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ABSTRACT

Greenhouse gases originating from the dairy sector,
including methane (CH,), contribute to global warm-
ing. A possible strategy to reduce CH, production is to
use genetic selection. This requires genetic parameters
for CH, production and correlations with production
traits. Data were available on 184 Holstein-Friesian
cows. Methane production was measured in the milk-
ing robot during milking from December 2009 to April
2010. In total 2,456 observations for CH, production
were available. Milk yield (MY) and body weight (BW)
were obtained at every milking from November 2008
to October 2010. In total 4,567 observations for milk
yield and 4,570 observations for BW were available.
Restricted maximum likelihood, using random regres-
sion models, was used to analyze the data. Heritability
(standard error given in parentheses) for CH, produc-
tion ranged from 0.12 (0.16) to 0.45 (0.11), and genetic
correlations with MY ranged from 0.49 (0.12) to 0.54
(0.26). The positive genetic correlation between CH,
production and milk yield indicates that care needs
to be taken when genetically selecting for lower CHy
production, to avoid a decrease in MY at the animal
level. However, this study shows that CH, production
is moderately heritable and therefore progress through
genetic selection is possible.
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Short Communication

Greenhouse gases, including methane (CH,), play
an important role in global warming. Methane has 28
times the global warming potential of CO, (Myhre et
al., 2013). The dairy supply chain produces 20% of the
global livestock-sector greenhouse gas emissions, and
46.5% of the total greenhouse gas emission of the dairy
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supply chain is from enteric CH, (Gerber et al., 2013).
Therefore, reducing CH, production from dairy cattle
will have an important influence on total CH, produc-
tion. One possible strategy is to use genetic selection
to reduce CH, production. Before genetic selection for
CH, production can be introduced, however, genetic
parameters of CH, production and correlations with
production traits are required. Currently, few estimates
of heritability and correlations with related traits are
available. Pickering et al. (2015) found a heritability of
0.05 (SE 0.07) for CH, production (mg/kg), obtained
using a laser methane detector, but this estimate was
not significant. Lassen and Lgvendahl (2016) found a
heritability of 0.21 (SE 0.06) for CH, production (g/d),
measured using Fourier-transform infrared spectroscopy
to measure CH, production during milking. Pszczola et
al. (2017) found an average heritability of 0.27 (aver-
age SE 0.09) for CH, production (g/d), measured using
the same technique. These studies are a first indica-
tion that CH, production in dairy cattle is heritable.
However, heritability of CH, production is not yet fully
established, and correlations between CH, production
and related traits such as milk yield (MY) and BW are
unknown. Except for Pszczola et al. (2017), data sets
used in previous studies are generally point estimates in
time. For the current study daily CH, measurements on
the herd were available over a longer continuous period
than was used in the study by Pszczola and colleagues
(2017).

Multiple definitions are currently in use for CH,
emission as a phenotype, such as CH, production (g/d
or L/d), CH, intensity (g/kg of product or L/kg of
product), and CH, yield (g/kg of DMI or L/kg of DMI;
Herd et al., 2013). Although CH, intensity and CH,
yield are definitions more relevant to food production
for human consumption, both are ratio traits. For
breeding purposes, inclusion of ratio traits in selection
indexes is inappropriate. Because multiple variables
contribute to ratio traits, the selection response can
become unpredictable (Basarab et al., 2013), and the
error variance of the trait is likely to increase (Berry
and Crowley, 2013). Furthermore, use of ratio traits
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will cause the absolute differences between animals to
be lost (Pryce et al., 2014). Therefore, the objectives
of this study were to estimate (1) heritability of CH,
production (g/d), measured over a consecutive period
of 5 mo, and (2) correlations between CH, production
(g/d) and MY (L/d) and BW (kg).

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 Welfare and Ethical Review Body before com-
mencement of the study.

Data were available on 184 Holstein-Friesian cows
at the Nottingham University Dairy Centre (Sutton
Bonington, UK; average milk yield 11,000 kg/cow per
year). These cows were housed in a freestall barn under
commercial conditions. Cows were born between May
2002 and June 2008. Average pedigree depth for animals
with phenotypic data was 5 generations, ranging from 1
to 9 generations. Pedigree analysis was performed using
R software package “pedantics” (Morrissey and Wilson,
2010). Animals with phenotypic data originated from
58 sires (10 sires missing) and 165 dams (no dams miss-
ing). Cows were managed as described by Garnsworthy
et al. (2012b).

Methane production was measured in the milking ro-
bot during milking, as described by Garnsworthy et al.
(2012a). Briefly, an air sampling tube was placed in the
feeding bins inside the milking robots, sampling air at
a rate of 1 L/min. These samples were analyzed using
an infrared CH, analyzer (Guardian Plus; Edinburgh
Instruments Ltd., Livingston, UK). Results from this
method agreed with results from measurements using
respiration chambers (R2 =0.79, P < 0.001; Garnswor-
thy et al., 2012a). Methane production measurements
were taken at every milking from December 2009 to
April 2010. For each cow, CH, measurements at each
milking in a day were averaged to a daily mean, and
daily means were then averaged to a weekly mean (g/d).

In total 2,456 observations were available for CH,
production (g/d, 18 to 62 per week in milk, fewest to-
ward the end of lactation). Observations for MY (L/d)
and BW (kg) were obtained at every milking from No-
vember 2008 to October 2010 and were also converted
to weekly averages. In total 4,567 observations for MY
(18 to 118 per week in milk, fewest toward the end of
lactation) and 4,570 observations for BW (18 to 119
per week in milk, fewest toward the end of lactation)
were available. Lactation number was limited to <4,
and week of lactation was limited to <52. Pedigree-
based analysis was used to estimate genetic parameters,
including heritabilities, repeatabilities, and genetic and
phenotypic correlations. As the traits of interest are
largely longitudinal, random regression models were
used to obtain variance components (Kirkpatrick et
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al., 1994; Mrode, 2005). A random regression function
was used to account for changes in traits of interest at
the population and animal (genetic) levels across time
(Jamrozik and Schaeffer, 1997). Week of lactation was
used as time covariate, and regression functions used
were Legendre polynomials (Kirkpatrick et al., 1990).
The order of the Legendre polynomial used at popula-
tion level was set to 2 and was increased as long as the
effect of the highest order was significant, with a maxi-
mum of order 5. The order of the Legendre polynomial
used at animal level was set to 1, which was sufficient
to model the deviation of the population curve.

The use of a random regression function using a
Legendre polynomial of order 1 for the permanent
environment was investigated. Although permanent
environmental variance increased over lactation for MY
in a bivariate analysis with BW, convergence problems
occurred for the bivariate analysis between MY and
CH, production, and permanent environmental vari-
ance was constant over lactation for all other traits.
To maintain comparability between bivariate analyses,
therefore, a linear regression was used for the perma-
nent environment instead of a Legendre polynomial.

To fit random regression models using week of lacta-
tion as vector of time covariates, sufficient observations
across the whole lactation were needed at the popula-
tion level. To ensure that the number of CH, produc-
tion observations was proportionate to the number
of observations on MY and BW, only MY and BW
observations for which a CH, production observation
was available within the same 4-week interval were
kept in the data set. In practice this meant that 27
observations on MY and BW were removed from the
data set. Bivariate random regression animal models
were used to analyze the data set, as the size of the
data set did not allow trivariate models to be used.
Bivariate models were constructed based on univari-
ate linear repeatability models and were constructed
between each combination of the 3 traits. The Wald
statistic was used to determine whether an effect was
significant. Only significant fixed effects (P < 0.001)
were kept in the model. Fixed effects for each trait were
kept identical between bivariate models.

The following models were constructed:

MY = p + lact. WOL5 + week + 3 X age
+ WOL1.An + PE + e,

BW = u + WOLJ + lact 4 season + week
+ B x age + WOL1.An + PE + e, and

CH, = p + WOL1 + week + WOLI1.An + PE + e,
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where p is the intercept; MY = weekly average of milk
yield observations; BW = weekly average of body
weight observations; CH,; = weekly observation of CH,
production observations for each cow for each week of
lactation (WOL); lact. WOLS = interaction between a
vector of lactation number and Legendre polynomial
order 5 on week of lactation as a fixed effect; WOL4 =
Legendre polynomial order 4 on week of lactation as a
fixed effect; WOL1 = Legendre polynomial order 1 on
week of lactation as a fixed effect; lact = vector of lac-
tation number as a fixed effect; week = vector of the
calendar week in which the measurements took place as
a fixed effect; season = vector of the calving season
(March to May, June to August, September to Novem-
ber, and December to February) as a fixed effect; 5 x
age = covariate describing effect of age at measurement
as a fixed effect; WOL1.An = interaction between Leg-
endre polynomial order 1 on week of lactation and the
additive genetic effect of animal as a random effect, a,
where @ is normally distributed N (0, 102) for which T is

the identity matrix and 02 is the animal genetic vari-
ance; PE = permanent environment effect as a random
effect normally distributed N (07 Ioie) for which aie is

the permanent environment variance; and e = random
residual normally distributed N (07 Iaz) for which o7 is

the error variance.

From these models, genetic, permanent environment,
and residual variance parameters were obtained using
ASReml 3.0 software (Gilmour et al., 2009). Genetic
variances thus obtained were used to derive genetic
variances for each week of lactation, using the method
described by Kirkpatrick et al. (1990). Heritabilities,
repeatabilities, and correlations between traits were
calculated from these variances for each week of lacta-
tion. Standard errors were calculated as described by
Fischer et al. (2004) and Gilmour (2008).

Heritabilities and repeatabilities for the same trait
varied between models, but estimates were in agree-
ment (Table 1). This confirms that bivariate models
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were sufficient to explore these parameters for this data
set. Heritability for MY ranged from 0.16 (SE 0.27) to
0.65 (0.12) and for BW ranged from 0.40 (0.27) to 0.67
(0.18). Heritability for CH, production ranged from
0.12 (SE 0.16) to 0.45 (0.11) (Figure 1). Heritabilities
obtained for the 3 traits were not significant for the
first 23 to 37 weeks of lactation. Lassen and Lgvendahl
(2016) reported heritability of 0.21 for CH, produc-
tion (g/d), estimated from the ratio of CH, and CO,
concentrations in the breath of cows, measured during
milking. Pszczola et al. (2017) reported heritability
ranging from 0.23 to 0.30, using the same technique.
These heritabilities are close to the results of the cur-
rent study, except for late lactation, where our study
found that heritability was high. The low heritability
(0.05) reported by Pickering et al. (2015) seems to dis-
agree with all other studies, perhaps because the laser
methane detector measures a different trait than does
breath sampling during milking. Repeatability for CH,
production ranged from 0.50 (SE 0.19) to 0.69 (0.13) in
the current study. Pszczola et al. (2017) found average
repeatability over lactation of 0.25, and Negussie et al.
(2017) found repeatability for CH, production (L/d)
of 0.41.

Genetic correlations between MY and CH, produc-
tion ranged from 0.38 (SE 0.42) to 0.57 (0.52) and
were significant for wk 35 to 52 in lactation (Figure
2). Lassen and Lgvendahl (2016) reported a correlation
of 0.43 (0.10) between fat- and protein-corrected milk
and CH, production (g/d), using a linear animal model.
From a biological point of view, these correlations are
as expected. At the beginning of lactation, cows enter a
negative energy balance. Body energy, rather than en-
ergy from DMI, is used for milk production. Therefore,
in early lactation, the correlation between MY and CH,
production can be negative because no CH, is produced
from the body energy thus used. Later in lactation, en-
ergy for milk production originates from DMI, resulting
in CH, production. This leads to positive correlations
between MY and CH, production.

Table 1. Heritability and repeatability ranges resulting from bivariate analyses for week of lactation 1 to 52,

for milk yield (MY), BW, and CH, production (CH,)

Bivariate Heritability (SE) Repeatability (SE)
MY BW 0.18 (0.27)-0.65 (0.12)" 0.80 (0.34)-0.91 (0.17)
CH, 0.16 (0.27)-0.65 (0.12)" 0.78 (0.34)-0.91 (0.16)
BW MY 0.48 (0.27)-0.67 (0.18)° 0.93 (0.38)-0.96 (0.24)
CH, 0.40 (0.27)-0.64 (0.17)° 0.93 (0.38)-0.96 (0.23)
CH, MY 0.12 (0.16)-0.45 (0.11)" 0.50 (0.19)-0.69 (0.13)
BW 0.12 (0.16)-0.40 (0.11)" 0.50 (0.19)-0.66 (0.14)

'Significant for week of lactation (WOL) 33-52.
“Significant for WOL 24 to 52.
3Significant for WOL 38 to 52.
*Significant for WOL 37 to 52.
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Figure 1. Heritabilities for (a) CH, production (CH,; A for bivari-
ate with MY, A for bivariate with BW), (b) body weight (BW; @ for
bivariate with MY, O for bivariate with CH,), and (c) milk yield (MY;
B for bivariate with BW, O for bivariate with CH,) over week of lacta-
tion. Shaded areas reflect SE for each analysis.
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Genetic correlations between BW and CH, produc-
tion ranged from 0.01 (SE 0.43) to 0.02 (0.65) and were
not significant for any point in lactation. Lassen and
Lovendahl (2016) reported a correlation of —0.18 (SE
0.08) between live weight and CH, production (g/d),
using a linear animal model. From a biological point of
view, both positive and negative correlations are pos-
sible. Taking into account the whole lifetime of the cow,
initial BW is low and increases to a certain stable level.
Higher BW corresponds with higher feed intake, causing
CH, production to increase as well (Garnsworthy et al.,
2012b). This results in a positive correlation between
BW and CH, production. However, BW decreases at
the beginning of lactation, after which BW increases
again. Feed intake peaks in mid-lactation and slowly
declines toward the end of lactation (Moran, 2005).
Due to the positive correlation between CH, production
and feed intake, CH, production follows the same curve
(Donoghue et al., 2016). This results in a negative cor-
relation between BW and CH, production. The current
study found a correlation of almost zero, indicating
that these 2 mechanisms cancelled each other out in
this herd.

This study confirmed that CH, production is mod-
erately heritable, and therefore it is possible to select
cows genetically for lower CH, production. The positive
correlation between CH, production and MY indicated

1.04

0.51 “‘M“ M‘m‘“‘lﬂnuq“

Genetic correlation

0.0

0 10 20 30 40 50
Week of lactation

Figure 2. Genetic correlation between milk yield (MY) and CH,
production (CH,), originating from bivariate random regression analy-
sis. Shaded area reflects SE.
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that care must be taken that, when selecting for lower
CH, production, milk production is not reduced con-
currently. To maximize reduction in CH, production
and limit associated effects in related traits, both CH,
production and MY should be included as part of a
selection index in national breeding goals.
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