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ABSTRACT

As long as large-scale recording of expensive-to-mea-
sure and labor-consuming traits, such as dry matter 
intake (DMI) and CH4 production (CH4P), continues 
to be challenging in practical conditions, alternative 
traits that are already routinely recorded in dairy herds 
should be investigated. An ideal indicator trait must, in 
addition to expressing genetic variation, have a strong 
correlation with the trait of interest. Our aim was to 
estimate individual level and phenotypic correlations 
between rumination time (RT), CH4P, and DMI to 
determine if RT could be used as an indicator trait for 
CH4P and DMI. Data from 343 Danish Holstein cows 
were collected at the Danish Cattle Research Centre for 
a period of approximately 3 yr. The data set consisted 
of 14,890 records for DMI, 15,835 for RT, and 6,693 
for CH4P. Data were divided in primiparous cows only 
(PC) and all cows (MC), and then divided in lactation 
stage (early, mid, late, and whole lactation) to ana-
lyze the changes over lactation. Linear mixed models, 
including an animal effect but no pedigree, were used 
to estimate the correlations among traits. Phenotypic 
and individual level correlations between RT and both 
CH4P and DMI were close to zero, regardless of lacta-
tion stage and data set (PC or MC). However, CH4P 
and DMI were highly correlated, both across lactation 
stages and data sets. In conclusion, RT is unsuitable to 
be used as an indicator trait for either CH4P or DMI. 
Our study failed to validate RT as a useful indicator 
trait for both CH4P and DMI, but more studies with 
novel phenotypes can offer different approaches to se-
lect and incorporate important yet difficult to record 
traits into breeding goals and selection indexes.
Key words: methane, rumination time, dry matter 
intake, dairy cow

INTRODUCTION

Milk and milk products are of major importance for 
human nutrition. With the expected human population 
growth rate, reduction in milk production as an alter-
native to decreasing greenhouse gas emissions seems 
challenging. Nevertheless, greenhouse gas mitigation 
strategies for ruminant production systems have been 
extensively discussed with the anticipation of a carbon 
constrained economy (Wall et al., 2010; Knapp et al., 
2014; Pickering et al., 2015). Ruminal CH4 production 
(CH4P) represents a loss of dietary energy for the ani-
mals (Johnson and Johnson, 1995); therefore, having 
strategies for reducing CH4 emissions from cows while 
maintaining or even increasing milk production levels 
seems to be the key for a sustainable development of 
the dairy industry worldwide (Pacheco et al., 2014).

Nutritional and microbial manipulations as attempts 
to reduce CH4 emissions have been and still are ex-
plored (Cottle et al., 2011), and the investigation of 
animal variation for CH4P has made some progress in 
the past few years (for a more broad perspective, see de 
Haas et al., 2017). However, breeding for lower emitting 
cows as a mitigation strategy has proven to be chal-
lenging, mainly due to the difficulty in obtaining CH4 
records on a large number of related individuals, which 
is required for genetic evaluations. The gold standard 
for CH4 recording is the respiration chamber, but this 
is an expensive and labor-consuming method (Pick-
ering et al., 2015). Confinement within the artificial 
environment of the chambers can affect cows’ feeding 
behavior, resulting in a drop in DMI and CH4P (Storm 
et al., 2012); therefore, the validity of results under 
commercial conditions may be questioned (Lassen and 
Løvendahl, 2016).

As far as inexpensive, less time-consuming methods 
for CH4 records are concerned, some innovative tech-
niques have been proposed (see Patra, 2016), such as 
the sniffer gas concentration methods (Garnsworthy et 
al., 2012; Lassen et al., 2012). This is a noninvasive 
technique that can be installed inside the integral feed 
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bins of automatic milking systems (AMS) or con-
centrate feeders, where it continuously measures CH4 
concentration during milking, and several hundred 
measurements can be made in a very short time (Las-
sen and Løvendahl, 2016). However, implementation of 
this technology would only be applicable with the use 
of AMS or concentrate feeders in commercial farms, 
and further calculations are required to obtain a CH4 
mass flux estimate (Madsen et al., 2010; Garnsworthy 
et al., 2012).

Another alternative for exploring the genetic varia-
tion in the CH4 emitting potential of cows is the use of 
indicator traits related to CH4P (Negussie et al., 2017). 
To identify potential traits that could be closely related 
to CH4P, it is important to consider the factors that are 
known to contribute to CH4 synthesis. Intake and diet 
composition have a major influence on the animal’s 
emission potential (Jentsch et al., 2007); therefore, pos-
sible indicator traits for CH4P could be traits that are 
influenced by the same factors. For instance, feeding ra-
tions high in forage NDF stimulates rumination activ-
ity, and also aids the production of acetate production 
in the rumen, leading to higher CH4P (Mendes et al., 
2013; Byskov et al., 2015).

Rumination time (RT) could be an appealing alterna-
tive because some of the factors that influence CH4P in 
cows can also affect RT. For instance, RT also increases 
with the inclusion of high levels of fiber in the animal’s 
diet. Moreover, rumination increases saliva production, 
buffering rumen’s pH (Mertens, 1997), favoring acetate 
production, leading to more enteric CH4 (Moe and Tyr-
rell, 1979). Rumination time could affect feed particle 
size through mastication, and thus microbial fermenta-
tion which also seems to have an effect on digesta turn-
over (Watt et al., 2015), which can have an effect on 
the regulations of DMI through homeorhetic controls of 
satiation (Allen, 2000), therefore potentially affecting 
CH4P. Large-scale recording of RT is already possible 
in commercial herds with a noninvasive sensor-based 
system that measures rumination activity sounds pro-
duced by the cow’s jaw or ear movements (Schirmann 
et al., 2009). Thus, the objective of this study was to in-
vestigate the possible phenotypic relationships between 
RT and CH4P in Danish Holstein cows, to evaluate the 
feasibility of using RT as an indicator for CH4P.

MATERIALS AND METHODS

Animals, Facilities, and Feeding

Data were collected at the Danish Cattle Research 
Centre (DCRC, Foulum, Denmark). The cows were 
housed in a freestall barn and were milked in an 
AMS (DeLaval, Tumba, Sweden). The DCRC barn 

is described in detail by Bossen and Weisbjerg (2009) 
and Bossen et al. (2009). Data on feed intake (both 
TMR and concentrate) are recorded automatically at 
DCRC. As records were collected across different trials, 
the TMR varied in nutritional content. Cows had ad 
libitum access to TMR, and up to 3 kg of daily concen-
trate was offered to the cows inside the AMS to attract 
the animals to the AMS. Feed intake data used in this 
study were previously presented by Li et al. (2016).

Data Recording

Feed bins (Insentec, Marknesse, the Netherlands) 
were used to measure individual intake. The cows had 
access to the bins through gates controlled by radio 
frequency identification ear tags. Daily feed intake 
values were obtained by summing the amount of feed 
consumed in all the visits made per cow, per day. Daily 
DMI values were calculated based on the DM content of 
the feed offered to each cow, according to the trial the 
cow was involved in. Dry matter content of individual 
TMR was analyzed within each trial. Daily DMI used 
in this study was recorded from May 2013 to November 
2016.

Rumination time data were obtained by a micro-
phone-based monitoring sensor (RuminAct by SCR 
Engineers Ltd., Netanya, Israel) placed on the left 
side of the cows’ necks. The sensor uses the sound of 
regurgitation of feed boluses to identify when the cow 
is ruminating, and it also considers the sound pattern 
behavior expressed by the animals during rumination. 
Measurements of RT were recorded by the sensor in 2-h 
intervals; therefore, daily RT per animal had a total of 
twelve 2-h intervals per day. Data for RT include the 
period from May 2013 to January 2017.

Gas concentrations (CH4 and CO2) in the breath of 
individual cows were obtained during milking, with one 
infrared gas analyzer per AMS (Guardian NG/Gascard, 
Edinburgh Instruments Ltd., Livingston, UK). The 
installation, calibration, signal processing, and calcula-
tion of daily CH4 and CO2 concentration per cow using 
the sniffers sensors at DCRC are described elsewhere 
(Difford et al., 2016). Data for CH4 and CO2 include 
the period of June 2013 to November 2016.

Data Editing

For each phenotype, weekly averages were calculated 
(DMI, RT, and CH4P), for each cow. Only cows up to 
the third parity were included in this study. The total 
data set consisted of 343 Holstein cows, from which 
273 had first parity records, 87 cows had both first 
and second parities records, and 55 had records from 
first to third parities available. The 70 cows without 
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first parity records were kept in the data set due to the 
limited number of records available, from which 12 had 
information on second parity only, 21 only had records 
from their third parity, and 37 cows had records from 
both second and third parities available. Only data 
from wk 1 to 44 after calving were considered in this 
study. In total, there were 14,890 DMI records (6,756 
from primiparous animals), 15,835 RT records (7,121 
from primiparous animals), and 6,693 CH4P records 
(3,152 from primiparous animals).

For DMI, only records within a range of 5 to 42 kg/d 
were considered, and a maximum of 2 missing records 
per weekly average was allowed; therefore, records of 
cows with more than 2 missing records per week were 
excluded. For RT, unrealistic values caused by either 
sensor errors or disturbed rumination behavior due to 
heat were excluded from the analyses. Days that had 
missing 2-h intervals records were excluded; however, 
for the weekly averages incomplete weeks, meaning 
weeks without records every day, were considered due 
to the limited number of records available. Daily CH4 
and CO2 concentration were screened for outliers due 
to instrument blockages by removing values exceeding 
5 standard deviations from the mean. Weekly averages 
for CH4 and CO2 concentration were computed with a 
maximum missing value of 2 records per week. Weekly 
averages of CO2 production were calculated using a 
prediction equation for heat production units, based on 
ECM, BW, and days in pregnancy for each individual 
cow, and further converted from heat production units 
to CO2 L/d (CIGR, 2002; Pedersen et al., 2008). The 
measured CH4 and CO2 concentrations were used to 
compute the ratio of the 2 gases in the breath of cows 
and multiplied by the predicted CO2 production as a 
tracer gas to obtain methane production in L/d (CH4P; 
Madsen et al., 2010).

Data Analysis

Two main data sets were used in this study: one with 
primiparous (PC) cows only, and a data set containing 
records from first, second, and third parity cows (MC). 
Lactation weeks were divided into 11 periods, each 
period representing 4 lactation weeks. Period 1 would 
cover lactation wk 1 to 4, period 2 for lactation wk 5 to 
8, and so on. To explore the potential variation across 
the different stages of lactation, parameters estimation 
was done first on whole lactation records (periods 1–11, 
wk 1–44), and posteriorly by splitting each data set in 
3 subsets: early (periods 1–2, wk 1–8), mid (periods 
5–6, wk 17–24), and late (periods 10–11, wk 37–44) 
lactation. Statistical differences between means among 
lactation stages for each data set (PC and MC) were 

estimated by using the PROC MIXED procedure in 
SAS (version 9.4, SAS Institute Inc., Cary, NC).

A repeatability model with the animal effect included 
but without pedigree-derived relationship matrices was 
used to estimate the individual level and phenotypic 
correlations between the traits. For the PC data set, 
pairwise bivariate models with the following descrip-
tion were used within lactation stages (early, mid, and 
late),

	 y YS C a eijkl j k i ijkl= + + + +µ ,	

where y represents the dependent phenotype (DMI, in 
kg/d; RT, in min/d; CH4P, in L/d); µ is the overall 
intercept; YS is the year-season effect (j = 17 levels); C 
is the effect of contemporary group (each group has its 
own AMS); ai is the random effect of cow i with 
~ , ,ND cow0 Iσ2( )  where I is an identity matrix and σcow

2  is 
the variance component of the animal effects, which 
accounts for the repeated records for individual cows; 
and e corresponds to the random residual effect, with 
~ , ,IND e0 Iσ2( )  where σe

2 is the residual variance. For 
DMI and RT, the bivariate model used was the same as 
the one described above, but without the effect of C as 
this was not significant for these traits. Model 1 was 
used for the entire first lactation (PC data set) with the 
inclusion of an added fixed effect of period (11 levels) 
to account for differences in stages of lactation.

For the MC data set, pairwise bivariate models with 
the following description were used within lactation 
stages (early, mid, and late) were

	 y P YS C a eijklm j k l i ijklm= + + + + +µ ,	

where y represents the dependent phenotype (DMI, 
RT, or CH4P), µ is the overall intercept; P is the effect 
of lactation number (j = 3 levels), and the other ele-
ments are the same as previously explained for model 
1. The effect of C was not considered in the analysis for 
DMI and RT. Model 2 above was used for the entire 
MC data set with the added fixed effect of period (11 
levels) to account for differences in stages of lactation.

Estimation of variance and covariance components 
was performed by DMU (Madsen and Jensen, 2014), 
using the average information residual maximum like-
lihood (AI)REML. Repeatability estimates (t) were 
obtained from the variance components by using the 
equation

	 t a

a e

=
+( )
σ

σ σ

2

2 2
,	
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where σa
2 represents the variance between cow defined 

by σa
2 = σa

2 + σe
2, and σe

2 represents the residual error 
variance. Individual level correlations (rt), were com-
puted as the correlation between random cow effects 
using variance components as shown:

	 rt a a

a a

=
σ

σ σ

1 2

2
1

2
2

,

.
,	

where σa1 and σa2 are the random animal effects for 
different measures taken on the same animal. Standard 
errors of covariance components were used to calculate 
the standard errors for the correlations estimated by 
using a Taylor series expansion (Madsen and Jensen, 
2014).

RESULTS

Descriptive Statistics

Descriptive results for both data sets (PC and MC) 
across the whole lactation can be seen in Table 1. Table 
2 contains the summary statistics for both PC and MC 
data sets, divided in early, mid, and late lactation stag-

es, and Figures 1 and 2 present the trajectory profiles 
calculated as simple means with the respective standard 
errors between traits over lactation. Dry matter intake 
was the lowest during early lactation, being statistically 
different from DMI during mid and late lactation for 
both PC and MC. The same pattern was found for 
CH4P, with the lowest production levels in early lacta-
tion, increasing significantly in mid lactation. However, 
CH4P decreased during late lactation, but this drop 
was not statistically different from the mid lactation 
stage. Interestingly, RT was highest during late lacta-
tion, whereas the values were not significantly different 
between early and mid lactation in PC cows (Figure 
1). For MC cows a trend in RT was clearer, with the 
lowest values in mid lactation and the highest in early 
and late lactation. However, the differences in RT over 
lactation stages were not significant (Table 2). Visual 
inspection of the residual plots from the linear mixed 
models showed phenotypes are normally distributed.

Individual Level and Phenotypic Correlations

Individual and phenotypic correlations among traits 
were estimated separately for each data set (PC and 
MC), for each lactation stage considered (early, mid, 

Table 1. Number of records (N), means, and SD for the weekly averages of the traits recorded for the whole 
lactation (wk 0–44) for data sets of primiparous cows (PC) and all cows (MC)

Trait1

PC

 

MC

N Mean (SD) N Mean (SD)

DMI (kg/d) 6,756 19.4 (3.1)   14,890 22.0 (4.0)
RT (min/d) 7,121 415.1 (116.7)   15,835 443.2 (112.9)
CH4P (L/d) 3,152 405.2 (115.8)   6,693 446.9 (131.0)
1RT = rumination time; CH4P = CH4 production.

Table 2. Number of records (N), means, and SD for the traits recorded, divided into early, mid, and late lactation stages, for primiparous cows 
(PC) and all cows (MC)

Data set   Trait1

Lactation stage2

Early

 

Mid

 

Late

N Mean (SD) N Mean (SD) N Mean (SD)

PC  
DMI (kg/d) 1,548 15.7a (5.9)   1,226 19.9b (5.5)   832 20.0b (5.0)

  RT (min/d) 1,530 403.2a (267.9)   1,259 403.1a (245.3)   1,154 430.5b (244.2)
    CH4P (L/d) 715 337.4a (128.1)   557 415.5b (119.1)   425 408.9b (114.6)
MC

  DMI (kg/d) 3,381 18.9a (7.6)   2,759 23.0b (7.3)   1,850 22.0c (6.6)
  RT (min/d) 3,403 446.2a (310.3)   2,879 441.4ab (293.8)   2,455 451.2a (285.7)

    CH4P (L/d) 1,515 421.0a (181.0)   1,220 461.2b (174.6)   872 440.0c (162.6)
a–cDifferent letters in the same row indicate statistically different means (P < 0.001).
1RT = rumination time; CH4P = CH4 production.
2Early = lactation wk 1–8; mid = lactation wk 27–34; late = lactation wk 37–44.
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and late) and for the whole lactation period (Tables 3 
and 4). The individual level and phenotypic correlations 
between RT and the other traits were weak and close 
to zero, ranging from (−0.11 to 0.11) in the PC data 
set, regardless of lactation stage (whole, early, mid, and 
late). The range of correlations further decreased to 
(−0.08 to 0.02) with the addition of more records from 
the MC data. However, the individual level and pheno-
typic correlations between CH4P and DMI were strong 
and positive, ranging from (0.64–0.75) for individual 
level correlations over lactation in the PC data set and 
(0.57–0.71) for phenotypic correlations. The strong 
individual level correlations between CH4P and DMI 
were also observed in the MC data set, regardless of the 
cows’ age and their physiological and lactation stages. 
Individual level correlations ranged from 0.63 to 0.76, 
and from 0.57 to 0.72 for phenotypic correlations.

Figures 3, 4, and 5 show pairwise relationships of the 
random cow solutions from the model described in [1] 
and support the weak individual level correlations be-
tween RT and the other traits showing no visible linear 
associations with CH4P and DMI (Figures 3 and 4). 
The strong individual level correlations between CH4P 
and DMI exhibited a clear linear relationship. For the 

MC random cow solutions from model (2) the pairwise 
plots were largely the same as those in Figures 3, 4, and 
5 (results not shown).

DISCUSSION

Daily averages for DMI, RT, and CH4P were lower 
in the PC data set, which was expected because the 
smaller body of primiparous cows have an effect on 
their intake. Consequently, we would expect average 
CH4P to be lower for primiparous cows as well, due to 
the strong positive correlation between DMI and CH4P 
(Yan et al., 2000; Hristov et al., 2013). Also, Soriani et 
al. (2012) have shown that changes in the environment 
during the transition period affect primiparous cows 
more than multiparous cows, leading them to ruminate 
less. Regarding the correlations between traits estimat-
ed in our study, an alternative approach of estimating 
individual level and phenotypic correlations was used. 
It is challenging to obtain meaningful genetic correla-
tions between possible indicator traits and expensive or 
difficult to measure traits (such as CH4 or DMI), as the 
number of records is usually too limited to estimate ge-
netic correlations reliably. Individual level correlations 

Figure 1. Dry matter intake, CH4 production (CH4), and rumination time (RT) in primiparous lactating Holstein cows across lactation 
periods (1–11); error bars denote SE. Color version available online.
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(sometimes called repeated measures correlation) are 
viable when repeated measures are made per subject 
and the measurement is prone to error (i.e., t ≤ 0.80), 
but the number of individuals is too low to estimate 

genetic correlations reliably (Løvendahl et al., 2010; 
Bakdash and Marusich, 2017). Although the standard 
errors of both correlations are similar in magnitude, the 
phenotypic correlations are prone to downward bias, 

Figure 2. Dry matter intake, CH4 production (CH4P), and rumination time (RT) in multiparous lactating Holstein cows across lactation 
periods (1–11); error bars denote SE. Color version available online.

Table 3. Phenotypic (above diagonal) and individual level correlations (below diagonal) among traits and 
repeatability (diagonal) of traits followed by SE, for primiparous cows only estimated over the whole lactation, 
and during early, mid, and late lactation stages

Lactation stage   Trait1 DMI RT CH4P

Whole          
    DMI 0.60 (0.02) −0.05 (0.06) 0.62 (0.05)
    RT −0.07 (0.06) 0.77 (0.01) −0.08 (0.06)
    CH4P 0.75 (0.03) −0.10 (0.07) 0.74 (0.02)
Early          
    DMI 0.33 (0.03) −0.02 (0.06) 0.71 (0.04)
    RT 0.01 (0.08) 0.83 (0.01) 0.06 (0.06)
    CH4P 0.72 (0.05) 0.11 (0.08) 0.57 (0.03)
Mid          
    DMI 0.72 (0.02) −0.04 (0.06) 0.57 (0.06)
    RT −0.05 (0.08) 0.93 (0.007) −0.11 (0.06)
    CH4P 0.67 (0.05) −0.13 (0.09) 0.77 (0.03)
Late          
    DMI 0.75 (0.03) −0.04 (0.06) 0.57 (0.06)
    RT −0.04 (0.08) 0.84 (0.02) −0.09 (0.06)
    CH4P 0.64 (0.06) −0.11 (0.10) 0.73 (0.03)
1RT = rumination time; CH4P = CH4 production.
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and as a result individual level correlations are closer to 
genetic correlations (Adolph and Hardin, 2007; Wolak 
et al., 2012).

RT as an Indicator Trait for CH4 Production

To our knowledge, individual level and phenotypic 
correlations between RT and CH4P in lactating dairy 
cows were not discussed in any other studies. A re-
lationship would be expected because RT and CH4P 
are both influenced by fiber intake, rate of passage of 
digesta, and rumen fermentation (Moe and Tyrrell, 
1979; Mertens, 1997; Mendes et al., 2013). However, 
these factors can be seen to affect the relationships 
between RT and CH4P within cow due to nongenetic 
factors such as forage type, but do not necessarily hold 
between cows, which is the primary interest in genetic 
evaluations.

However, the findings from small-scale, short-term, 
and divergent studies have been inconsistent in defining 
the relationship between CH4P and RT. For instance, 
Pinares-Patiño et al. (2007) estimated a phenotypic 
correlation of −0.71 between CH4P and RT per kg of 
NDF (visually scored) in 9 nonlactating Holstein × 
Jersey cows and a correlation of −0.76 between RT 
in the first 3 h after feeding and CH4P; however, back 
calculation from their significance tests reveals the SE 
to be ~0.30, demonstrating the limited value of the 
estimates. Watt et al. (2015) compared RT, CH4P, and 
estimated DMI, between 2 groups (n = 37) of lactat-
ing Holstein-Friesian cows selected for differential RT 
and found significant differences between groups for 
estimated DMI and CH4P, indicating a correlation 
between RT, DMI, and CH4P. However, the repeatabil-

ity of RT was low (t = 0.26) and significant group by 
test day interaction was detected; thus, the persistence 
of ranking of cows with high and low RT groups was 
poor. Chagunda et al. (2009) used a handheld laser 
and found that the CH4 concentration in the breath 
of ruminating Holstein-Friesland cows was significantly 
higher than when cows were feeding or idle, suggest-
ing that cows which ruminate more will also produce 
more CH4. These studies differ from the present study 
because individual level correlations, which are free of 
the effects of lactation stage, diet, or parity, were not 
estimated.

The individual level and phenotypic correlations 
between CH4P and RT were weak and close to zero 
regardless of lactation stages and data set (PC or MC). 
However, a pattern was observed regarding the direc-
tion of the correlations: with the exception of the early 
lactation stage, phenotypic correlations between CH4P 
and RT were negative favorable. Even when considering 
more records from cows at different parities, there is 
no strong indication that between animal variation in 
CH4P is related to between animal variation in RT.

RT as an Indicator Trait for DMI

A positive relationship between RT and DMI was ex-
pected given the assumption that higher intakes would 
require a longer time spent ruminating (Schirmann et 
al., 2012). Simply examining the increasing means of 
both RT and DMI from primiparous cows to all parities 
cows in the present study would also support this no-
tion. Furthermore, Krause et al. (2002) found a positive 
relationship between long-particle DMI and RT and 
Byskov et al. (2015) found that 32% of the variation in 

Table 4. Phenotypic (above diagonal) and individual level correlations (below diagonal) among traits and 
repeatability (diagonal) of traits followed by SE, for the full data set estimated over the whole lactation, and 
during early, mid, and late lactation stages

Lactation stage   Trait1 DMI RT CH4P

Whole  
DMI 0.54 (0.02) −0.02 (0.05) 0.63 (0.04)

  RT −0.04 (0.06) 0.70 (0.02) −0.05 (0.05)
  CH4P 0.76 (0.03) −0.08 (0.06) 0.67 (0.02)
Early        
  DMI 0.28 (0.03) −0.07 (0.05) 0.65 (0.04)
  RT −0.02 (0.07) 0.73 (0.02) −0.003 (0.06)
  CH4P 0.69 (0.04) 0.02 (0.07) 0.54 (0.02)
Mid        
  DMI 0.63 (0.02) −0.03 (0.06) 0.52 (0.05)
  RT −0.06 (0.07) 0.79 (0.02) −0.09 (0.06)
  CH4P 0.63 (0.05) −0.09 (0.07) 0.71 (0.02)
Late        
  DMI 0.62 (0.03) 0.02 (0.06) 0.57 (0.05)
  RT 0.03 (0.07) 0.73 (0.02) −0.09 (0.06)
  CH4P 0.71 (0.04) −0.09 (0.08) 0.62 (0.03)
1RT = rumination time; CH4P = CH4 production.
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RT was explained by dietary fractions. In our study, the 
individual level and phenotypic correlations estimated 
between RT and DMI were weak and close to zero, 
regardless of lactation stage or parity, indicating a poor 
relationship between the 2 traits. Similarly, Byskov et 
al. (2017) found phenotypic correlations between RT 
and DMI of −0.12 to 0.07 for whole and late lactation 
stages, and individual level correlations ranging from 
−0.24 to −0.09 in a similar data set, also concluding 
no clear relationship can be elaborated between both 
traits. Schirmann et al. (2012) found significant cor-
relations positive correlations between daily DMI and 
RT within cow. However, the same conclusion was not 
reached by Schirmann et al. (2012) when comparing 
daily DMI and RT between cows, where no significant 
relationship between daily DMI and RT was detected. 
Our results corroborate with the previous findings that 
RT is not a suitable indicator for DMI in dairy cows.

DMI as an Indicator Trait for CH4 Production

A positive relationship was expected between DMI 
and CH4P, as numerous authors have reported strong 
positive correlations (>0.80) between these traits (Yan 
et al., 2000). Not surprisingly, prediction equations for 

CH4P that exploit the relationship between these traits 
are ubiquitous in the scientific literature (Ellis et al., 
2007; Hippenstiel et al., 2013). The individual level and 
phenotypic correlations estimated in this study confirm 
that CH4P and DMI are intrinsically connected in ru-
minants. de Haas et al. (2011) estimated the genetic 
and phenotypic correlations between CH4P (predicted 
from DMI) and DMI as close to unity and 0.72, respec-
tively, in Dutch Holstein-Friesian. This finding agrees 
with the present results, indicating that DMI and 
CH4P could serve as genetic indicators for each other. 
Although the present study and the study of de Haas 
et al. (2011) both make use of prediction equations 
to estimate CH4P, which may influence the estimated 
correlations between DMI and CH4P, the phenotypic 
correlations are similar to those estimated using respi-
ration chambers, supporting the validity of correlations 
in the present study (Yan et al., 2000).

It is important to note that CH4P is based on a pre-
diction for CO2 production that ignores variation in 
ME utilization (Huhtanen et al., 2015). Improved ef-
ficiency at a fixed level of intake decreases CO2 produc-
tion and thus increases the measured CH4/CO2 ratio. 
However, improved efficiency increases milk production 
and thus increases the predicted CO2 production using 

Figure 3. Individual level correlation between random cow solutions for CH4 production (CH4P) and rumination time of primiparous lactat-
ing Holstein cows.
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the equation described in Madsen et al. (2010). As a 
result, CH4P could be overpredicted for efficient cows 
and underpredicted for inefficient cows. Furthermore, 
variation in BCS can cause large variation in predicted 
CO2 production using BW to estimate maintenance 
requirement (Huhtanen et al., 2015). Thus it would be 
expected that CH4P would be a poorer indicator of 
DMI during early lactation when variation in mobiliza-
tion of body reserves and BCS would be expected to 
add variation to CH4P from the predicted CO2 produc-
tion. However, in the present study in both the PC 
and the MC data sets the correlation between CH4P 
and DMI was higher during early lactation as opposed 
to mid and late lactation. Regardless, further research 
is required to full quantify the shortcomings of CH4P 
when predicted CO2 production is employed and varia-
tion in ME utilization is not taken into account.

RT as an Indicator Trait

It is difficult to extrapolate about the correlations 
between RT, both within and between primiparous and 
multiparous cows, and other traits of interest. Despite 
being a highly repeatable and moderately heritable 
trait (Byskov et al., 2017) that is easily recordable in 

large-scale commercial herds, the results of this study 
and the study by Byskov et al. (2017) suggest that 
RT is unlikely to be a useful indicator trait for traits 
biologically related to rumination such as DMI, CH4P, 
or feed efficiency. One of the factors that seem to be 
strongly correlated with RT is the cow’s health status 
(Soriani et al., 2012). It also appears that changes in 
RT are related to the cow’s response to acute stressors 
(Schirmann et al., 2011). Because RT is heritable and 
routinely recorded in a large number of cows, it would 
be of interest in future studies to determine if RT is a 
possible indicator trait for metabolic diseases.

Implications

Although the number of animals and records in the 
present study precluded direct estimations of genetic 
correlations between traits, the number of records and 
animals over lactation did provide reliable estimates 
of individual level and phenotypic correlations with 
low SE, implying that RT is unlikely to be a valuable 
indicator trait for CH4P or DMI. Furthermore, strong 
positive correlations were found between CH4P and 
DMI but the underlying link between these traits is un-
likely to involve RT. Selection for lower CH4 emissions 

Figure 4. Individual level correlation between random cow solutions for DMI and rumination time of primiparous lactating Holstein cows.
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remains challenging and should not proceed without 
consideration of DMI.

CONCLUSIONS

The hypothesis that RT would serve as a valuable 
indicator trait of CH4P was not supported by our study. 
Individual level and phenotypic correlations between 
RT and CH4P were weak and close to zero, regardless of 
lactation stage and animal maturity. However, our study 
confirms the strong and already known phenotypic and 
individual level correlations between DMI and CH4P. 
Given the relationships between CH4 and DMI, caution 
should be taken when considering implementation of 
CH4P in selection indexes without concomitant inclu-
sion of DMI.
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