feed bin was not fully
enclosed, although both sides extended to a height of
80 cm above the base of the trough, so a cow’s head
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was enclosed within the feed bin approximately as far
as its eyes while gathering a mouthful of concentrates,
and approximately halfway from the nostrils to the eyes
while resting or chewing concentrates. In experiment 1,
the sample tube was positioned 30 cm above the base,
15 cm from the side, and 10 cm from the rear of the
feed trough, behind the panel; in subsequent experi-
ments, the sample tube was positioned 50 cm above the
base, 14 cm from the side, and 5 cm from the rear of
the feed trough, adjacent to the concentrate dispenser
chute and in line with the cow’s nostrils. Sample pipes
were checked daily for blockages. The high-methane
alarm on each analyzer was set to a concentration of
1% methane, which was never reached in normal opera-
tion; the low-methane alarm was set to zero methane,
which was triggered in the event of a loss of airflow due
to pipe blockage.

Methane concentration was logged at 1-sec inter-
vals on data loggers (experiment 1: Lascar EL-USB-4;
Lascar Electronics Ltd., Salisbury, UK; subsequent
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Figure 1. Diagrams of feed bins within automatic milking stations used in experiments 1 (left-hand side) and 2 (right-hand side). Top dia-
grams show positions of the sampling tube (solid black line); bottom diagrams show the position of a cow’s head while eating concentrates; cows’
heads were enclosed on both sides in experiment 1, but only partially enclosed on one side in experiment 2.

experiments: Simex SRD-99; Simex Sp. z 0.0., Gdansk,
Poland) and then visualized using logging software
(Loggy Soft; Simex Sp. z 0.0.). The capacity of the data
loggers used in experiment 1 limited methane record-
ing to periods of 8-h duration, but the data loggers
used in subsequent experiments permitted continuous
recording for up to 14 d, although data were transferred
to a personal computer every 1 or 2 d, thus enabling
perpetual recording. Before each monitoring period,
the analyzer was calibrated using standard mixtures
of methane in nitrogen (0.0, 0.25, 0.50, 0.75, and 1.0%
methane; Thames Restek UK Ltd., Saunderton, UK).
Methane concentrations measured in air sampled
during milking followed a distinctive pattern of peaks
(Figure 2), each consisting of a rapid rise followed by

exponential decay, indicative of pulse-release of meth-
ane by eructation. Using a custom-designed program to
identify and quantify peaks, raw data from the logger
were transformed into values for peak height (maxi-
mum minus baseline methane concentration for each
eructation) and integral of peak area (representing total
methane release per eructation). Peaks with a height of
less than 200 mg/kg above baseline were discarded. For
each milking, mean peak height and integral were cal-
culated, together with peak frequency (eructation rate).
Milkings with fewer than 3 recorded eructations were
eliminated from analysis because mean peak frequency
could not be calculated reliably. An index of methane
emission during each milking (MEIm) was calculated
as the product of peak frequency and mean peak area.
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Figure 2. Changes in concentration of methane in air sampled from the feed bin of an automatic milking station during milking of one cow
in experiment 1. The x-axis shows elapsed time since the cow entered the milking station for milking. Peaks in methane concentration correspond

to eructations.

A factor for dilution of eructed air by ambient air was
determined (on one occasion only, at the end of experi-
ment 2) so that methane concentrations measured by
the analyzer could be adjusted to estimate concentra-
tions of methane in gas released by the cow. A fixed
volume (2.7 L) of 1.0% methane in nitrogen was re-
leased instantaneously into the feed bin in the observed
vicinity of cows’ noses, although a cow was not present
during the test. Release sites were at the base of the
trough (to simulate a cow gathering concentrates), and
at the center of the feed bin level with the sample tube
(to simulate a cow resting or chewing concentrates).
Methane release was replicated 6 times at each release
site. The dilution factor was calculated as the mean ra-
tio of methane concentrations in released and sampled
gases. This dilution factor was used to convert MEIm
to methane emission rate during milking (MERm).

In experiment 1, 82 cows (BW 454 to 786 kg, milk
yield 11 to 61 L/d, DIM 20 to 430, and lactation num-
ber 1 to 4) were monitored during milking between the
hours of 0800 and 1800 h on 4 separate days over a 9-d
period. Between 1 and 6 milkings, each containing 3 to
17 peaks, were recorded per cow.

In experiment 2, 12 cows (milk yield 20 to 40 L/d)
were monitored at every milking for 10 d before trans-
fer to respiration chambers at the Biosciences Research
Unit. Approximately 30 milkings, each containing 4 to
15 peaks, were recorded per cow over the 10-d on-farm
monitoring period.
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Methane Measurement in Respiration Chambers

In experiment 2, following the 10-d period of on-farm
measurement of methane emissions during milking,
cows were housed individually for 3 to 7 d in 1 of 2
respiration chambers to measure total daily methane
emissions. In the respiration chambers, cows followed
exactly the feeding regimen as that being used at the
Dairy Centre. Cows were milked, fed and cleaned twice
daily in the chambers at approximately 0745 and 1730
h.

BEach chamber had a volume of 29.3 m* with resin-
sealed concrete walls and floor, and a silicone-sealed
polyvinyl chloride (PVC) ceiling. Doors at the front
and rear of the chamber were fitted with rubber strips
to render them airtight and an airlock system was in-
stalled to minimize loss of methane from the rooms
during entry and exit by personnel.

Air-conditioned air was supplied to each chamber
via a ceiling vent in front of the animal and extracted
via a ceiling vent behind the animal at the rate of
10.2 + 0.05 m3/min. Temperature and pressure were
measured throughout the experiment (MSR145-
B51010 data logger; Omni Instruments Ltd., Dundee,
UK) and averaged 22 £+ 2.7°C and 100.7 £ 1.61 kPa,
respectively. Air flow rate was measured using air
velocity sensors (model AV-DSP; Omni Instruments
Ltd.) fitted in the air intake and exhaust ducts of each
chamber.



METHANE DURING MILKING IN DAIRY COWS

Methane concentrations were measured in air sam-
pled from intake and exhaust ducts of each chamber
using an infrared multigas analyzer with a range of 0 to
1,000 mg/kg (model 9000/345050; Signal Group Ltd.,
Camberley, UK). Air was sampled continuously for 2
min at each sampling point via 8-mm-i.d. PVC tubing
placed in the central part of each duct. Samples were
taken sequentially from chamber 1 intake, chamber 1
exhaust, chamber 2 intake, and chamber 2 exhaust. A
settling time of 20 s was allowed after switching sam-
pling points and then mean methane concentration
was recorded for the remainder of each 2-min sampling
period and logged at the end of each 8min sampling
cycle. The analyzer was calibrated automatically ev-
ery 4 h using calibration gases for span (800 mg/kg of
methane in nitrogen; Air Products Ple, Crewe, UK)
and zero (Technical Nitrogen; Air Products Plc). Visual
observation of calibrations confirmed that the settling
time of 20 s was sufficient for analyzer readings to sta-
bilize after switching between span, zero, and sampling
channels. Methane emissions by cows in chambers were
calculated as the difference between inlet and outlet
methane concentrations multiplied by volumetric air
flow at the exhaust duct and corrected to standard
temperature and pressure.

While cows were in the respiration chambers, methane
concentrations in exhaled air were measured continu-
ously using the same system as that used for on-farm
monitoring of methane emissions during milking, but
with a modification to methodology for air sampling.
Samples of air released from the cow by exhalation and
eructation were obtained via an 8-mm-diameter PVC
tube attached to an 8-mm-diameter copper pipe placed
in close proximity (2-4 cm) to the cow’s nostrils and
fixed to a halter. The other end of the tube was con-
nected to the inlet port of an infrared methane analyzer
of the same model as described for on-farm monitoring,
which was sited outside the chamber. For comparison
with chamber methane measurements, which were
reported every 8 min, methane peak data obtained
from sampling eructated air were averaged over 8-min
periods.

Diet Effects on Methane Emissions During Milking

A diet study (experiment 3) was conducted to ex-
amine the effects of 2 feeding regimens on MERm. A
high-methane PMR was designed, which was predicted
to generate higher methane emissions than the com-
mercial (low-methane) PMR used in experiment 2
(Table 1). The high-methane PMR was based on the
commercial PMR, with an increased proportion of grass
silage plus peas and additional sugar beet pulp. These
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ingredients were predicted to induce higher methane
emissions compared with other ingredients, based on
reports of the Rowett Research Institute’s Feedingstuffs
Evaluation Unit (Giger-Reverdin and Sauvant, 2000).
Each PMR was fed individually to 42 cows for a period
of 14 d per treatment in a crossover design. Cows were
paired according to milk yield in a preliminary period
of 2-wk duration and assigned at random within pairs
to 1 of the 2 PMR treatments in period 1; each cow
was swapped to the other PMR treatment in period
2. Partial mixed ration ingredients were mixed by an
automatic mixer system (Mullerup Smart Feeder; Ski-
old Mullerup A/S, Ullerslev, Denmark) and offered ad
libitum to cows via Roughage Intake Control feeders
(Fullwood Ltd.) with electronic recording of individual
feed intake. Methane emission rate during milking was
recorded throughout the 28 d of the study following the
same procedures as for experiment 2.

In experiment 4, the high-methane PMR, was fed to
12 cows in respiration chambers for 3 to 7 d after a 14-d
diet adaptation period, during which cows were housed
in group pens and milked in individual standings. These
were the same cows as used in experiment 2 to mea-
sure daily methane output in respiration chambers for
the low-methane PMR, and the same procedures were
followed for measuring daily methane output. Unfortu-
nately, MERm could not be determined while the cows
were milked in the standings during the diet adaptation
period because the feed troughs were not enclosed.

Statistical Analysis

All statistical calculations were performed using the
Genstat 14 statistical package (Lawes Agricultural
Trust, Rothamsted, UK), except orthogonal regression,
which was performed using Minitab 16 (Minitab Ltd.,
Coventry, UK).

In experiment 1, the relationship between individual
cow means for daily milk yield and MEIm was exam-
ined using regression with linear and quadratic terms.
In experiment 2, the relationship between individual
cow means for MERm and subsequent daily methane
emissions in respiration chambers was examined using
orthogonal regression to allow for variations in measure-
ments on both axes. Between- and within-cow variance
components of on-farm and chamber measurements
were obtained by fitting a linear mixed model to daily
means with cow and day-within-cow as random effects,
after adjusting for milk yield to account for different
milking regimens on-farm and in chambers. Coefficients
of variation were calculated from the cow (CV between
cows) and the residual (CV within cows) variance com-
ponents for MERm and chamber methane. The differ-
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Table 2. Characteristics of methane peaks recorded in 82 cows during milking under commercial conditions

in experiment 1

Item Mean SD! Minimum Maximum
Milkings monitored per cow 3.2 1.49 1 6
Duration of milking (min) 7.2 2.12 4.3 13.5
Peaks per milking 6.6 2.34 3 15.5
Peak frequency (peaks/min) 0.93 0.17 0.2 1.8
Peak maximum methane concentration (g/L) 1.2 0.32 0.55 1.99
Peak area integral (mg of CH,/peak) 451 123 197 685
Methane emission index during milking® (mg/min) 421 138 110 720

Standard deviation for between-cow variation.
*Product of peak frequency and area.

ence between variance components for the 2 data sets
was used to indicate the relative variance that can be
attributed to sampling regimen/occasion (Grainger et
al., 2007).

In experiment 3, responses to feeding regimen were
examined using a linear mixed model with feeding regi-
men (PMR) as a fixed effect, and with cow and feeding
period (1 or 2) as random effects. Mean data for each
cow in each of the two 14-d feeding periods were used
to ensure that the whole 14-d feeding period per cow
was treated as one experimental unit when comparing
feeding regimens. This model was used to analyze indi-
vidual daily means for DMI, milk yield, BW, MERm,
and MERm adjusted for DMI. Relationships between
MERm and intakes of total DM, PMR DM, and con-
centrate DM were examined using a linear mixed model
with feeding regimen (low or high methane), intake
(continuous variate), and their interaction, as fixed

Figure 3. Relationship between daily milk yield and methane emis-
sion index measured during milking (MEIm) on farm in experiment
1. The MEIm was calculated from methane peaks (eructations) as the
product of peak frequency and peak area, without correction for dilu-
tion with ambient air. Data points are individual means for 82 cows
sampled during 1 to 6 milkings. The line shows the relationship (R2 =
0.50, P < 0.001).
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effects, and with cow and period (1 or 2) as random
effects, where intake was either DMI fitted alone or
PMR intake and concentrate intake fitted together.
Repeatability of methane emissions within individual
cows across diets was examined by orthogonal regres-
sion of mean MERm values obtained on both feeding
regimens, and repeatability of cow ranking across diets
was tested by calculating the Spearman rank correla-
tion coefficient.

Combined data from respiration chamber measure-
ments of mean daily methane output from each cow
when fed the low (experiment 2) and high (experiment
4) methane PMR were analyzed as a linear mixed
model, with PMR as a fixed effect and cow as a random
effect. Relationships between methane output in respi-
ration chambers (adjusted for DMI) for both PMR, and
MERm measured in experiment 2 were examined using
a linear mixed model with PMR, MERm, and their
interaction, as fixed effects, and cow as a random effect.

RESULTS

Experiment 1 (On-Farm Measurements)

Considerable variation between cows was observed
in pattern and magnitude of methane emissions dur-
ing milking, as indicated by peak frequency, height,
integral, and MEIm (Table 2). Between-cow coefficient
of variation ranged from 17% for peak frequency to
33% for MEIm. Methane emission index was positively
correlated with milk yield (Figure 3). The quadratic
component of the relationship was not significant, but
the linear relationship (R* = 0.50, P < 0.001) was

MEIm (mg of CH,/min) = 164 (£30.5)
+8.26 (£0.92) MY,

where MEIm is the methane emission index during
milking and MY is the daily average milk yield per cow

(L/d).
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Experiment 2 (On-Farm Versus
Chamber Measurements)

The mean factor for dilution of eructed methane by
ambient air, determined over 12 simulations, was 19.2
(SD 2.8) and did not vary (P = 0.953) between test
positions within the feed bin. A linear relationship was
found between MERm measured during milking over a
10-d period at the Dairy Centre and total daily methane
output measured subsequently in respiration chambers
for the same 12 cows on the same feeding regimen (Fig-
ure 4). The orthogonal-regression relationship between
these parameters (R* = 0.79, P < 0.001) was

MEc (g of CH,/d) = 252 (4+21.4)
+ 57.2 (+9.5) MERm,

where MEc is the daily methane output measured in
respiration chambers (g of CH,/d) and MERm is the
average methane emission rate during milking (g of
CH,/min) at the Dairy Centre.

When cows were in respiration chambers, methane
emission rate measured using continuous sampling
of exhaled and eructed air changed in parallel with
methane output measured across chamber intake and
exhaust ducts. When cows were eating, methane peaks
were more frequent and showed higher methane concen-
trations, due to more eructations, leading to a higher
methane emission rate. Methane output was elevated
for 2 to 4 h after feeding as cows consumed their meals
and digested rapidly fermentable material. Individual
cows showed differences in pattern of feeding behavior,
so changes in methane emission rate with time were not
synchronized among cows. However, all cows showed
consistently high emission rates while eating concen-
trates offered at milking. This is illustrated in Figure 5,
where 8-min mean data for methane emission rate have
been synchronized to time of morning and afternoon
milking.

Across cows fed on the low-methane PMR, MERm
measured during milking in chambers was correlated
with MERm measured during milking at the Dairy
Centre over the preceding 10-d period (r = 0.727, P =
0.007; Figure 6a); the orthogonal-regression relation-
ship between these parameters was

MERmc (g of CH;/min) = —0.45 (£0.94)
+ 1.39 (£0.42) MERm,
where MERmc is the average methane emission rate

during milking in respiration chambers (g of CH,/min)
and MERm is the average methane emission rate dur-
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ing milking (g of CH,/min) at the Dairy Centre. Over-
all means (g of CH,/min, + SE) were 2.2 (£0.21) for
MERm and 2.5 (£0.26) for MERmc. The MERmc was
also correlated with mean MER measured throughout
the 24 h in chambers (r = 0.788, P = 0.002; Figure 6b);
the orthogonal-regression relationship between these
parameters was

MERmc (g of CH;/min) = —0.59 (£0.83)
+ 4.57 (£1.15) MERc,

where MERc is the average methane emission rate in
respiration chambers (g of CH;/min).

The coefficient of variation within cow (day-to-day)
was 14.4% for MERm measured on farm and 7.2% for
methane emissions measured in chambers; the coeffi-
cient of variation within cow that can be attributed to
this difference between on farm and chamber is 12.5%.
The coefficient of variation between cows was 28.6% for
MERm measured on farm and 27.0% for methane emis-
sions measured in chambers; the coefficient of variation
between cows that can be attributed to this difference
between on farm and chamber is 9.3%.

Experiment 3 (Diet Effects On Farm)

When fed the high-methane PMR, cows exhibited
lower DMI (P < 0.001) and lower milk yield (P =

Figure 4. Relationship between methane emission rate measured
during milking (MERm) on farm and total daily methane output mea-
sured for the same cows using respiration chambers in experiment
2. The MERm was calculated from methane peaks (eructations) as
the product of peak frequency and peak area, adjusted for dilution.
Data points are individual means for 12 cows sampled for MERm on
farm at all milkings over a 10-d period and subsequently monitored
in chambers for 3 to 7 d. The line shows the relationship (R2 = 0.79,
P < 0.001).
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Figure 5. Mean methane emission rate (MER) over time measured by continuous sampling of exhaled and eructed air from 12 cows in res-
piration chambers. Data from individual cows were synchronized according to time of milking in morning (a.m.) or afternoon (p.m.). Note that
for average milking times, 470 min after a.m. milking is equivalent to 76 min before p.m. milking.

0.034) than when fed the low-methane PMR (Table 3),
but BW was not affected by feeding regimen. Methane
emission rate during milking was significantly greater
when cows were fed the high-methane PMR, expressed
both as grams of CH, per minute (P = 0.024) and as
milligrams of CH, per minute per kilogram of DMI (P
< 0.001).

Overall, MERm increased by 0.01 (£0.027) g of
CH,/min for each kilogram increase in daily DMI (P <
0.001), and no interaction was observed between PMR
and DMI effects (Figure 7a). Responses to increasing
intakes of PMR and concentrates were in opposite
directions, however, and interactions with feeding
regimen were significant (P < 0.05) in both cases. For
PMR intake, MERm increased by 0.016 (+0.021) g of
CH,/min for each kilogram increase in PMR DMI (P
< 0.001) when cows were fed the low-methane PMR,
and by 0.037 (£0.029) g of CH,/min for each kilogram
increase in PMR DMI (P < 0.001) when cows were fed
the high-methane PMR (Figure 7b). For concentrate
intake, MERm decreased by 0.204 (£0.044) g of CH,/
min for each kilogram increase in concentrate DMI (P
= 0.006) when cows were fed the low-methane PMR,
and by 0.146 (£0.092) g of CH,/min for each kilogram
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increase in concentrate DMI (P = 0.006) when cows
were fed the high-methane PMR (Figure 7c).

A high degree of repeatability was observed for
MERm measurements within individual cows when fed
the high- and low-methane feeding regimens (Figure 8).
The orthogonal regression relationship between means
for MERm (g of CH,/min) within cows on the 2 feeding
regimens was

high-methane MERm = —0.15 + 1.22 low-methane
MERm (R* = 0.78; P < 0.001).

The Spearman rank correlation coefficient for MERm
of cows on low- versus high-methane feeding regimens
was 0.86 (P < 0.001).

Experiment 4 (Diet Effects in Chambers)

When the high-methane PMR was fed to 12 cows in
respiration chambers, the mean daily methane output
was 395 (SE 12.7) g of CH,/d, which was not different
(P = 0.097) from mean daily methane output [377 (SE
10.7) g of CH,/d] measured in respiration chambers
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Table 3. Effect of feeding regimens designed to alter methane emissions on DMI, milk yield, BW, and methane emission rate measured during

milking in experiment 3

Feeding regimen

Ttem Low methane High methane SED' P-value
DMI (kg/d) 23.6 20.2 0.30 <0.001
Milk yield (kg/d) 33.0 324 0.28 0.039
BW (kg) 622 621 1.6 0.640
Methane emission rate (g/min) 2.08 2.18 0.046 0.024
Methane emission rate (mg/min per kilogram of DMTI) 89 109 2.73 <0.001

!Standard error of the difference for comparing means.

for the same cows when fed the low-methane PMR in
experiment 2. Dry matter intake was lower (P < 0.001),
however, when cows were fed the high-methane PMR
(13.6 versus 15.3, standard error of the difference 0.33,
kg/d). When expressed per unit DMI, daily methane
output was 29.1 (SE 0.48) g of CH,/kg of DMI for

Figure 6. Relationships between methane emission rate during
milking in respiration chambers (MERmc) and a) during milking on
farm (MERm) or b) during the whole 24 h in respiration chambers
(MERc). The lines are fitted by orthogonal regression.

the high-methane PMR, which was greater (P < 0.001)
than the mean daily methane output of 24.9 (SE 0.47)
g of CH,/kg of DMI for the low-methane PMR. When
expressed per unit gross energy intake, daily methane
output was 7.60% (SE 0.25%) for the high-methane
PMR and 6.54% (SE 0.24%) for the low methane PMR.

Despite a gap of 3 wk between measuring MERm
on-farm, when the cows were fed the low-methane
PMR, and measuring methane output in respiration
chambers, when the cows were fed the high-methane
PMR, a significant relationship (P < 0.001) was found
between the two (Figure 9). The relationship between
these parameters (R”> = 0.74) was

MEcDM (g of CH,/kg of DMI) = 21.4 (£1.5)
+ 3.6 (£0.67) MERm,

where MEcDM is daily methane output measured in
respiration chambers (g of CH,/kg of DMI) when cows
were fed the high-methane PMR, and MERm is the
average methane emission rate during milking (g of
CH,/min) when cows were fed the low-methane PMR
at the Dairy Centre. The equivalent relationship for
methane output in respiration chambers (g of CH,/kg
of DMI) when cows were fed the low-methane PMR in
experiment 2 (R* = 0.77; P < 0.001) was

MEcDM (g of CH,/kg of DMI) = 16.8 (£1.5)
+ 3.7 (£0.64) MERm.

When analyzed with a combined model, no signifi-
cant interaction was found between feeding regimen
and MERm (P = 0.829), indicating that the slope
of the relationship was the same for low- and high-
methane PMR, but significant displacement between
the lines occurred (P = 0.047), indicating consistently
higher levels of chamber methane emissions at all levels
of on-farm MERm values for the high-methane PMR.
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DISCUSSION

This study has confirmed that online sampling of air
released by eructation during milking can provide useful
information about variation among individual cows in
methane emissions under on-farm conditions. The find-
ings support our hypothesis that variation in eructation
frequency and methane concentration in eructations is
correlated with differences in daily methane emissions.
Because the technique is noninvasive and relatively low
cost, compared with other methods, repeated measures
can be made on large numbers of individual cows to
generate levels of replication as needed for statistical
confidence. With further validation, the technique of-
fers possibilities, therefore, for monitoring individual
cows within herds to select animals with low emissions,
to measure the success of mitigation strategies, and to
provide estimates of uncertainty for inventory reports.

Enteric emissions of methane are driven by DMI
(Grainger et al., 2007; Yan et al., 2010). This might
explain some of the between-cow variation revealed in
experiment 1, where MEIm was related to daily milk
yield, which is correlated with DMI. Enteric methane
emissions are also influenced by diet composition fac-
tors, including proportion of concentrates in the diet
(Beauchemin et al., 2009). Following commercial prac-
tice, greater proportions of concentrates were fed to
cows with higher milk yields in the current study. At
any given level of milk yield, however, diet composi-
tion and predicted DMI did not vary among cows, yet
MEIm varied by up to 40% of the mean. It is likely
that this variation reflects variability in methane emis-
sions that is independent of DMI. Variability among
individuals has been reported from studies of cows in
respiration chambers, and attempts are often made
to control this by restricted feeding (Grainger et al.,
2007). More importantly, experiment 2 showed good
agreement between methane emissions data measured
on farm (MERm) and total daily emissions measured
subsequently in respiration chambers for the same
cows. This relationship demonstrates that the method
is quite sensitive because variation of 1 standard devia-
tion in MERm was accompanied by a change of 1.1
standard deviation in daily methane output.

Grainger et al. (2007) used coefficients of variation
within and between cows to provide an indication of
the imprecision inherent the SF; technique when ap-
plied concurrently with measurement of methane emis-
sions from cows in respiration chambers. They reasoned
that if the chamber measured real variation in methane
emissions from the cow, and the SFy technique measured
variation in methane emissions plus additional error as-
sociated with the SFy technique, then the additional
imprecision due to the technique would be estimated
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Figure 7. Relationships between methane emission rate during
milking (MERm) and intakes of a) total DM, b) partial mixed ration
(PMR) DM, and c) concentrate DM, for 42 individual cows on feeding
regimens designed to induce low (closed circles, solid lines) or high
(open circles, dashed lines) methane emissions. Values are model-pre-
dicted individual cow means over a 14-d period with MERm adjusted
for effects of feeding period, and for effects of either concentrate DMI
(b) or PMR DMI (c).
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Figure 8. Methane emission rates during milking (MERm) on farm
by individual cows on feeding regimens designed to induce low or high
methane emissions. Data points are averages per cow over a 14-d feed-
ing period on each feeding regimen.

by the difference in the corresponding SFy and cham-
ber components of variance. The logic of this reason-
ing breaks down somewhat when comparing variances
for MERm and chamber measurements in the current
study, because methane emissions were measured in dif-
ferent locations, under different milking regimens, and
at different times. Nevertheless, comparison of variance
components from on-farm and chamber measurements
in experiment 2 provides useful insights into relative
variations of the 2 measurements. Between cows, the
coefficients of variation were of similar magnitude
(28.8% on farm and 27% in chambers), and the implied
contribution of the difference between techniques was
9.3%. These results are similar to those of Grainger
et al. (2007) who found between-cow coefficients of
variation of 19.6% for the SFy technique and 17.8% for
respiration chambers, and estimated from their differ-
ence that the between-cow coefficient of variation for
the SFg technique itself was 8.2%. Within cows, the
on-farm coefficient of variation (14.4%) was twice the
chamber coefficient of variation (7.2%), and the implied
contribution of the difference between techniques was
12.5%. Grainger et al. (2007) found within-cow coef-
ficients of variation of 6.1% for the SF; technique and
4.3% for respiration chambers, and estimated from the
difference that the coefficient of variation for the SFg
technique itself was 4.3%. Comparison of findings of
the current study with those of Grainger et al. (2007)
suggests that, compared with chamber measurements,
on-farm measurements of methane emissions exhibit an
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increase in between-cow variability similar to that of
the SFy technique, but exhibit a greater difference in
within-cow variability. Variability among and within
cows can be accounted for more easily with on-farm
estimation of methane emissions from MERm than
with chambers or SF; because repeated measurements
can be made at little additional cost over prolonged pe-
riods of time. Furthermore, Clarke and Hannah (2007)
demonstrated that an increase in coefficient of varia-
tion for a measurement technique may not lessen the
precision of the result, providing more measurements
are taken. Whereas Grainger et al. (2007) could at-
tribute the increase in within-cow variability to the SF
technique itself because both techniques were applied
concurrently, the same conclusion cannot be drawn
with certainty in the current study. It is possible that
housing cows in chambers instead of freestalls, changing
from free-choice to twice-daily milking at fixed times,
and elapsed time could all decrease variation within
cows. A possible alternative conclusion, therefore, is
that measuring methane emissions by cows in respi-
ration chambers does not reflect the true commercial
situation. Variation between and within cows under on-
farm conditions is quantified and explored further in a
companion paper (Garnsworthy et al., 2012).
Although online monitoring was performed during
milking, the fact that cows were eating during sampling
is the important feature of the technique because rumi-
nants exhibit eructations during periods of eating and
rumination (Heywood and Wood, 1985). The technique
has the potential to be applied, therefore, in any milking

Figure 9. Relationships between methane emission rate measured
during milking (MERm) on farm for 12 cows on the low-methane
feeding regimen over a 10-d period, and total daily methane output
(adjusted for DMI) measured in respiration chambers for the same
cows on either the low-methane (circles, dashed line) or high-methane
(squares, solid line) feeding regimens. Data points are individual cow
means.
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system that includes concurrent feeding. Dilution fac-
tors used to adjust for dilution of eructed air by ambi-
ent air will vary among installations, although dilution
did not vary between test positions within the feed bins
used in experiment 2. This suggests that, provided a
cow’s nostrils are within the feed bin during eructation,
it does not matter whether the cow is gathering concen-
trates, chewing, or resting. Eructations occurring when
the cow’s head is not in the feed bin, however, result
in either no change or only small increases in methane
concentration of sampled air; such small increases can
be used to determine eructation frequency, but should
be eliminated from calculation of mean methane re-
leased per eructation. Dilution factors allow conversion
of methane concentrations in sampled air to methane
emission rate by the cow, and the constant dilution rate
used for all cows in experiment 2 ensures that variations
between cows in MERm are related to the physiological
parameters of eructation rate and methane released per
eructation.

The online technique developed in this study does
not account for methane released by flatulence because
air is sampled only from the head end of the cow.
Furthermore, only methane released by eructation is
used to calculate MERm, thus discounting methane
released in breath between eructations. We justify
this approach because eructation has been reported
as the major route for methane release in ruminants.
Blaxter and Joyce (1963), using tracheostomized sheep
in respiration chambers, estimated that only 17% of
methane was produced from the lungs and the remain-
ing 83% was produced by eructation. Similar estimates
were obtained with sheep in the tracer study of Murray
et al. (1976), where 83% of methane was excreted by
eructation, 16% through the lungs, and 1% through
the anus. In the absence of reported evidence in dairy
cows, we can only assume that dairy cows have similar
proportioning between methane pathways as sheep.

Diurnal variation in methane output was observed
when cows were in respiration chambers, in agreement
with other studies (Johnson et al., 1994; Grainger et
al., 2007). Continuous sampling from in front of the
cow’s nose while in chambers confirmed that changes
in MER were reflected in changes in methane output.
Importantly, the findings of this study confirmed that
measurements made during milking and feeding, when
both MER and methane output are high, were good
indicators of variation among cows in total daily emis-
sions. Further work is needed to investigate whether
the relative times of milking and forage feeding would
be important factors in on-farm monitoring. It should
be noted that MER recorded in the respiration cham-
bers during milking and feeding was approximately 8

Journal of Dairy Science Vol. 95 No. 6, 2012

GARNSWORTHY ET AL.

times the daily average (Figure 5), so daily emissions
cannot be calculated simply by multiplying MERm by
the number of minutes in a day. Equations are needed,
such as the one describing the relationship between
MERm measured on-farm and daily methane output
in chambers in experiment 2, for conversion of MERm
values into daily emission values. Comparisons in ex-
periment 4, of MERm measured for the low-methane
feeding regimen with chamber measurements for both
the high- and low-methane feeding regimens, suggest
that one equation might be sufficient for comparing
animals, but a suite of equations is required for differ-
ent dietary scenarios.

The diet study (experiment 3) confirmed that the
online monitoring system could detect a difference in
methane output due to diet composition, and that the
difference between PMR in MERm/kg of DMI (20%)
was similar to the difference in methane output (17%)
measured in respiration chambers in experiments 2 and
4, although it should be noted that respiration cham-
ber measurements were confounded with time period.
Importantly, in view of the between-cow variation ob-
served in experiment 1, the experimental design used
within-cow responses to test diet effects.

In the diet study (experiment 3), a positive relation-
ship was found between MERm and total DMI, but
responses were positive for PMR intake and negative
for concentrate intake; this is in agreement with gen-
eral observations of relationships between methane
outputs and forage or concentrate intakes (Yates et al.,
2000; Beauchemin et al. 2009). Attempts were made to
describe the relationship in terms of nutrient intakes
because different cows could have the same intake of
NDF, starch, or FA while consuming different propor-
tions of PMR and concentrates. None of these nutrients
provided a significant addition to the model after allow-
ing for effects of individual cows and feeding regimen.
This is probably because only small differences existed
between the PMR in concentration of these nutrients,
and intake of each nutrient is confounded with DMI.
For example, within cows, the lower average DMI of
the high-methane PMR was offset by its slightly higher
NDF concentration; within dietary treatments, cows
with higher DMI would consume more of each nutrient,
but the expected positive influence of NDF on methane
would offset the negative influences of starch and FA.
To establish relationships between MERm and nutri-
ent intakes requires further studies in which nutrient
composition is varied systematically. From the current
study, conclusions have to be restricted to the fact that
the online-monitoring technique can detect expected
differences between feeding regimens designed to alter
methane emissions.
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Availability of rapid, reliable, and cost-effective
estimates of methane emissions by individual dairy
cows under commercial conditions has implications for
national methane inventories. Allowing for changes in
animal numbers and diet composition, Garnsworthy
(2004) calculated that total methane emissions per
million liters of milk by cows producing 9,000 L/cow
per year was approximately 50% lower than methane
emissions by cows producing 6,000 L/cow per year. In
comparison, we can calculate that IPCC (2006) tier 1
methodology would predict a 33% decrease in emis-
sions because it considers only the decrease in animal
numbers; tier 2 methodology would predict a 15% de-
crease because, although net energy for maintenance is
decreased by 33%, net energy for lactation remains the
same (to produce 1 million liters). Clearly, tier 3 meth-
odology, using prediction equations, has the potential
to increase the accuracy of national inventories and
give due credit to mitigation strategies that decrease
methane emissions without affecting animal numbers or
gross energy intake. Accurate prediction equations are
elusive, however; Ellis et al., (2010) tested 9 equations
used for whole-farm prediction of methane emissions
and found low prediction accuracy for all equations,
which, they concluded, may introduce substantial error
into inventories and lead to incorrect mitigation rec-
ommendations. On-farm monitoring has the potential
to decrease uncertainty, or at least to quantify sources
of variation, and to test the outcomes of mitigation
strategies, by measuring indicators of emissions under
commercial conditions.

CONCLUSIONS

On-farm monitoring of methane released by eructa-
tion during milking could provide a low-cost method
for estimating variation in daily emissions by individual
cows. Importantly, it offers a high level of replication as
needed for statistical analysis. The technique correlates
well with daily methane output measured subsequently
for the same cows in respiration chambers and on the
same feeding regimen. The technique also detected
differences in methane emissions of cows on feeding
regimens that induced high or low methane outputs in
respiration chambers. The on-farm technique developed
in this study identified a large degree of variation be-
tween animals. Acknowledging and identifying variabil-
ity is required for national inventories and could have
benefits for mitigation. Variability offers the potential
for genetic selection of animals that have lower meth-
ane emissions per day or per unit of product; further
study of the causes of variability between and within
cows could suggest strategies by which overall methane
emissions can be decreased.
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