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Simple Summary: Dairy cows contribute to greenhouse gas emissions from livestock, and reducing
methane emissions is vital for the long-term sustainability of the dairy industry. Genetics and
breeding strategies can be used to bring about permanent and long-term enteric methane emission
reduction from dairy cattle. Here, we assess three definitions for methane emission traits, investigate
their genetic parameters, and compare potential implications of including them in a genetic selection
program. All three commonly used methane traits (daily methane production, methane yield, and
methane intensity) were heritable, and are potential candidates for a selection program. Additionally,
all traits were highly correlated with each other, indicating that selection on one trait would lead to an
indirect response on the other methane traits. By exploring trait definitions for including methane in
selection strategies, this work contributes to potential mitigation strategies for reducing greenhouse
gas emissions in dairy cattle using genetics.

Abstract: Genetic selection can be a feasible method to help mitigate enteric methane emissions from
dairy cattle, as methane emission-related traits are heritable and genetic gains are persistent and
cumulative over time. The objective of this study was to estimate heritability of methane emission
phenotypes and the genetic and phenotypic correlations between them in Holstein cattle. We used
1765 individual records of methane emission obtained from 330 Holstein cattle from two Canadian
herds. Methane emissions were measured using the GreenFeed system, and three methane traits
were analyzed: the amount of daily methane produced (g/d), methane yield (g methane/kg dry
matter intake), and methane intensity (g methane/kg milk). Genetic parameters were estimated
using univariate and bivariate repeatability animal models. Heritability estimates (+SE) of 0.16
(£0.10), 0.27 (£0.12), and 0.21 (£0.14) were obtained for daily methane production, methane yield,
and methane intensity, respectively. A high genetic correlation (rg = 0.94 &+ 0.23) between daily
methane production and methane intensity indicates that selecting for daily methane production
would result in lower methane per unit of milk produced. This study provides preliminary estimates
of genetic parameters for methane emission traits, suggesting that there is potential to mitigate
methane emission in Holstein cattle through genetic selection.
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1. Introduction

The global population is rapidly increasing, and environmentally sustainable food
production is becoming a research priority. The agricultural industry is often targeted for its
contribution to climate change due to livestock production. Although dairy cattle represent
only a fraction of total greenhouse gas (GHG) emissions, increased awareness of their
contribution to the problem has resulted in consumer pressure on the dairy industry to im-
prove its efficiency and sustainability and to investigate ways to mitigate its environmental
footprint. Methane is the primary GHG emitted by ruminant livestock, and is generated by
the normal feed digestion process; considering that methane is considered to be one of the
more potent GHGs, its mitigation is of high priority to the dairy cattle industry.

Several systems for measuring direct methane production have become available,
including respiration chambers, the automated head-chamber system (e.g., GreenFeed
system; C-Lock, Inc., Rapid City, SD, USA), and the sulfur hexafluoride (SF6) tracer gas
system (e.g., SF6 Tracer Technique Guidelines [1]). Studies comparing these three systems
have concluded that daily methane production measured via GreenFeed systems is similar
to that obtained using SF6 and respiration chambers [2,3]. Research groups in Spain
have put considerable effort into comparing methods of recording methane emissions and
implementation strategies [4,5]. Finally, the International Committee for Animal Recording
(ICAR), through the Feed and Gas working group, has outlined guidelines for collecting
methane emissions data, which is imperative for future genetic evaluation of the trait [6].
Although today’s average dairy cow produces 20% more GHG than her counterpart in the
1990s, she produces 46% more milk [7], meaning that fewer cows are required to maintain
production. The overall number of cows has decreased by 31% through improved genetics
and changes in feeding and management practices since the 1990s, ultimately reducing
the emissions associated with dairy cows by 17% [7]. Nevertheless, the voluntary feed
intake of these animals, which is a key driving force of methane emissions, has increased as
well [8,9]. Therefore, focusing on ways to improve individual animal emissions is a priority.

Previous studies have shown that methane emissions from dairy cattle have a heritable
component that ranges from 0.12 to 0.45 depending on the trait analyzed and the stage of
lactation (e.g., methane intensity, defined as g of methane emitted over a week per fat and
protein corrected milk, and early-to-middle or late lactation) [10-12]. As methane emission
is heritable, genetic selection is a viable option that may lead to cumulative long-term
improvement. That said, there is no consensus on the best methane-related trait to consider
in breeding programs. Therefore, the objective of this study was to investigate potential
methane emission traits (methane production, methane yield, and methane intensity) with
respect to their heritability and subsequent ability to rank selection candidates.

2. Materials and Methods
2.1. Ethics and Animal Care

Animal Care Committee approval was obtained from the University of Guelph (animal
utilization protocol number: 3503) and from the University of Alberta (animal utilization
protocol number: AUP00000170).

2.2. Data Collection

The data used in this study were collected through the Efficient Dairy Genome Project
(https://genomedairy.ualberta.ca (accessed on 7 April 2023)), a global initiative investi-
gating the use of selective breeding and novel genomics technologies to improve feed
efficiency and reduce methane emissions in dairy cattle. Data from two Canadian research
stations located in Alberta and Ontario were used in the analyses. The data collection in
these two stations are described below.

2.2.1. Ontario Dairy Research Centre

For the portion of the study conducted at the Ontario Dairy Research Centre (ODRC;
Elora, ON, Canada) at the University of Guelph’s dairy research facility, first lactation
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cows between 120 and 150 days in milk (DIM) were moved in groups of two to four into
a tie-stall area of the barn for methane emission testing. During their time in the tie-stall,
animals were fed a total mixed ration (TMR) ad libitum delivered daily at approximately
11:00 h and had ad libitum access to water. The average ingredient composition of the feed
was corn silage (30%), haylage (28%), high-moisture corn (26%), supplement (12%), and
chopped straw (2%). A detailed composition analysis is available in Seymour et al. [13].
At each test time, all feed was removed from the manger and the GreenFeed equipment
was moved in front of the animal using a conventional pallet jack. Methane emissions
were measured for approximately 10 min, after which the equipment was moved away
from the animal and allowed to recalibrate for 3 min before testing the next animal. After
each testing at 12:00 h and 16:00 h, approximately 25% of the daily allotment of feed was
added back to the manger, with the remaining feed added after the 20:00 h test time. Cows
were milked twice daily in their stalls at 05:30 h and 17:30 h. Cows were habituated to
the barn and testing protocol for three days before being tested for five consecutive days
using a GreenFeed system (GreenFeed; C-Lock Inc., Rapid City, SD, USA). The GreenFeed
system was calibrated as per Gerrits et al. [14]. Cows were tested four times a day at 08:00 h,
12:00 h, 16:00 h, and 20:00 h. A testing session started when the researcher pushed the
GreenFeed toward the cow and the cow entered her head in the semi-enclosed head hood.
Infrared sensors in the GreenFeed detected the position of the cow’s head and its RFID
tag for individual identification. Each testing session lasted approximately 10-12 min to
ensure sufficient time during which the cow’s head was in the proper position and breath
samples could be collected to estimate methane and carbon dioxide flux based on airflow
and methane and carbon dioxide concentrations. The concentration of gases was corrected
for background concentrations and adjusted to standardized temperature, humidity, and
pressure [6]. Automated feed drops (every 23 s) of pellets from the overhead hopper were
used to motivate the cow to keep her head in the machine for the duration of testing.
When needed, the testing period was prolonged to make sure the cow had her head in the
machine for a minimum of 10 min. Methane data in g/day estimated by the GreenFeed
system were extracted for each cow’s testing session during a day over the course of the five
testing days. Therefore, methane production on each day was the average of the estimated
methane production during the testing sessions (8:00, 12:00, 16:00, and 20:00) provided by
the GreenFeed system (in g/day).

2.2.2. Dairy Research and Technology Center

The Dairy Research and Technology Center (DRTC) is part of the University of Alberta
infrastructure. Mixed parity cows between 30 DIM and 250 DIM were housed in a ventilated
tie-stall barn with ad libitum access to water and TMR, which was delivered daily at
approximately 08:00 h. The average ingredient composition of the feed was barley silage
(58%), alfalfa hay (10%), and supplement (31%). Cows were milked twice per day at
03:00 h and 15:00 h. Animals had access to an exercise area (an open dry lot) for 3 h every
second day. Methane measurements were collected using the GreenFeed system from
2016 to 2020. Measurements were collected on groups of 10-15 mixed parity lactating
cows. Groups were measured over twelve consecutive days at 12-h intervals, providing
two measurements per day. The first day measurement was conducted at 01:00 h and
13:00 h, then shifted by one hour every day to cover all 24 h throughout the twelve days of
recording. In 2019, this method was adjusted to correspond more closely to the ODRC herd,
where measurements were made at three time points per day (08:00 h, 12:00 h, and 16:00 h)
for five consecutive days. The GreenFeed system was adjusted so that each cow could
receive drops (approximately every 40 s) of the barley grain used to bait the cow to the
head compartment. During the entire CH, emission measurement period, CO, recovery
tests were performed at the start of each group and gas calibration was performed every
week during the experimental period. The details of the methane emission measurement
methods have been described in our previous study [15].
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2.3. Variation in Methane Testing

Potential differences in methane emission among recording times (08:00 h, 12:00 h,
16:00 h, and 20:00 h) were tested for data collected at ODRC using R Version 3.5.0 soft-
ware [16] via the VAR.TEST and T.TEST functions. F-tests and a two-sided Welch'’s t-test,
which assumes unequal variances between the groups, were conducted to test the differ-
ences in variances and means between the different measurement time periods, respectively.
This was done to evaluate whether there were specific time points at which methane emis-
sion peaked or variation in methane outputs corresponding to the time of measurement.
Differences were considered significant at 5% probability.

2.4. Data Set and Methane Traits

A total of 2469 methane emission records were collected on 422 Holstein cows from
August 2016 to March 2020 from the two research herds. Only first lactation cows were
analyzed. Records ranged from 26 to 257 DIM from cows who calved between 22 and
33 months of age. Possible outliers were removed using a 1.5 x interquartile range. Cows
were required to have at least three methane measurements (days) for analysis, as methane
measurements from both herds were collected more than once per cow to assess variability.
The pedigree file used for all methane traits in the analysis included 1434 animals, consisting
of 892 dams and 253 sires over 25 generations.

Various methane emission traits are used in livestock species [17,18]. This study
focused on three main methane traits: methane production (MeP; total grams of methane
produced per day), methane yield (MeY; grams of methane produced per kg of dry matter
intake per day), and methane intensity (Mel; grams of methane produced per kg of milk

per day).

2.5. Variance Components

Variance components were estimated using the Average Information Restricted Maxi-
mum Likelihood (AIREML) methodology and a repeatability animal model for MeP, MeY,
and Mel. All analyses were performed using the ASReml software Version 4.1 [19]. Con-
nectedness between contemporary groups (in this study, herd-year-season or herd-year,
depending on the trait) were verified using the AMC program [20], which takes into ac-
count the number of genetic links between contemporary groups (CGs). Up to two CGs
were disconnected depending on the methane trait and were removed from the dataset.
The univariate repeatability animal model and the variance—covariance structure used are
described below:

Yijklmn = W+ ADC; + CG] + DIMy + a; + pe,, + Cijklmn

a Acz 0 0
Vip|=| 0 o5 0
e 0 0 Ic?

e

where Y;jkimn is the phenotype for MeP, MeY, or Mel; y is the intercept; ADC; is the fixed
effect of the ith age of cow at calving class (six classes; age < 23, 24, 25-26, 27-28, 29-30,
and >31 months to balance the number of records per class); CG jis the fixed effect of the
jth herd-year-season of recording (ten classes: Mel; twelve classes: MeP), where season is
split in two classes (March-August and September-February) or of the jth herd-year of
recording (six classes: MeY); DIMj is the fixed effect of the kth days in milk class (three
classes); a; is the random additive genetic effect of the /th animal, distributed as N (O, ALT,?) ,
in which A is the numerator-relationship matrix and o7 is the additive genetic variance; pe,,
is the random permanent environmental effect of the mth animal with records, distributed

as N (0, I U%E), in which I is an identity matrix and (755 is the permanent environmental
variance; and €k, is the random residual effect of the nth observation.
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A better and less restrictive model for repeated records, such as a random regression
model, was not used because of the limitations imposed by the sample size.
Bivariate models were used to estimate genetic, permanent environment, and pheno-

typic correlations using the same effects as in the univariate model. Phenotypic correlations

. Opj,pk . . . .
were estimated as r, = —2, where 0}; ,; is the phenotypic covariance between trait
.0
pi”pk

j and trait k and ‘7,3]' and a?,k are the phenotypic variance estimates for trait j and trait k,

tively. Similarl ti lati timated = Ttk wh o
respec 1ve y 1milar y, gene 1C correlations were estimated as l’g = \/ﬁ’ where U'a],ak 1S
aj” ak

the additive genetic covariance between trait j and trait k and Ugj and ¢, are the additive ge-

netic variance estimates for trait j and trait k, respectively. Lastly, permanent environmental
pejpek

2 2 7
V TpejTpek

tal covariance between trait j and trait k and U’; o and (7; o are the permanent environmental

correlations were estimated as rpe = where 0y pex is the permanent environmen-

variance estimates for trait j and trait k, respectively.
The estimates of heritability (h%) and repeatability (r) from the univariate models were
calculated as follows:

2 2 2
hZZU—i r:U”+Ope
o2’ o2
p p

where ¢ is the additive genetic variance, 2

P
permanent environmental variance.
Heritability of the average of a different number of methane emission records (from
2 to 5) was obtained following Falconer and MacKay [21]:

is a phenotypic variance, and ngye is the

2 h? xn
"4+ (n—1)xr

where h? is the heritability estimated from the univariate model, 7 is the number of mea-
surements from 2 to 5, and r is the repeatability estimated from the univariate model.

2.6. Rank Correlations and Accuracy of Estimated Breeding Values

Estimated breeding value (EBV) rank correlations between methane traits were used
to assess potential re-ranking, considering either all animals or only sires with daughters
(n = 103) with records for the methane traits. The Spearman rank correlations were obtained
using the COR.TEST function in R Version 3.5.0 software [16]. In addition, the average
accuracy of sires with daughters with records for the respective traits was estimated

as follows:
S2
accul’acy == (1 _ W)
a

where, S is the standard error of the EBV, ¢7 is the population additive genetic variance,
and F is the inbreeding coefficient of an animal. Inbreeding coefficients were obtained as
1 minus the diagonal of the relationship matrix using the method proposed by Meuwissen
and Luo [22] to estimate the elements of the diagonal.

3. Results and Discussion
3.1. Descriptive Statistics

Descriptive statistics are presented in Tables 1 and 2. The means of MeP, MeY, and Mel
were 463.5 g/d, 23.5 g/kg DMI, and 14.6 g/kg milk, respectively. The means of the methane
traits from the ODRC herd were higher than those from the DRTC herd. This could be
related to higher average fat production (+27 g/d), lower milk production (—1.8 Kg/d),
and lower DMI (—1.4 kg/d) of ODRC cows compared to DRTC cows (Table 2), as methane
production is positively correlated with fat production [23]. ODRC cows were heavier on
average (+36 kg) then DRTC cows. The coefficient of variation (CV) of all traits ranged
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between roughly 20% and 35% across herds. The average daily estimated methane produc-
tion in this study is marginally higher than other findings in the literature using different
methodologies. For example, Grainger et al. [24], who measured methane on a small sample
of Australian Holstein cows kept under experimental conditions, indicated an average
daily methane emission of 331 g when measured using the SF6 tracer method and 322 g
when using respiration chambers. However, Huhtanen et al. [3] and Denninger et al. [25],
who used GreenFeed and Holstein dairy cows, showed average emissions of 447 g/d and
426 g/d, respectively. Means for the MeY and Mel traits reported in this study were similar
to results found before in the literature [3,11,26]. Niu et al. [26] reported an average methane
yield of 21.6 g/kg DMI and methane intensity of 13.5 g/kg milk using an international
dataset of various recording methods. Additionally, Huhtanen et al. [3] reported an average
methane yield of 21.6 kg/d, and Lassen and Lovendahl [11] reported an average of 8.6 g/L
for estimated methane intensity using a Fourier-transform infrared spectroscopy technique
during milking in an automated milking system (AMS).

Table 1. Number of Holstein cows and records, mean, standard deviation (SD), minimum (Min),
maximum (Max), and coefficient of variation (CV %) of methane production (MeP), methane yield
(MeY), and methane intensity (MelI).

Number of Number of

Trait Herd Mean SD Min Max CV (%)
Cows Records
MeP DRTC 2 58 433 355.6 92.2 138 674 26
(g/day) ODRC 3 272 1332 498.6 99.4 224 799 20
grcay Total 330 1765 163.5 115.4 135 799 25
MeY (g/k DRTC 2 54 342 17.2 45 5.1 344 26
]eDMIgl) &  ODRC3 233 1126 25.4 5.7 11.7 75.7 2
Total 287 1468 23.5 6.4 5.1 75.7 27
Mel (z/k DRTC 2 21 176 10.6 3.7 4.1 26.2 35
mﬂgk) &  ODRC3 244 1197 152 3.6 6.1 29.7 24
Total 265 1373 14.6 3.9 4.1 29.7 27
1 DML dry matter intake; 2 DRTC: Dairy Research and Technology Centre; 3 ODRC: Ontario Dairy Research Centre.
Table 2. Mean and standard deviation (in parentheses) of days in milk (DIM, d), age of cow (Age, m),
milk yield (MY, kg/d), fat yield (FY, kg/d), protein yield (PY, kg/d), energy corrected milk (ECM,
kg/d), dry matter intake (DMI, kg/d), and body weight (BW, kg) for the cows in the DRTC and
ODRC herds measured for methane emission.
Herd DIM Age MY FY PY ECM DMI BW
DRTC ! 132 244 32.65 1.214 1.037 30.96 20.44 259
(73) (2.0 (6.57) (0.297) (0.204) (6.10) (3.60) (30)
ODRC 2 140 24.5 30.85 1.241 1.007 30.62 19.04 295
(85) (1.6) (5.23) (0.222) (0.158) (4.65) (5.02) (28)

I DRTC: Dairy Research and Technology Centre; 2 ODRC: Ontario Dairy Research Centre.

3.2. Variation over Time

F-tests and Welch two-sample t-tests were conducted to test the differences in variances
and means between the different recording times (08:00 h and 12:00 h, 16:00 h, and 20:00 h)
for the ODRC herd. Differences in the means between 12:00 h and 16:00 h and between
20:00 h and 8:00 h were not significant (p > 0.05, Figure 1), while differences in variances
between 8:00 h and 16:00 h and between 16:00 h and 20:00 h were not significant (p > 0.05).
All other differences in means and variances were significant (p < 0.05). The results showed
that the highest amount of methane is emitted after feeding, increasing by an average
of 35 g/cow from 480 g/cow (8:00 h) to 515 g/cow (12:00 h); fresh feed is delivered
approximately an hour before the 12:00 h testing. These results agree with the literature.
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Hristov et al. [27], who used a GreenFeed system to study diurnal methane emissions
from dairy cattle fed once daily, found variability between two different time points and
increased methane emitted after feeding. In addition, Pszczola et al. [28] observed a pattern
of methane emission levels increasing after feeding events and dropping overnight. In
the future, adjusting the data for the time of day at which the measurements are recorded
should be considered. If measurements are taken at times of the day with a peak or low
methane level and the time of measurement is not included in the model, the results could
be skewed. The approach in this study was to use the average daily methane emission
(g/day) estimated using the four measurements in each day, then average them over the
days of measurement to obtain the daily methane emission of a cow, which are the results
discussed in the remaining sections. If the number of daily CH4 measurements were to
be reduced due to the amount of effort to make all four measurements in a day, the night
measurement at 20:00 would be a good candidate for elimination, as they have the same
mean as the 8:00 measurements and the 8:00 measurements, while the 20:00 measurements
have the same variance as the measurements at 16:00.

750 -

whn
[=3
(=4

CH4 (¢/day)

250 1

8:00h 12:00h 16:00h 20:00h
Time

Figure 1. Daily methane production (CH, g/day) from dairy cows fed once daily, measured using
a GreenFeed system; the four measurement time points in a day were 08:00 h and 12:00 h, 16:00 h,
and 20:00 h. Differences in the means between 12:00 h and 16:00 h and between 20:00 h and 8:00 h
were not significant (p > 0.05), while differences in variances between 8:00 h and 16:00 h and between
16:00 h and 20:00 h were not significant (p > 0.05). All other differences in means and variances
were significant (p < 0.05). The darker boxplot corresponds to the measurement time that might be
eliminated if the number of daily CH4 measurements were to be reduced due to the amount of effort
required to make all four measurements in one day.

3.3. Variance Component Estimates

Estimated variance components, heritability (h?), and repeatability (r) for the traits
are presented in Table 3. The estimated heritability and corresponding standard error (SE)
for MeP, MeY, and Mel was 0.16 (0.10), 0.27 (0.12), and 0.21 (0.14), respectively. Despite
the large standard errors, the heritability estimated for MeP was similar to that previously
reported by Breider et al. [10] using random regression in a bivariate analysis with milk
yield or body weight (0.15). Additionally, van Engelen et al. [29] estimated heritability for
predicted methane production based on milk mid-infrared spectra (0.17). However, other
studies have reported more variable estimates for methane production, such as Lépez-
Paredes et al. [5], who reported a lower heritability of 0.12 using a nondispersive infrared
methane detector to calculate methane production from methane concentrations using
an equation derived from Chagunda et al. [30]. Higher methane production heritability
estimates ranging from 0.23 to 0.35 using other methodologies have been reported, such
as those estimated using direct measurement with the SF6 and predicted measurement
methods [11,12,31].



Animals 2023, 13, 1308

8of 13

Table 3. Estimated additive genetic (Ug), permanent environmental (‘7;2;@) and residual ((73) variances,
heritabilities (h2), repeatability (1), and average estimated breeding value accuracy for bulls with
daughters for methane production (MeP), methane yield (MeY), and methane intensity (MelI).

. A
Trait o2 Uiz,e o2 h? (SE) r (SE) EBVXiiafchy
MeP ! 1147.3 2735.6 3279.6 0.16 (0.10) 0.54 (0.03) 0.36
MeY 2 6.5 5.1 12.3 027 (0.12)  0.49 (0.03) 0.44
Mel 3 25 6.2 31 0.21(0.14)  0.74 (0.02) 0.32

! Methane Production in g/day; 2 Methane Yield in g/kg dry matter intake (DMI); > Methane Intensity in g/kg milk.

In this study, the heritability estimates of the ratio methane traits MeY and Mel were
lower than those reported by Manzanilla-Pech et al. [31] using genomic information, which
were 0.30 for MeY and 0.42 for Mel. However, the current estimate for Mel was identical to
that reported by Lassen and Lovendahl [11] (0.21). For both MeY and Mel, the estimates
found in this study were similar to those reported by van Engelen et al. [29] (0.21 and 0.18,
respectively). In a meta-analysis, Brito et al. [18] reported a range of heritability estimates
from 0.19 to 0.24 across all three methane traits in a total of eighteen peer-reviewed papers,
including estimates from both sheep and cattle. Therefore, the estimates obtained in this
study are close to or within range of those reported in ruminants and showing that methane
emission traits are moderately heritable and could respond well to genetic selection.

The permanent environmental variances were large for methane traits, leading to
moderate repeatabilities of 0.54 (0.03), 0.49 (0.03), and 0.74 (0.02) for MeP, MeY, and Mel,
respectively (Table 3). These results suggest that all traits would benefit from being mea-
sured multiple times. Repeatability is an indicator of the correlation of two phenotypic
observations taken on the same animal [32]; therefore, it represents the upper limit of
a trait’s heritability [21]. The repeatability estimates found in this study are within the
range of values previously reported in the literature for methane production (from 0.36 to
0.79) [5,31,33,34].

Currently, the ideal number of days an animal’s methane emission should be measured
in order to better capture its genetic merit is unknown [31], although recent studies have
shown that methane emission, like feed efficiency, is dynamic and changes over the lactation
(e.g., [28]). The expected heritability of the average methane production traits using one to
five records recorded between 120 and 150 days in milk was estimated, and is presented in
Figure 2. Within this timeframe, and as expected based on the estimated repeatabilities, our
results show that MeY benefits considerably from an increased number of measurement
days, with heritability estimates increasing from 0.27 to 0.44, while Mel and MeP estimates
increased from 0.21 to 0.27 and from 0.16 to 0.25, respectively. From these results, one
could conclude that Mel and MeP estimates during this time frame would not benefit from
additional measurements after five days, considering that their response curve flattens
after three measurement days. In contrast, MeY would benefit from an increased number
of measurements. The higher response of MeY with increased records may be explained by
the fact that MeY is a ratio trait that accounts for dry matter intake, which shows high daily
variability [35-38].

Heritability estimates for dry matter intake have been shown to vary throughout
lactation [39-41]. The same pattern has been observed with methane emissions, where
heritability estimates fluctuate throughout the lactation [28]. In the current study, cows
were measured for methane emissions in mid-lactation (120 to 150 DIM) for a period of five
consecutive days as part of a larger project that aims to increase feed efficiency after the peak
of lactation, i.e., after 60 DIM [13,42]. Additionally, it is worth noting that despite repeated
measures having added value, if the tests are separated by longer periods (i.e., days
to weeks) their repeatability could be higher compared to shorter term measurements
(i.e., minutes to few hours). This is likely due to differences in the duration and volume of
feed consumed prior to methane emission testing [43]. Thus, more measures (between three
and twenty) over an extended period of time could be taken to maximize heritability [43].
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While this requires further investigation, it could be less practical and feasible when
considering application in breeding programs. It was recently shown that averaging the
methane measurements per week can result in higher heritability and repeatability and
lower residual variance of estimates [44].
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Figure 2. Heritability estimates for a single record and for the average of different numbers of
methane emission records (1 = from 2 to 5) for methane production (MeP), methane yield (MeY), and
methane intensity (Mel).

3.4. Correlations

Phenotypic and genetic correlations are presented in Table 4. Genetic correlations
(SE) between MeP and the ratio methane traits MeY and Mel were estimated to be 0.73
(£0.26) and 0.94 (£0.23), respectively. Estimated genetic correlation between the ratio
methane traits of MeY and Mel was 0.68 (£0.23). The estimated genetic correlations had
large standard errors, likely due to the relatively small dataset used in this study.

Table 4. Estimated additive genetic (above) and phenotypic (below) correlations with their cor-
responding standard errors (SE) between pairs of methane traits, i.e., methane production (MeP),
methane yield (MeY), and methane intensity (Mel).

Trait MeP MeY Mel
MeP - 0.73 (0.26) 0.94 (0.23)
MeY 0.67 (0.02) - 0.68 (0.23)
Mel 0.70 (0.03) 0.63 (0.03) -

Previous reports in the literature concerning correlations between methane traits in
dairy cattle are limited. However, Kandel et al. [45] reported high genetic correlations
between Mel and MeP predicted from mid-infrared milk spectra (0.71), which is similar
to the results obtained in this study. Donoghue et al. [46] reported a genetic correlation
of 0.50 between MeP and MeY in Angus beef cattle, which is slightly lower than the one
reported in this study. Additionally, Manzanilla-Pech et al. [31] investigated methane
phenotypes in Angus beef cattle and found genetic correlations of 0.62 between MeP
and MeY, 0.18 between MeP and Mel, and 0.86 between MeY and Mel. Similarly, van
Engelen et al. [29] reported high genetic correlation (0.63) between MeP and MeY and
low genetic correlation (0.20) between MeP and Mel using milk mid-infrared predicted
phenotypes, with high standard errors (£0.15-0.28). However, unlike the estimate of 0.73 in
this study, van Engelen et al. [29] reported a negative genetic correlation (—0.21) between
MeY and Mel. This highlights the large variability in the estimated genetic correlation
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among methane traits, which stresses the importance of estimating these parameters in
individual populations and using larger datasets.

3.5. Accuracy of EBV and EBV Rank Correlations

Regardless of which methane trait is included in a selection program, the accuracy
of selecting top breeding candidates is important. Average accuracies were estimated for
the sires with phenotyped daughters (1 = 103) for each methane trait (Table 3). When
comparing the average accuracies estimated per methane trait, differences were small and
average accuracies were low for all traits (from 0.35 to 0.41); the highest accuracy was for
MeY (0.41). These low accuracies could be due to the small dataset analyzed in this study.
Accuracy should increase as the dataset is enlarged by including data from international
partners and by the continued recording of methane emissions in Canada. Additionally,
the incorporation of genomic information into genetic evaluation should increase EBV
accuracy for the methane traits. Therefore, sharing genotypes and phenotypes with other
countries to increase the size of the reference population seems to be a useful endeavor.

Spearman rank-order correlation coefficients were estimated to determine the degree
of re-ranking that may occur due to the use of the ratio traits MeY and Mel, accounting
for dry matter intake or milk yield, respectively, or using MeP (Table 5). Considering all
animals, the ranking correlation ranged from 0.88 to 0.90. However, rank correlations
between the EBV of sires (n = 103) with phenotyped daughters were much lower, the
highest being between MeP and Mel at 0.67. The rank correlations between MeP and
MeY and between MeY and Mel were 0.65 and 0.64, respectively, and a large re-ranking
of sires was observed. This indicates that sires who may be best for one specific methane
trait may not necessarily be the best for the other methane traits. That said, a moderate to
high genetic correlation between the methane traits exists, allowing for indirect response
to selection.

Table 5. Estimated EBV rank correlation for sires with daughters (above diagonal) and all animals
(below diagonal) between pairs of methane traits, i.e., methane production (MeP), methane yield
(MeY), and methane intensity (Mel).

Trait MeP MeY Mel
MeP - 0.65 0.67
MeY 0.90 - 0.64
Mel 0.88 0.88 -

4. Conclusions

Methane emission is a moderately heritable trait regardless of the expression consid-
ered, i.e., methane production, yield, or intensity. The overall rank correlations between
estimated breeding values for methane emission traits in this study were high. However,
rank correlations for sires with phenotyped daughters were only moderate, indicating
substantial sire re-ranking and impact on selection decisions. The methane emission trait of
choice depends on the breeding goals of a particular evaluation program. A larger dataset
is necessary in order to increase the accuracy of the estimated breeding values for methane
emission traits.

Author Contributions: Conceptualization, S.K., T.C.S.C. and FS.S.; methodology, S.K., T.C.S.C., K.H,,
D.H., G.P, CEB., EM. and ES.S,; investigation, SK., T.C.S.C.,, KH., D.H,, D.J.S,, EM. and ES.S.;
formal analysis, S.K., T.C.5.C. and H.R.d.O.; data curation, D.].S., T.C.5.C. and D.H.; writing—original
draft preparation, S.K. and K.H.; writing—review and editing, S.K., KH., TCS.C, D.J.S.,, D.H., G.P,
HR.d.O.,C.EB., EM. and ES.S.; supervision, EM. and ES.S.; project administration, D.J.S., EM., C.EB.
and ES.S.; funding acquisition, D.H., G.P,, EM. and ES.S. All authors have read and agreed to the
published version of the manuscript.



Animals 2023, 13, 1308 11 of 13

Funding: This research was financially supported by Agriculture and Agri-Food Canada (Ottawa,
Canada) and by additional contributions from Dairy Farmers of Canada (Ottawa, Canada), Lactanet
(Guelph, Canada), and the Canadian Dairy Commission (Ottawa, Canada) under the Agri-Science
Clusters Initiative (Dairy Research Cluster III: Activity 3). As per the research agreement, aside
from providing financial support, the funders have no role in the design and conduct of the studies,
data collection and analysis or interpretation of the data. Researchers maintain independence in
conducting their studies, own their data, and report the outcomes regardless of the results. The
decision to publish the findings rests solely with the researchers. Funding and support from the
Efficient Dairy Genome Project (EDGP; LSARP-2014-Schenkel) and the Resilient Dairy Genome
Project (RDGP; LSARP: L18DCR), including Genome Canada (Ottawa, ON, Canada), Genome
Alberta (Calgary, AB, Canada), the Ontario Ministry of Economic Development, Job Creation, and
Trade (Toronto, ON, Canada), Genome Quebec (Montreal, QC, Canada), Genome British Columbia
(Vancouver, BC, Canada), Lactanet (Guelph, ON, Canada), Dairy Farmers of Canada (Ottawa, ON,
Canada), Aarhus University (Foulum, Denmark), The Council on Dairy Cattle Breeding (Bowie, MD,
United States), Qualitas AG (Zug, Switzerland), USDA—Agricultural Research Service (Beltsville,
MD, United States), GrowSafe Systems (Calgary, AB, Canada), Allflex Livestock Intelligence (Madison,
WI, United States), Afimilk Ltd. (Afikim, Israel), Nedap NV (Groenlo, The Netherlands), and Illumina
(Vancouver, BC, Canada) are gratefully acknowledged. C.EB. gratefully acknowledges support
from NSERC. D.H. and G.P. acknowledge the financial support of the Alberta Agricultural Funding
Consortium, Alberta Milk, and Results Driven Agriculture Research (RDAR) (Edmonton, AB, Canada)
(2017R017R and 2018R0473).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Animal Care and Use Committee of the University of
Alberta (Animal Use Protocol No. AUP00000170) and the University of Guelph (Animal Utilization
Protocol No. 3503).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data used in this study were part of the EDGP and RDGP projects’
database hosted by Lactanet Canada and are not publicly available. Data cannot be shared outside of
the projects’ partners as per the Strategic Alliance Agreement.

Acknowledgments: Students, project partners, and farm staff involved in data collection at the two
research farms are gratefully acknowledged.

Conflicts of Interest: D.J. Seymour is currently an employee of Trouw Nutrition R&D, which has no
affiliations or financial interests associated with this work. The funders had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in
the decision to publish the results.

References

1.

Berndt, A.; Boland, T.M.; Deighton, M.H.; Gere, ].I.; Grainger, C.; Hegarty, R.S.; Iwaasa, A.D.; Koolaard, G.C.; Lassey, K.R.; Luo,
D.; et al. Guidelines for Use of Sulphur Hexafluoride (SF 6) Tracer Technique to Measure Enteric Methane Emissions from Ruminants;
Ministry of Primary Industries: Wellington, New Zealand, 2014; pp. 1-66.

Hammond, K.J.; Crompton, L.A.; Bannink, A.; Dijkstra, J.; Yafiez-Ruiz, D.R.; O’Kiely, P.; Kebreab, E.; Eugene, M.A.; Yu, Z,;
Shingfield, K.J.; et al. Review of current in vivo measurement techniques for quantifying enteric methane emission from
ruminants. Anim. Feed. Sci. Technol. 2016, 219, 13-30. [CrossRef]

Huhtanen, P.; Ramin, M.; Hristov, A.N. Enteric methane emission can be reliably measured by the GreenFeed monitoring unit.
Livest. Sci. 2019, 222, 31-40. [CrossRef]

Gonzalez-Recio, O.; Lopez-Paredes, J.; Ouatahar, L.; Charfeddine, N.; Ugarte, E.; Alenda, R.; Jiménez-Montero, ].A. Mitigation of
greenhouse gases in dairy cattle via genetic selection: 2. Incorporating methane emissions into the breeding goal. . Dairy Sci.
2020, 103, 7210-7221. [CrossRef]

Loépez-Paredes, J.; Goiri, I.; Atxaerandio, R.; Garcia-Rodriguez, A.; Ugarte, E.; Jiménez-Montero, ].A.; Alenda, R.; Gonzélez-Recio,
O. Mitigation of greenhouse gases in dairy cattle via genetic selection: 1. Genetic parameters of direct methane using noninvasive
methods and proxies of methane. J. Dairy Sci. 2020, 103, 7199-7209. [CrossRef] [PubMed]

ICAR Section 20—Recording Dairy Cattle Methane Emission for Genetic Evaluation. Available online: https://www.icar.org/
Guidelines/20-Recording-Dairy-Cattle-Methane-Emission-for-Genetic-Evaluation.pdf (accessed on 20 July 2020).

National Inventory Report 2019 National Inventory Report 1990-2017: Greenhouse Gas Sources and Sinks in Canada. Available
online: https://publications.gc.ca/collections/collection_2019/eccc/En81-4-2017-1-eng.pdf (accessed on 20 July 2020).


https://doi.org/10.1016/j.anifeedsci.2016.05.018
https://doi.org/10.1016/j.livsci.2019.01.017
https://doi.org/10.3168/jds.2019-17598
https://doi.org/10.3168/jds.2019-17597
https://www.ncbi.nlm.nih.gov/pubmed/32475675
https://www.icar.org/Guidelines/20-Recording-Dairy-Cattle-Methane-Emission-for-Genetic-Evaluation.pdf
https://www.icar.org/Guidelines/20-Recording-Dairy-Cattle-Methane-Emission-for-Genetic-Evaluation.pdf
https://publications.gc.ca/collections/collection_2019/eccc/En81-4-2017-1-eng.pdf

Animals 2023, 13, 1308 12 0f13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

VandeHaar, M.].; Armentano, L.E.; Weigel, K.; Spurlock, D.M.; Tempelman, R.J.; Veerkamp, R. Harnessing the genetics of the
modern dairy cow to continue improvements in feed efficiency. J. Dairy Sci. 2016, 99, 4941-4954. [CrossRef] [PubMed]

Warner, D.; Bannink, A.; Hatew, B.; van Laar, H.; Dijkstra, J. Effects of grass silage quality and level of feed intake on enteric
methane production in lactating dairy cows. J. Anim. Sci. 2017, 95, 3687-3699. [CrossRef]

Breider, 1.S.; Wall, E.; Garnsworthy, P.C. Short communication: Heritability of methane production and genetic correlations with
milk yield and body weight in Holstein-Friesian dairy cows. J. Dairy Sci. 2019, 102, 7277-7281. [CrossRef] [PubMed]

Lassen, J.; Lavendahl, P. Heritability estimates for enteric methane emissions from Holstein cattle measured using noninvasive
methods. J. Dairy Sci. 2016, 99, 1959-1967. [CrossRef] [PubMed]

de Haas, Y.; Windig, J.J.; Calus, M.P.L.; Dijkstra, J.; de Haan, M.; Bannink, A.; Veerkamp, R.F,; Heath, A.C.; Martin, N.G.;
Montgomery, G.W.; et al. Genetic parameters for predicted methane production and potential for reducing enteric emissions
through genomic selection. . Dairy Sci. 2011, 94, 6122-6134. [CrossRef] [PubMed]

Seymour, D.J.; Canovas, A.; Chud, T.C.S,; Cant, ].P,; Osborne, V.R,; Baes, C.F.; Schenkel, F.S.; Miglior, EM. The dynamic behavior
of feed efficiency in primiparous dairy cattle. J. Dairy Sci. 2020, 103, 1528-1540. [CrossRef]

Gerrits, W.; Labussiére, E.; Dijkstra, J.; Reynolds, C.; Metges, C.; Kuhla, B.; Lund, P.; Weisbjerg, M.R. Letter to the editor: Recovery
test results as a prerequisite for publication of gaseous exchange measurements. J. Anim. Sci. 2017, 95, 5175. [CrossRef] [PubMed]
Hailemariam, D.; Manafiazar, G.; Basarab, ].; Stothard, P.; Miglior, F.; Plastow, G.; Wang, Z.; Hailemariam, D.; Stothard, P.; Plastow,
G.; et al. Comparative analyses of enteric methane emissions, dry matter intake, and milk somatic cell count in different residual
feed intake categories of dairy cows. Can. J. Anim. Sci. 2021, 101, 177-190. [CrossRef]

R Core Team R: A Language and Environment for Statistical Computing. Available online: https://www.r-project.org/ (accessed
on 30 May 2018).

Herd, RM.; Bird, S.H.; Donoghue, K.A.; Arthur, PF; Hegarty, R.F. Phenotypic associations between methane productions traits,
volatile fatty acids and animal breeding traits. In Proceedings of the Twentieth Conference of the Association for the Advancement
of Animal Breeding and Genetics, Translating Science into Action, Napier, New Zealand, 20-23 October 2013.

Brito, L.E.; Schenkel, F.S.; Oliveira, H.R.; Canovas, A.; Miglior, F. Meta-analysis of heritability estimates for methane emission
indicator traits in cattle and sheep. In Proceedings of the World Congress on Genetics Applied to Livestock Production, Auckland,
New Zealand, 7-11 February 2018.

Gilmour, A.R.; Gogel, B.J.; Welham, S.J.; Thompson, R. ASRem! User Guide Release 4.1 Structural Specification; VSN International
Ltd.: Indore, India, 2015; pp. 1-375.

Roso, V.M.; Schenkel, ES. AMC—A computer program to assess the degree of connectedness among contemporary groups. In
Proceedings of the 8th World Congress on Genetics Applied to Livestock Production, Belo Horizonte, Brazil, 13-18 August 2006;
pp- 26-27.

Falconer, D.S.; Mackay, T.E.C. Introduction to Quantitative Genetics, 4th ed.; Longman Group Limited: Essex, England, 1996.
Meuwissen, TH.E.; Luo, Z. Computing inbreeding coefficients in large populations. Genet. Sel. Evol. 1992, 24, 305-313. [CrossRef]
Ghavi Hossein-Zadeh, N. Estimates of the genetic contribution to methane emission in dairy cows: A meta-analysis. Sci. Rep.
2022, 12, 12352. [CrossRef]

Grainger, C.; Clarke, T.; McGinn, S.M.; Auldist, M.].; Beauchemin, K.A.; Hannah, M.C.; Waghorn, G.C.; Clark, H.; Eckard, R.J.
Methane emissions from dairy cows measured using the sulfur hexafluoride (SF6) tracer and chamber techniques. J. Dairy Sci.
2007, 90, 2755-2766. [CrossRef] [PubMed]

Denninger, TM.; Schwarm, A.; Dohme-Meier, F; Miinger, A.; Bapst, B.; Wegmann, S.; Grandl, F,; Vanlierde, A ; Sorg, D.; Ortmann,
S.; et al. Accuracy of methane emissions predicted from milk mid-infrared spectra and measured by laser methane detectors in
Brown Swiss dairy cows. . Dairy Sci. 2020, 103, 2024-2039. [CrossRef] [PubMed]

Niu, M.; Kebreab, E.; Hristov, A.N.; Oh, J.; Arndt, C.; Bannink, A.; Bayat, A.R; Brito, A.F; Boland, T.; Casper, D.; et al. Prediction
of enteric methane production, yield, and intensity in dairy cattle using an intercontinental database. Glob. Change Biol. 2018,
24, 3368-3389. [CrossRef]

Hristov, A.N.; Oh, J.; Giallongo, F.; Frederick, T.; Weeks, H.; Zimmerman, PR.; Harper, M.T.; Hristova, R.A.; Zimmerman, R,;
Branco, A.F. The Use of an Automated System (GreenFeed) to Monitor Enteric Methane and Carbon Dioxide Emissions from
Ruminant Animals. J. Vis. Exp. 2015, 103, €52904. [CrossRef]

Pszczola, M.; Rzewuska, K.; Mucha, S.; Strabel, T. Heritability of methane emissions from dairy cows over a lactation measured
on commercial farms. J. Anim. Sci. 2017, 95, 4813-4819. [CrossRef]

van Engelen, S.; Bovenhuis, H.; van der Tol, P.P].; Visker, M.H.P.W. Genetic background of methane emission by Dutch Holstein
Friesian cows measured with infrared sensors in automatic milking systems. J. Dairy Sci. 2018, 101, 2226-2234. [CrossRef]
Chagunda, M.G.G.; Ross, D.; Roberts, D.J. On the use of a laser methane detector in dairy cows. Comput. Electron. Agric. 2009,
68, 157-160. [CrossRef]

Manzanilla-Pech, C.1.V.; De Haas, Y.; Hayes, B.].; Veerkamp, R.F; Khansefid, M.; Donoghue, K.A.; Arthur, PF; Pryce, J.E.
Genomewide association study of methane emissions in Angus beef cattle with validation in dairy cattle. J. Anim. Sci. 2016,
94, 4151-4166. [CrossRef]

Nakagawa, S.; Schielzeth, H. Repeatability for Gaussian and non-Gaussian data: A practical guide for biologists. Biol. Rev. 2010,
85, 935-956. [CrossRef] [PubMed]


https://doi.org/10.3168/jds.2015-10352
https://www.ncbi.nlm.nih.gov/pubmed/27085407
https://doi.org/10.2527/jas2017.1459
https://doi.org/10.3168/jds.2018-15909
https://www.ncbi.nlm.nih.gov/pubmed/31202647
https://doi.org/10.3168/jds.2015-10012
https://www.ncbi.nlm.nih.gov/pubmed/26805978
https://doi.org/10.3168/jds.2011-4439
https://www.ncbi.nlm.nih.gov/pubmed/22118100
https://doi.org/10.3168/jds.2019-17414
https://doi.org/10.1093/ansci/95.12.5175
https://www.ncbi.nlm.nih.gov/pubmed/29293804
https://doi.org/10.1139/cjas-2019-0085
https://www.r-project.org/
https://doi.org/10.1186/1297-9686-24-4-305
https://doi.org/10.1038/s41598-022-16778-z
https://doi.org/10.3168/jds.2006-697
https://www.ncbi.nlm.nih.gov/pubmed/17517715
https://doi.org/10.3168/jds.2019-17101
https://www.ncbi.nlm.nih.gov/pubmed/31864736
https://doi.org/10.1111/gcb.14094
https://doi.org/10.3791/52904
https://doi.org/10.2527/jas2017.1842
https://doi.org/10.3168/jds.2017-13441
https://doi.org/10.1016/j.compag.2009.05.008
https://doi.org/10.2527/jas.2016-0431
https://doi.org/10.1111/j.1469-185X.2010.00141.x
https://www.ncbi.nlm.nih.gov/pubmed/20569253

Animals 2023, 13, 1308 13 0f 13

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Bell, M.].; Potterton, S.L.; Craigon, J.; Saunders, N.; Wilcox, R.H.; Hunter, M.; Goodman, J.R.; Garnsworthy, P.C. Variation in
enteric methane emissions among cows on commercial dairy farms. Animal 2014, 8, 1540-1546. [CrossRef] [PubMed]

Haque, M.N.; Cornou, C.; Madsen, J. Individual variation and repeatability of methane production from dairy cows estimated by
the CO, method in automatic milking system. Animal 2015, 9, 1567-1576. [CrossRef] [PubMed]

Allen, M.S. Effects of Diet on Short-Term Regulation of Feed Intake by Lactating Dairy Cattle. J. Dairy Sci. 2000, 83, 1598-1624.
[CrossRef] [PubMed]

Michael Forbes, J. A personal view of how ruminant animals control their intake and choice of food: Minimal total discomfort.
Nutr. Res. Rev. 2007, 20, 132-146. [CrossRef]

Allen, M.S.; Bradford, B.J.; Oba, M. Board Invited Review: The hepatic oxidation theory of the control of feed intake and its
application to ruminants. J. Anim. Sci. 2009, 87, 3317-3334. [CrossRef]

Negussie, E.; Mehtio, T.; Mantysaari, P.; Levendahl, P.; Mantysaari, E.A.; Lidauer, M.H. Reliability of breeding values for feed
intake and feed efficiency traits in dairy cattle: When dry matter intake recordings are sparse under different scenarios. J. Dairy
Sci. 2019, 102, 7248-7262. [CrossRef]

Byskov, M.V.; Fogh, A.; Lavendahl, P. Genetic parameters of rumination time and feed efficiency traits in primiparous Holstein
cows under research and commercial conditions. J. Dairy Sci. 2017, 100, 9635-9642. [CrossRef]

Li, B.; Fikse, W.F,; Lovendahl, P; Lassen, J.; Lidauer, M.H.; Méntysaari, P.; Berglund, B. Genetic heterogeneity of feed intake,
energy-corrected milk, and body weight across lactation in primiparous Holstein, Nordic Red, and Jersey cows. J. Dairy Sci. 2018,
101, 10011-10021. [CrossRef] [PubMed]

Krattenmacher, N.; Thaller, G.; Tetens, J. Analysis of the genetic architecture of energy balance and its major determinants dry
matter intake and energy-corrected milk yield in primiparous Holstein cows. J. Dairy Sci. 2019, 102, 3241-3253. [CrossRef]
[PubMed]

Seymour, D.J.; Canovas, A.; Chud, T.C.S,; Cant, J.P; Osborne, V.R.; Baes, C.E.; Schenkel, ES.; Miglior, F. Associations between
feed efficiency and aspects of lactation curves in primiparous Holstein dairy cattle. J. Dairy Sci. 2021, 104, 9304-9315. [CrossRef]
[PubMed]

Pickering, N.K.; Oddy, V.H.; Basarab, J.; Cammack, K.; Hayes, B.; Hegarty, R.S.; Lassen, J.; McEwan, J.C.; Miller, S.; Pinares-Patino,
C.S,; et al. Animal board invited review: Genetic possibilities to reduce enteric methane emissions from ruminants. Animal 2015,
9, 1431-1440. [CrossRef]

van Breukelen, A.E.; Aldridge, M.A.; Veerkamp, R.F.; de Haas, Y. Genetic parameters for repeatedly recorded entereic methane
concentrations of dairy cows. J. Dairy Sci. 2022, 105, 4256-4271. [CrossRef]

Kandel, P.B.; Vanrobays, M.L.; Vanlierde, A.; Dehareng, F.; Froidmont, E.; Gengler, N.; Soyeurt, H. Genetic parameters of
mid-infrared methane predictions and their relationships with milk production traits in Holstein cattle. J. Dairy Sci. 2017,
100, 5578-5591. [CrossRef]

Donoghue, K.A.; Bird-Gardiner, T.; Arthur, P.F,; Herd, R-M.; Hegarty, R.F. Genetic and phenotypic variance and covariance
components for methane emission and postweaning traits in Angus cattle. J. Anim. Sci. 2016, 94, 1438. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1017/S1751731114001530
https://www.ncbi.nlm.nih.gov/pubmed/24946166
https://doi.org/10.1017/S1751731115000646
https://www.ncbi.nlm.nih.gov/pubmed/25951878
https://doi.org/10.3168/jds.S0022-0302(00)75030-2
https://www.ncbi.nlm.nih.gov/pubmed/10908065
https://doi.org/10.1017/S0954422407797834
https://doi.org/10.2527/jas.2009-1779
https://doi.org/10.3168/jds.2018-16020
https://doi.org/10.3168/jds.2016-12511
https://doi.org/10.3168/jds.2018-14611
https://www.ncbi.nlm.nih.gov/pubmed/30146279
https://doi.org/10.3168/jds.2018-15480
https://www.ncbi.nlm.nih.gov/pubmed/30772025
https://doi.org/10.3168/jds.2020-20010
https://www.ncbi.nlm.nih.gov/pubmed/33934862
https://doi.org/10.1017/S1751731115000968
https://doi.org/10.3168/jds.2021-21420
https://doi.org/10.3168/jds.2016-11954
https://doi.org/10.2527/jas.2015-0065

	Introduction 
	Materials and Methods 
	Ethics and Animal Care 
	Data Collection 
	Ontario Dairy Research Centre 
	Dairy Research and Technology Center 

	Variation in Methane Testing 
	Data Set and Methane Traits 
	Variance Components 
	Rank Correlations and Accuracy of Estimated Breeding Values 

	Results and Discussion 
	Descriptive Statistics 
	Variation over Time 
	Variance Component Estimates 
	Correlations 
	Accuracy of EBV and EBV Rank Correlations 

	Conclusions 
	References

