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ABSTRACT

Reducing enteric methane (CH4) production and 
improving feed conversion efficiency of dairy cows is 
of high importance. Residual feed intake (RFI) is one 
measure of feed efficiency, with low RFI animals be-
ing more efficient in feed conversion. Enteric CH4 is an 
important source of digestible energy loss in ruminants 
and, because research in beef cattle has reported a posi-
tive relationship between RFI and daily CH4 produc-
tion, we hypothesized that low RFI dairy heifers, which 
are more feed efficient, would produce less CH4/d. We 
measured the daily methane production (g of CH4/d), 
methane yield [g of CH4/kg of dry matter intake (DMI)], 
and CH4 per kilogram of body weight (BW) gain for 56 
heifers (20–22 mo old) in a 2 × 2 factorial arrange-
ment: factors included 2 breeds (Holstein-Friesian and 
Jersey; n = 28/breed), with equal numbers of animals 
previously determined as being either high [+2.0 kg of 
dry matter (DM)/d] or low RFI (−2.1 kg of DM/d; n 
= 28/RFI category). All heifers were commingled and 
offered unrestricted access to the same diet of dried 
alfalfa cubes. Between RFI categories, heifers did not 
differ in BW or BW gain but low RFI heifers had 9.3 
and 10.6% lower DMI and DMI/kg of BW, respectively, 
than high RFI heifers. Similarly, RFI category did not 
affect CH4/d or CH4/kg of BWg, but CH4/kg of DMI 
was higher in low RFI heifers because of their lower 
DMI. These results might reflect more complete diges-
tion of ingested feed in the more efficient, low RFI 
heifers, consistent with previous reports of greater ap-
parent digestibility of organic matter. Holstein-Friesian 
heifers were heavier and consumed more total DM than 
Jersey heifers, but breed did not affect DMI/kg of BW 
or BWg. Jersey heifers produced less CH4/d, but not 
CH4/kg of DMI or CH4/kg of BWg. We detected no in-
teraction between breed and RFI category in any of the 

variables measured. In conclusion, differences in RFI in 
dairy heifers did not affect daily CH4 production (g/d); 
however, low RFI heifers had a greater CH4 yield (g/kg 
of DMI) on a high forage diet.
Key words: feed conversion efficiency, environmental 
sustainability, greenhouse gas

Hot Topic

Rapid growth in the global human population and 
concomitant rising demand for animal products are 
generating concerns that enteric methane (CH4) emis-
sions are contributing to climate change (Garnsworthy 
et al., 2012; Ramin and Huhtanen, 2013; Huhtanen et 
al., 2015). Agriculture and land use change is estimated 
to contribute 14 to 22% of global greenhouse gas emis-
sions, and CH4 from production ruminants is reported 
to be almost 6% of total greenhouse gases (Knapp et 
al., 2014). Therefore, considerable interest exists in 
genetic or management-level strategies to reduce this 
source of greenhouse gas.

Improving feed conversion efficiency (FCE) could 
help reduce these emissions while maintaining current 
levels of production (Waghorn et al., 2012; Potts et al., 
2015). Ruminants eruct 5 to 10% of their gross energy 
intake as CH4 (van Soest, 1994; Pacheco et al., 2014). 
If variability in CH4 emissions is a component of dif-
ferences in feed efficiency, selective breeding for more 
feed-efficient animals could both reduce CH4 emissions 
and increase productivity.

Residual feed intake (RFI) is a measure of FCE that 
describes the difference between an animal’s predicted 
DMI and actual DMI required for its maintenance and 
production. Residual feed intake has been positively 
associated with daily CH4 production in beef steers 
(Nkrumah et al., 2006; Hegarty et al., 2007; Fitzsimons 
et al., 2013), and between-animal differences in RFI 
have been reported within dairy cow breeds (Pryce et 
al., 2012; Davis et al., 2014; Macdonald et al., 2014). 
Furthermore, differences in FCE have been reported 
within and between breeds, with Jersey (J) cows re-
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quiring less feed than Holstein-Friesian (HF) cows per 
kilogram of milk components produced (L’Huillier et 
al., 1988; Prendiville et al., 2009; Spaans et al., 2018). 
This is probably due to the larger gastrointestinal tract 
per unit BW of J cows compared with HF cows, thus 
promoting an increase in NDF and DM digestibility 
(Beecher et al., 2014). It is, therefore, plausible that 
dairy breeds differ in daily CH4 production and yield 
per unit intake, although a review of the available lit-
erature does not support this (Goddard and Grainger, 
2003).

We hypothesized that highly feed efficient (low RFI) 
animals would emit less CH4/kg of DMI than lower 
efficiency (high RFI) animals, and that J heifers would 
have lower CH4/kg of DMI than HF heifers. To test 
our 2 hypotheses, we measured daily CH4 production 
(g of CH4/d) in a 2 × 2 factorial arrangement of breed 
and predefined RFI category: 28 HF and 28 J heifers 
(20–22 mo old) identified during the 2 mo before this 
experiment as being either high or low for RFI (i.e., n = 
14 HF-high, 14 HF-low, 14 J-high, and 14 J-low).

The experiment was undertaken at Lye Farm, Ham-
ilton, New Zealand (37.78°S, 175.28°E) between March 
and June 2017. The Ruakura Animal Ethics Commit-
tee (Hamilton, New Zealand) approved all animal ma-
nipulations in accordance with the New Zealand Animal 
Welfare Act (1999). The experiment was appropriately 
powered to detect a 5% difference in methane yield 
(CH4/kg of DMI) between treatments. The experiment 
was not adequately powered to measure the interaction 
between the main effects; therefore, we present only the 
main effects.

We selected 56 dairy heifers, 20 to 22 mo old, from 
an experiment designed to measure the RFI of HF and 
J heifers. Briefly, we procured 280 heifers (140 HF and 
140 J), representing 30 elite sires (n = 5 to 10 heifers 
per sire), on loan from commercial dairy farms across 
the North Island of New Zealand and transported them 
to the Dairy Trust Taranaki (Hawera, Taranaki, New 
Zealand 39.59°S, 174.28°E) research facility to measure 
RFI. The Hawera research facility was described in 
detail by Waghorn et al. (2012). Briefly, the facility 
contained twenty-eight 42-m2 pens bedded with coarse 
wood shavings on top of stones and drainage pipes. 
Each pen contained a single feeding station, accessible 
to one animal at a time, with the feed bin mounted 
on load cells. Bin weight and animal identification 
(ID) were recorded continuously when an animal ac-
cessed feed; intake, time, and duration of eating were 
recorded. Access to the feed was via a narrow chute and 
individual ID was recorded by an electronic ID (EID) 
reader (Gallagher G03103 R series; Gallagher Group 
Ltd., Hamilton, New Zealand) mounted above the feed 
bin. Four load cells supported each bin, and weights 

were recorded at 0.02-s intervals to an accuracy of 0.1 
kg. Water was freely available.

We divided the 280 heifers into 2 cohorts (n = 140/
cohort), with equal representation of HF and J in each 
cohort, and offered unrestricted access to dried alfalfa 
cubes (Medicago sativa; supplied by MultiCube Stock-
feeds Ltd., Yarrawonga, Australia). We measured heifer 
intake over a 52-d period and assessed BW 3 times a 
week. At the end of each cohort’s measurement period, 
individual heifer RFI was calculated by regressing DMI 
against metabolic BW (BW0.75) and BW gain (BWg), 
and the top 10% (+2.0 kg of DM/d) and bottom 10% 
(−2.1 kg of DM/d) for RFI within each breed and co-
hort were selected for assessment of CH4 production 
(n = 7 heifers per breed and RFI category within each 
cohort group; see Figure 1).

Immediately following assessment for RFI, selected 
heifers were transported to DairyNZ Lye Farm, Ham-
ilton, New Zealand (n = 14 heifers/breed per cohort) 
and housed in the DairyNZ CH4 measurement facility. 
The CH4 measurement facility consisted of a freestall 
barn with 30 raised cubicle sand beds. The barn was 
split into 2 halves with 15 stalls per pen. Seven feed sta-
tions with similar dimensions to the feed bins described 
previously were installed, with 3 feed stations in one 
pen and 4 in the other pen. These feed stations identi-
fied animals automatically via an EID reader placed 
on top of the feed bin and recorded feed disappearance 
and CH4 production as the animal ate. Zimmerman et 
al. (2015) provided a complete description of the feed-

Figure 1. Residual feed intake (RFI) of 4 groups of dairy heifers 
representing 2 breeds (Holstein-Friesian and Jersey) and 2 previously 
determined RFI categories (high: +2.0 kg of DM, ∆; low: −2.1 kg 
of DM, ■). Heifers were 20 to 22 mo old; BW = 480 and 408 kg for 
Holstein-Friesian and Jersey, respectively, and 439 and 448 kg for high 
and low RFI, respectively. The RFI is the difference between amount 
of feed DM required for biological processes and estimated feed re-
quirements based on a regression of feed DM against BW and daily 
BW gain. The midpoint in each vertical bar is the least squares means 
for the group; the error bars indicate the 95% confidence interval.
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ing stations. Briefly, the commercial GreenFeed system 
(C-Lock Inc., Rapid City, SD) for measuring CH4 pro-
duction (Huhtanen et al., 2015; Hammond et al., 2016) 
was incorporated into a custom-built feed station (92 
× 92 × 81 cm3) with a sealed lid. Air was extracted at 
45 L/s using a fan, and the system integrated measure-
ments of air flow and gas concentrations to allow direct 
measurement of CH4 fluxes during each animal visit to 
the feed station (Huhtanen et al., 2015). Each feed bin 
was supported on 2 load cells (C-Lock Inc.) and weights 
were recorded at 0.02-s intervals to an accuracy of 0.1 
kg. Validation of bin accuracy during the experiment 
was based on weekly calibration with known weights 
and by checking whole-pen intake data against cumula-
tive daily disappearance from each bin.

The 28 heifers in each cohort were randomly assigned 
to 1 of 2 pens, ensuring equal representation of each 
breed and RFI category in each pen (n = 14 heifers/
pen in each cohort). Heifers were weighed thrice weekly. 
Heifers had free access to at least 3 feed stations in their 
pen. All feed was consumed from these feed stations, 
enabling daily intake for each animal to be calculated. 
Water was freely available. Heifers were offered unre-
stricted access to the same batch of dried alfalfa cubes 
as used in the original RFI measurement. Samples of 
alfalfa cubes were dried thrice weekly in triplicate at 
95°C for 48 h to determine DM content (%) and at 
65°C for 72 h for nutritional analyses by neat infrared 
spectroscopy. Nutritional analysis indicated reasonable 
feed values (mean ± SD): 88.1 ± 0.2% DM; CP, 20.6 
± 0.30% DM; NDF, 36.2 ± 0.80% DM; ADF, 30.6 ± 
0.91% DM; and fat, 1.6 ± 0.0% DM. Feed disappear-
ance/animal (kg) was multiplied by the most recently 
measured feed DM percentage to determine individual 
animal daily DMI. Animals were in the pens for 32 
d for cohort 1 and 25 d for cohort 2. The measure-
ment period of the 2 cohorts differed in length due to 
the requirement to return the animals in cohort 2 to 
their farm of origin, but were deemed to be of sufficient 
length for intake and CH4 determination.

For each cohort, the first 7 d was treated as an adap-
tation period and excluded from the statistical analysis. 
The length of the subsequent measurement period was 
25 d for cohort 1 (d 8 to 32) and 18 d for cohort 2 (d 
8 to 25). Intake and CH4 data were downloaded from 
the feed stations and manually checked for accuracy. 
Poor reconciliation of data was uncommon and usually 
related to occasional failure of electronics, short visit 
times, or an animal bumping or moving the feed bins. 
Care was taken to ensure valid bases for data exclusion, 
and incorrect values were removed. Intake data for any 
animals with access to units that had temporary failure 
of electronics were removed for all affected days. Bin 
feed disappearance records with a start or end mass 

<−1 kg or >150 kg/visit were removed, as the feed bin 
held ~130 kg of alfalfa cubes. Any intakes less than 0 kg 
(due to data recorded while bins were being filled) were 
removed; 11% of intake data were excluded from analy-
sis. Intake data were summed to and multiplied by the 
most recent DM percentage to provide daily DMI for 
each heifer. The mean of the daily DMI for each animal 
was used for further analyses. The CH4 data were re-
moved when individual animal visits were <1 min and 
when there was equipment failure. The extraction fan 
failed for all days in 1 of the 7 feed stations; therefore, 
no CH4 data were available for this unit. Feed disap-
pearance data were still collected and CH4 data were 
available from the other feed stations in that pen; 33% 
of methane data were excluded from analysis. Following 
implementation of the data exclusion criteria, the data 
set included 1,111 individual heifer daily DMI measures 
(an average of 20 d/heifer) and 6,110 measures of CH4 
(an average of 109 per heifer for the duration of the 
measurement period) for the 56 animals.

Average CH4 for each animal was calculated from 
the arithmetic mean of all measurements for all days. 
Linear regression analyses were used to describe the re-
lationship between BW and day of trial, with the slope 
equal to average daily BWg. The average BW for each 
animal for the trial was estimated as the predicted BW 
at the midpoint of the experimental period (d 20 for 
cohort 1, and d 16.5 for cohort 2: BW and BWg were 
444 (51.5) kg and 1.2 (0.31) kg/d, respectively (mean 
with SD in parentheses). Methane yield (expressed as 
g/kg of DMI) was calculated by dividing average CH4 
production (g/d) by average DMI, and CH4/kg of BWg 
was calculated by dividing average CH4 production 
(g/d) by the average BWg: CH4/d, CH4/kg of DMI, and 
CH4/kg of BWg were 255 (25.6), 21.7 (2.67), and 216 
(52.2) g, respectively (mean, with SD in parentheses).

Dependent variables were analyzed with a linear 
model that included breed, RFI category, cohort, and 
the interaction of breed and RFI category as fixed 
effects, and heifer as the random effect. Statistical 
analyses were performed using R (version 3.3.3, R Core 
Team, 2017). Results are presented as least squares 
means and SE of the difference or 95% confidence in-
tervals. Significance was declared at P < 0.05.

Average RFI results for the HF and J breeds and the 
high and low RFI categories are presented in Figure 1, 
and CH4, DMI, and BWg summary data are presented 
in Table 1. The experiment was not designed with suf-
ficient statistical power to detect breed × RFI category 
interactions (P > 0.36); therefore, only breed or RFI 
differences are presented. We found no significant dif-
ferences between RFI categories in BW or daily BWg 
(P > 0.25), but DMI and DMI/kg of BW were 9.3 and 
10.6% lower (P < 0.01) in low RFI heifers compared 
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with their high RFI counterparts, confirming the accu-
racy of their designation to RFI category. On average, 
low RFI heifers ate 1.2 kg DM/d less (P < 0.01) than 
heifers in the high RFI category. This effect of RFI was 
anticipated and has been reported previously (Green et 
al., 2013). Consistent with our results, Waghorn et al. 
(2012) reported that the DMI difference between the 
top and bottom 10% RFI heifers selected in a similar 
manner from a cohort of 1,052 heifers was 1.5 kg of 
DM/d.

Contrary to our hypothesis, no significant differ-
ences were observed between RFI categories on CH4 
production/d or CH4/kg of BWg. However, because of 
their similar CH4 production but lower DMI, low RFI 
heifers produced 2.0 g more (P < 0.01) CH4/kg of DMI, 
or had a 9.7% greater CH4 yield than heifers in the high 
RFI category (Table 1). The lack of effect of RFI cate-
gory on daily CH4 production was surprising but might 
indicate that a difference in ruminal digestive efficiency 
is one of the main reasons for the greater FCE in low 
RFI heifers. If the lower RFI was a result of greater ru-
minal feed digestibility, particularly NDF digestibility 
in a high forage diet, this would be expected to increase 
CH4 yield (g/kg of DMI; Ramin and Huhtanen, 2013; 
Moate et al., 2016). Our new hypothesis is that greater 
CH4 yield/kg of DMI in low RFI heifers is a result 
of greater ruminal digestion of DM and NDF; this is 
supported by previous work investigating phenotypic 
differences between animals selected for low and high 
RFI. For example, cows selected for low RFI performed 
fewer and more intense rumination bouts. This would 
be expected to increase the physical breakdown of for-
age (Gregorini et al., 2015), which was supported by 

the fecal particle size distribution measured in their 
study: relative to the high RFI cows, low RFI cows 
excreted feces with 30% fewer large particles, indicat-
ing a greater level of ruminal digestion of the forage 
(Clauss et al., 2010) and the potential for greater CH4 
yield. Furthermore, Rius et al. (2012) reported that low 
RFI dairy heifers had a greater apparent total-tract N 
digestibility and a tendency toward greater DM and 
OM digestibility. Nkrumah et al. (2006) also reported a 
tendency toward greater DM digestibility with greater 
efficiency in beef steers and numerically higher NDF 
and ADF digestibility. These data are consistent with 
a greater ruminal digestion of NDF and, as a result, 
increased CH4/kg of DMI in low RFI animals on a high 
forage diet. Therefore, although selecting dairy heif-
ers for low RFI increases FCE and reduces the inputs 
per kilogram of BWg (Waghorn et al., 2012) and milk 
(Macdonald et al., 2014), it is unlikely to reduce total 
daily CH4 production because the animals produce 
more CH4/kg of DMI.

Previously reported effects of RFI on enteric CH4 
production in cattle are limited to beef cattle. Although 
most studies report a positive relationship between RFI 
and both DMI and CH4 production (Nkrumah et al., 
2006; Hegarty et al., 2007; Fitzsimons et al., 2013), the 
effect of RFI on CH4 is not consistent across all studies 
(McDonnell et al., 2016). The reason for the inconsis-
tent effect of RFI on CH4 production is not known, but 
it might relate to differences in diet. Both Nkrumah et 
al. (2006) and Hegarty et al. (2007) offered growing beef 
steers a diet of predominantly cereal grains compared 
with the dried alfalfa cubes offered in our experiment. 
These dietary differences would result in very different 

Table 1. Least squares means for groups representing 2 breeds and 2 predetermined residual feed intake (RFI) categories

Item

Breed1

 

RFI category2

Maximum 
SED3

P-value4

J HF Low High Breed RFI

BW,5 kg 408 480   448 439 8.2 <0.001 0.27
No. of visits/heifer per d 27.1 24.8   24.8 27.1 2.33 0.34 0.32
Visit duration, min 7.2 7.9   7.4 7.7 0.69 0.36 0.63
DMI, kg of DM/d 11.3 12.4   11.3 12.4 0.37 <0.01 <0.01
BWg,6 kg/d 1.2 1.3   1.2 1.3 0.08 0.08 0.25
CH4, g/d 242 267   253 256 6.2 <0.001 0.60
CH4/DMI, g/DMI 21.6 21.9   22.7 20.7 0.64 0.62 <0.01
CH4/BWg, g/kg of BWg 220 212   224 207 13.8 0.60 0.23
1J = Jersey; HF = Holstein-Friesian; n = 28 heifers/breed. Animals were 20- to 22-mo-old dairy heifers and were offered unlimited access to 
dried alfalfa cubes.
2The RFI is the difference between the amount of feed (kg of DM) required for biological processes and estimated feed requirements based on a 
regression of feed against BW and BW gain. For this experiment, the top and bottom 10% of heifers were selected from an experiment in which 
280 heifers (140 HF and 140 J) were assessed for their RFI. Low RFI = −2.1 kg of DMI/d and high RFI = +2.0 kg of DMI/d; n = 28 heifers/
RFI category.
3Standard error of the difference.
4Breed × RFI category interactions were not significant (P > 0.36); therefore, only breed or RFI differences are presented.
5BW = average BW estimated as the predicted BW at the midpoint of the experiment.
6BWg = average daily BW gain.
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rumen fermentation patterns and expected CH4 yields/
kg of DMI (Ramin and Huhtanen, 2013; Moate et al., 
2017). Fitzsimons et al. (2013) offered unrestricted ac-
cess to pasture silage, a forage with no starch, similar 
to the diet used in our experiment in terms of rumen 
fermentation products. However, they also reported a 
reduction in CH4 production in low RFI steers. In com-
parison, McDonnell et al. (2016) offered pasture silage, 
fresh pasture, or a TMR and reported no effect of RFI 
on CH4 production and an increase in CH4 yield in low 
RFI animals, similar to our results. Sex may be another 
source of difference, with many of the animals evalu-
ated in the beef studies being male castrates. These 
may have a different physiology underpinning RFI com-
pared with dairy heifers. Age and production stage may 
also be a factor in the inconsistency of results between 
studies. Age and production stage have been reported 
to affect RFI in dairy cattle. For example, Macdonald 
et al. (2014) reported that animals identified as being 
21% different in RFI as calves were only 3% different in 
RFI as lactating cows. Although we cannot determine 
with any certainty the reason for the inconsistency in 
reported effects of RFI on CH4 yield and production, 
our results do not support a positive effect of RFI on 
daily CH4 production by dairy heifers approaching 2 yr 
of age when consuming dry alfalfa cubes.

Dairy breed affected (P < 0.01) BW, DMI, and CH4 
yield. The HF heifers were approximately 70 kg heavier 
than their J counterparts and there was a trend (P < 
0.10) for HF to have a greater average daily BWg. The 
trend for a BWg difference is consistent with HF heifers 
consuming 1.1 kg more DM/d (P < 0.01) than J heifers. 
Because of their lower DMI, J heifers produced about 
25 g less CH4/d (P < 0.01; approximately 9.3%) than 
the HF heifers. However, breed did not affect CH4/kg of 
DMI or CH4/kg of BWg. The lack of breed effect on CH4 
yield in our study is consistent with previous reports. In 
their review, Goddard and Grainger (2003) concluded 
that, despite reported differences in FCE and metabolic 
heat production, no difference existed in CH4 yield (g/
kg of DMI) between HF and J breeds. A breed effect 
on DMI has been previously reported (Goddard and 
Grainger, 2003; Prendiville et al., 2010; Beecher et al., 
2014; Spaans et al., 2018); therefore, we hypothesized 
that the relatively larger gastrointestinal tract of the 
J (Beecher et al., 2014) and the greater FCE of the J 
breed (L’Huillier et al., 1988; Prendiville et al., 2009; 
Spaans et al., 2018) would result in a lower CH4/kg of 
DMI. Our experimental results do not support this. In 
fact, the RFI results indicate that, if anything, J heif-
ers should have produced more CH4/kg of DMI if the 
reason for their reported FCE originated from ruminal 
digestion. The lack of effect of breed on CH4/kg of DMI 
suggests that improvements in ruminal digestibility 

do not explain the reported improvement in FCE in J 
animals. Further research is required to understand the 
mechanisms supporting the greater FCE in the J breed; 
however, our data indicate that dairy breed itself does 
not affect CH4/kg of DMI, and any difference in daily 
CH4 production is associated with differences in DMI.

In conclusion, consistent with previous beef cattle 
experiments, considerable variation occurs in RFI in 
growing dairy heifers. Even with a large difference in 
DMI in divergent animals, RFI categorization did not 
affect daily CH4 production (g/d). As a result, CH4 
yield (g/kg of DMI) was greater in low RFI animals. We 
hypothesize that this is because of increased ruminal 
NDF digestibility. Jersey heifers had a lower DMI than 
their heavier HF counterparts and, therefore, produced 
less CH4/d; however, there was no effect of breed on 
CH4 yield (i.e., g CH4/kg of DMI).
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