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ABSTRACT

The objective of the present study was to investi-
gate factors related to variation in feed efficiency (FE)
among cows. Data included 841 cow/period observa-
tions from 31 energy metabolism studies assembled
across 3 research stations. The cows were categorized
into low-, medium-, and high-FE groups according to
residual feed intake (RFT), residual energy-corrected
milk (RECM), and feed conversion efficiency (FCE).
Mixed model regression was conducted to identify dif-
ferences among the efficiency groups in animal and
energy metabolism traits. Partial regression coefficients
of both RFI and RECM agreed with published energy
requirements more closely than cofficients derived from
production experiments. Within RFI groups, efficient
(Low-RFI) cows ate less, had a higher digestibility,
produced less methane (CH,) and heat, and had a
higher efficiency of metabolizable energy (ME) utiliza-
tion for milk production. High-RECM (most efficient)
cows produced 6.0 kg/d more of energy-corrected
milk (ECM) than their Low-RECM (least efficient)
contemporaries at the same feed intake. They had a
higher digestibility, produced less CH; and heat, and
had a higher efficiency of ME utilization for milk
production. The contributions of improved digestibil-
ity, reduced CH,, and reduced urinary energy losses
to increased ME intake at the same feed intake were
84, 12, and 4%, respectively. For both RFI and RECM
analysis, increased metabolizability contributed to ap-
proximately 35% improved FE, with the remaining
65% attributed to the greater efficiency of utilization
of ME. The analysis within RECM groups suggested
that the difference in ME utilization was mainly due
to the higher maintenance requirement of Low-RECM
cows compared with Medium- and High-RECM cows,
whereas the difference between Medium- and High-
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RECM cows resulted mainly from the higher efficiency
of ME utilization for milk production in High-RECM
cows. The main difference within FCE (ECM/DMI)
categories was a greater (8.2 kg/d) ECM yield at the
expense of mobilization in High-FCE cows compared
with Low-FCE cows. Methane intensity (CH,/ECM)
was lower for efficient cows than for inefficient cows.
The results indicated that RFI and RECM are different
traits. We concluded that there is considerable varia-
tion in FE among cows that is not related to dilution
of maintenance requirement or nutrient partitioning.
Improving FE is a sustainable approach to reduce CHy
production per unit of product, and at the same time
improve the economics of milk production.

Key words: dairy cow, energy metabolism, feed
efficiency, residual feed intake, residual production

INTRODUCTION

The productivity of dairy cattle has risen consider-
ably due to advances in nutrition, genetics, and man-
agement. Feed efficiency (FE) is an important trait un-
der practical conditions, as it has a major influence on
profitability and environmental efficiency in the dairy
industry. VandeHaar and St-Pierre (2006) estimated
that FE of dairy cows in North America has doubled
in the past 50 yr, largely as a consequence of selecting
and managing cows for increased productivity. With
increased milk production, a greater proportion of feed
energy is used for milk instead of cow maintenance,
resulting in the dilution of maintenance. However, in
intensive production systems, further improvements in
FE from increased productivity are marginal. Breed-
ing for increased production has been associated with
larger body size, leading to an increased ME require-
ment per unit of metabolic BW (Agnew and Yan, 2000;
Hansen, 2000), partly offsetting the benefits of FE from
improved productivity. In addition, nutrient digestibil-
ity decreases at high intakes (NRC, 2001; Huhtanen et
al., 2009). The digestibility depression may outweigh
the dilution of maintenance, and the efficiency may
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decline with increased intake (VandeHaar, 1998). On
the other hand, methane (CH,) losses as a proportion
of gross energy (GE) decrease at high intakes (Yan et
al., 2000; Ramin and Huhtanen, 2013), alleviating the
intake effects on dietary ME concentration.

An increase in productivity has limited potential for
further improvements for FE, and thus alternative ap-
proaches for increasing FE are needed. Feed conversion
efficiency (FCE), expressed as ECM/DMI, is a tradi-
tional measure of FE in growing and lactating animals.
The use of FCE as a selection criterion, however, has
many limitations. For instance, selection for greater
milk output increases the cow’s energy requirement
more than intake potential, resulting in mobilization of
body tissues to support the increased energy demand
of lactation (Connor, 2015). Residual feed intake (RFT)
is a common measure of FE in dairy cattle in recent
literature. It is calculated as a difference between DMI
or energy intake and predicted intake estimated by re-
gression models from energy sinks (production, mainte-
nance, and body weight change). A negative RFT value
means feed intake is less than expected and indicates
an efficient animal, whereas a positive value indicates
an inefficient animal. Coleman et al. (2010) proposed
residual solids production as an alternative approach to
estimating FE in lactating cows. This method estimates
the difference between actual and predicted production
for a given DMI, body size, and BCS. A positive value
indicates greater efficiency and therefore, is more easily
understood by producers than negative RFI values that
indicate high efficiency.

Berry and Crowley (2013) cautioned that in some
cases RFI may not represent true FE, which partly can
be due to biases in estimating partial regression coeffi-
cients in the model. Furthermore, relationships between
DMTI and energy sink variables (milk energy; metabolic
BW, MBW; and BW change, ABW) can be highly
heterogeneous across different trials (Davis et al., 2014).
Often, the partial regression coefficients of RFI models
are biologically meaningless and different from expected
values. This can be attributed to short measurement
periods and inaccuracies in estimating energy balance
from ABW. The mechanisms associated with variation
in FE among cows are poorly understood. The varia-
tion in true FE (not related to dilution of maintenance
requirement or partitioning nutrients between milk pro-
duction and body tissues) can be related to converting
dietary GE to ME, and subsequently converting ME to
net energy (NE). The former includes variation in fe-
cal, CH, and urinary energy (UE) losses, and the latter
includes heat production (HP) associated with body
maintenance and HP from milk synthesis. Therefore,
analysis of data from respiration calorimetry studies
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could be useful in elucidating the mechanisms behind
variation in FE among dairy cows. The objective of
the present study was to quantify the effects of differ-
ent energy losses on different FE traits. The cows were
categorized into low-, medium-, and high-FE groups on
the basis of 3 different efficiency traits. The results of
factors influencing energy losses, variance components,
and correlations are presented in our companion paper
(Guinguina et al., 2020).

MATERIALS AND METHODS
Data

A database containing energy balance data for 841
dairy cow observations was established from calorim-
etry studies conducted at Agri-Food and Biosciences
Institute-AFBI (Hillsborough, UK), The Danish Cattle
Research Centre (AU Foulum, Denmark), and Natural
Resources Institute Finland-LUKE (Jokioinen, Fin-
land). The list of studies used in the current study is
given (Supplemental data file; https://doi.org/10.3168/
jds.2020-18259). The range of calorimetric data includ-
ed in the database is summarized in Table 1. Further
details of conducted experiments, calculations, outlier
detection, diet composition, and energy metabolism
traits were reported in our companion paper (Guin-
guina et al., 2020).

Calculations and Statistical Analysis

Feed efficiency in this study was evaluated as RFI,
residual ECM production (RECM), and FCE. The
MIXED procedure (SAS Institute Inc., Cary, NC) was
used to predict DMI for each cow by fitting the follow-
ing regression model:

Predicted DMI = b, + b; x ECM + b,
x MBW + by x EB,, + b, x EB, + Exp
+ Diet(Exp) + Period(Exp), 1]

where by is the intercept, b, is the partial regression
coefficient of ECM yield (kg/d), b, is the partial re-
gression coefficient of MBW (kg), bs is the partial
regression coefficient of positive energy balance (EB,,
MJ/d), by is the partial regression coefficient of nega-
tive energy balance (EB,, MJ/d), and Exp, Diet(Exp),
and Period(Exp) are random effects of experiment,
diet within experiment, and period within experiment,
respectively. Residual feed intake was calculated as the
difference between actual DMI and predicted DMI. Be-
cause RFI represents a difference between actual and
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Table 1. Description of the data used in the study (n = 841)

Ttem Mean SD Minimum Maximum

Animal data
DMI, kg/d 18.0 4.0 7.5 30.9
Forage proportion 0.56 0.175 0.25 1.00
ECM yield, kg/d 25.6 8.4 6.2 52
BW, kg 570 84.9 379 847

Energy measurements, MJ/d
Gross energy 335 79.0 137 582
Digestible energy 247 54.4 104 427
Urinary energy 11.9 4.54 2 28
Methane energy 21.6 4.35 11 35
Metabolizable energy 214 48.6 84 379
Heat production 128 21.2 75 185
Milk energy 80.4 26.4 19 163
Energy balance 5.1 20.2 —49 50

predicted DMI, a low or negative RFI indicates high k= Eyq)/

efficiency.

Instead of milk solids production (fat 4+ protein) used
by Coleman et al. (2010), we used ECM (1 kg of ECM
= 3.14 MJ; Sjaunja et al., 1990) as a measure of milk
production. We used GE instead of DMI in predict-
ing ECM yield to account for the possible effects of
fat supplementation on energy metabolism. Using GE
instead of determined ME intake in predicting ECM
yield accounts for energy losses in the conversion of GE
to ME (fecal, CH,, and UE losses). The following model
was used to predict ECM yield:

Predicted ECM = b, + b; x GE intake + b,
x MBW + by x EB, + b, x EB, + Exp
+ Diet(Exp) + Period(Exp), 2]

where by is the intercept, b, is the partial regression
coefficient of GE intake (MJ/d), b, is the partial regres-
sion coefficient of MBW (kg), bs is the partial regres-
sion coefficient of EB, (MJ/d), b, is the partial regres-
sion coefficient of EB, (MJ/d), and Exp, Diet(Exp),
and Period(Exp) are random effects of experiment,
diet within experiment, and period within experiment,
respectively. Residual ECM yield was calculated as the
difference between actual and predicted ECM yield.
Because RECM represents a difference between actual
and predicted ECM yield, a high or positive RECM
indicates high efficiency.

Feed conversion efficiency was calculated as FCE =
ECM (kg)/DMI (kg) without taking into account the
effects of BW change that is not usually recorded in
short-term respiration chamber studies.

The efficiency of ME utilization for milk production
(k;) was calculated as
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(ME intake — ME requirement for maintenance),

all expressed as MJ/d, where E, is milk energy cor-
rected for zero energy balance calculated as milk en-
ergy + (1/0.95) x EB, or milk energy + 0.84 x EB,
(AFRC, 1993).Cows were categorized into 3 groups of
approximately equal sizes (n = 278-284) by RFI value
and classified as high RFT (High-RFI; RFT >0.72),
medium RFI (Medium-RFI; RFI —0.39 to 0.72) or
low RFI (Low-RFI; RFI < —0.39). Similarly, they
were grouped by RECM value and classified as high
RECM (High-RECM; RECM >1.2), medium RECM
(Medium-RECM; RECM -1.32 to 1.2) or low
RECM (Low-RECM; RECM < —1.32). Cows with
FCE below 1.28 were categorized to group low FCE
(Low-FCE), cows with FCE 1.28 to 1.51 were catego-
rized to group medium FCE (Medium-FCE) and cows
with FCE above 1.51 were categorized to high-FCE
(High-FCE). The effects of RFI, RECM, and FCE
groups on intake, production, and energy metabolism
variables were determined using the MIXED Procedure
of SAS according to a model that included the fixed
effect of RFI, RECM, or FCE group and random effects
of Exp, Diet(Exp), and Period(Exp). Further pairwise
comparisons of least squares means among the effi-
ciency groups were performed using the PDIFF option
in the LSMEANS statement. Mixed model regression
analysis with random effects of Exp, Diet(Exp), and
Period(Exp) was used to evaluate quantitative relation-
ships between variables.

RESULTS

The following equations were derived from the data
for RFI and RECM:
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Table 2. Production and energy metabolism characteristics of low (n = 279), medium (n = 282), and high (n
= 280) residual feed intake (RFI) in respiration chamber studies (total n = 841)

RFI
Ttem Low Medium High SEM P-value
Animal data
RFI, kg/d —1.20 0.16 1.41
DMI, kg/d 15.9 17.6 18.5 0.52 <0.001
ECM yield, kg/d 23.7 24.0 23.9 1.19 0.72
RECM,' kg/d 2.20 —0.21 —2.39 0.33 <0.001
ECM/DMI 1.47 1.34 1.28 0.033 <0.001
BW, kg 562 580 569 9.7 0.01
Energy measurements, MJ/d
Gross energy (GE) 294 325 340 10.6 <0.001
Fecal energy 72.4 84.5 92.8 3.70 <0.001
Digestible energy (DE) 222 241 247 7.5 <0.001
Methane energy (CH,E) 19.3 21.4 22.6 0.52 <0.001
Urinary energy (UE) 10.4 11.7 12.2 0.59 <0.001
ME 192 208 213 6.8 <0.001
Milk energy 74.3 75.5 75.2 3.73 0.72
Heat production 114 127 135 2.7 <0.001
Energy balance 5.1 6.8 3.3 2.01 0.09
Energy utilization efficiency, kJ/MJ
DE/GE 753 742 729 5.0 <0.001
ME/GE 651 638 625 44 <0.001
ME/DE 864 861 858 3.1 0.002
CH,E/GE 67.0 67.1 67.3 1.58 0.95
UE/GE 36.1 36.4 36.1 1.62 0.88
K 0.694 0.642 0.598 0.0107 <0.001
CH,E, g/kg of ECM 15.9 17.1 17.9 0.63 <0.001

'"RECM = residual ECM yield.

*Efficiency of ME use for lactation, calculated as milk energy adjusted to zero energy balance/(ME intake —

ME for maintenance).

RFI = DMI — (1.06 £ 0.45 + 0.347 £ 0.0081
x ECM + 0.0645 £ 0.00383 x MBW + 0.0704
+ 0.00330 x EB, - 0.0581 £ 0.00412 x EB,)),

residual variance = 0.79, 3]
where RFI, DMI, and ECM are expressed in kg/d;
MBW as kg; and EB, and EB, as MJ/d. Excluding
the intercept, the contributions of ECM, MBW, EB,
and EB,, on predicted intake were 53, 44, 5, and —2%,
respectively;

RECM = ECM - (0.11 + 1.058 + 0.108 + 0.0023
x GE intake + 0.0816 % 0.0083 x MBW -+ 0.149
+0.0083 x EB, - 0.140 + 0.0097 x EB,),

residual variance = 4.45, [4]

where RECM and ECM are as kg/d, MBW as kg, and
GE intake, EB,, and EB, as MJ/d.

Means and standard error of the mean of different
animal and energy metabolism variables for RFI groups

are presented in Table 2. The difference in RFI be-
tween Low- and High-RFI cows was 2.6 kg/d (P <
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0.001), but ECM yield was similar among RFI groups.
However, RECM was 4.6 kg/d (P < 0.001) greater for
Low- than for High-RFI cows and Medium-RFI cows
were intermediate. Feed conversion efficiency in terms
of ECM/DMI followed the same pattern. Medium-RFI
cows were 11 kg heavier than Low- and High-RFI cows.
Energy losses in feces, CH,, and urine increased (P <
0.001) with increasing RFI. As a result of reduced en-
ergy losses (21 MJ/d) with higher efficieccy (Low-RFT),
the difference in ME intake (25 MJ/d) between Low-
and High-RFT groups was about 45% of the difference
in GE intake (46 MJ/d). Greater (25 MJ/d; P < 0.001)
ME intake of High-RFI cows was counterbalanced by
a greater HP (21 MJ/d; P < 0.001), resulting in no
differences in energy balance. Lower (P < 0.001) HP
in Low- compared with High-RFI cows was associated
with improved (P < 0.001) efficiency of ME utilization
for milk production.

Gross energy digestibility (digestible energy/GE) was
24 g/kg higher (P < 0.001) for Low- than for High-RFI
cows. Methane and UE, as proportions of GE intake,
were not different between the efficiency groups, but
their combined effect resulted in a 6 kJ/MJ higher (P
= 0.002) ME/digestible energy ratio for Low- than
High-RFI cows. Metabolizability of GE (ME/GE) was
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Table 3. Production and energy metabolism characteristics of low (n = 279), medium (n = 278), and high (n
= 284) residual ECM production (RECM) in respiration chamber studies (total n = 841)

RECM
Ttem Low Medium High SEM P-value
Animal data
RECM, kg/d —2.81 —0.14 3.17
DMI, kg/d 17.1 17.2 17.3 0.55 0.88
RFL' kg/d 0.96 0.04 —0.97 0.132 <0.001
ECM yield, kg/d 21.2 23.3 27.0 1.08 <0.001
ECM/DMI 1.23 1.34 1.55 0.025 <0.001
BW, kg 571 571 567 9.7 0.78
Energy measurements, MJ/d
Gross energy (GE) 317 317 318 10.9 0.98
Fecal energy 86.5 81.3 78.7 3.90 <0.001
Digestible energy (DE) 231 236 239 7.5 0.04
Methane energy (CH,E) 21.6 20.7 20.3 0.55 <0.001
Urinary energy (UE) 11.5 11.4 11.1 0.60 0.22
ME 197 204 208 6.7 0.005
Milk energy 66.6 73.2 84.8 3.39 <0.001
Heat production 128 124 119 3.0 <0.001
Energy balance 2.7 7.0 5.4 1.94 0.03
Energy measurements, kJ/MJ
DE/GE 730 745 753 5.0 <0.001
ME/GE 624 642 652 4.2 <0.001
ME/DE 854 862 867 2.9 <0.001
CH,E/GE 69.4 66.5 65.6 1.52 <0.001
UE/GE 36.8 36.5 35.5 1.61 0.16
K 0.600 0.653 0.695 0.0106 <0.001
CH,, g/kg of ECM 19.3 16.9 14.6 0.51 <0.001

'RFI = residual feed intake.

*Efficiency of ME use for lactation, calculated as milk energy adjusted to zero energy balance/(ME intake —

ME for maintenance).

4.0% (P < 0.001) greater for Low- vs. High-RFI group.
Methane intensity (g of CH,/kg of ECM) was 11%
lower (P < 0.001) for Low-RFI cows compared with
High-RFT cows.

High-RECM cows produced 6.0 kg of ECM /d more
(P < 0.001) than Low-RECM cows at the same DMI
(Table 3). Feed conversion efficiency (ECM/DMI)
was 26% higher (P < 0.001) for High- compared with
Low-RECM cows. Gross energy losses as feces (P <
0.001) and as CH, emission were lower (P < 0.001) for
High-RECM (efficient cows) when compared with their
Low-RECM counterparts. The High-RECM cows had
a higher (P < 0.02) ME intake and produced less (P <
0.001) heat than Low-RECM cows. The contributions
of improved digestibility, and reduced CH, and urinary
losses to greater ME intake of High- compared with
Low-RECM group were 83, 12, and 4%, respectively.
Methane yield was higher in Low-RECM cows com-
pared with other groups. Diet digestibility and metabo-
lizability were 23 and 28 kJ/MJ higher (P < 0.001)
in High- compared with Low-RECM cows. The cows
in the High-RECM group had a higher (P < 0.001)
efficiency of ME utilization (k) than cows in Medium-
and Low-RECM groups. The contribution of increased
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ME intake to RECM, calculated using the difference
in ME intake and observed krvalue, of the Medium-
RECM group was 2.2 kg/d; that is, about 37% of the
observed difference between High- and Low-RECM
groups. Consequently, 63% of the difference in RECM
was attributed to the higher k; of High-RECM cows.
When RECM was estimated using observed ME intake,
the difference in RECM between High-RECM and
Low-RECM groups was 4.1 kg/d. Methane production
per kg of ECM was reduced (P < 0.001) with improved
efficiency, at 24% lower in High- compared with Low-
RECM cows.

The following linear regressions of milk energy-cor-
rected for zero energy balance (MJ/d) on ME intake
(MJ/d), both scaled to MBW, were estimated for dif-
ferent RECM groups:

Low-RECM: milk energy = —0.510 4+ 0.0279 + 0.658

+ 0.0152 x ME intake, [5]
Medium-RECM: milk energy = —0.432 + 0.0297
+ 0.645 £+ 0.0157 x ME intake, 6]
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Table 4. Production and energy metabolism characteristics of low (n = 279), medium (n = 282), and high (n
= 280) feed conversion efficiency (ECM/DMI) cows in respiration chamber studies (total n = 841)

Feed conversion efficiency

Item Low Medium High SEM P-value
Animal data
ECM/DMI 1.15 1.39 1.66
RECM,' kg/d —1.74 0.12 2.55 0.316 <0.001
RFT? 0.38 0.07 —0.59 0.173 <0.001
DMI, kg/d 17.2 174 17.0 0.55 0.16
ECM yield, kg/d 20.2 24.2 28.4 0.91 <0.001
BW, kg 582 567 555 10.2 <0.001
Energy measurements, MJ/d
Gross energy (GE) 316 321 314 10.9 0.19
Fecal energy 81.8 83.0 81.6 3.87 0.47
Digestible energy (DE) 235 238 233 7.6 0.22
Methane energy (CH,E) 20.7 21.2 20.8 0.55 0.22
Urinary energy (UE) 11.4 11.4 11.2 0.60 0.72
ME 203 205 201 6.8 0.26
Milk energy 64.0 76.0 89.2 2.86 <0.001
Heat production 124 125 123 3.0 0.40
Energy balance 15.6 5.2 —10.6 2.25 <0.001
Energy measurements, kJ/MJ
DE/GE 743 743 741 5.1 0.56
ME/GE 640 640 638 4.5 0.55
ME/DE 862 861 860 3.1 0.70
CH,E/GE 66.8 67.1 67.6 1.58 0.61
UE/GE 36.4 36.1 36.3 1.61 0.86
K 0.654 0.647 0.646 0.0131 0.42
CH,, g/kg of ECM 19.6 16.3 14.0 0.45 <0.001

'"RECM = residual ECM yield.
’RFI = residual feed intake.

SEfficiency of ME use for lactation, calculated as milk energy adjusted to zero energy balance/(ME intake —

ME for maintenance).

High-RECM: milk energy = —0.434 £+ 0.0279 + 0.674
+ 0.0142 x ME intake. [7]

The intercept (maintenance energy requirement) tended
to be greater (P = 0.06) for Low- than for Medium- and
High-RECM cows. Numerically, & (slope) was greater
for High- compared with Medium-RECM cows.

Table 4 summarizes the production and energy me-
tabolism characteristics of the Low-, Medium-, and
High-FCE groups. High-FCE cows produced 44% more
(P < 0.001) ECM per kg of DMI than Low-FCE cows.
The difference was mainly due to differences in parti-
tioning nutrients between milk production and body
energy retention, and partly due to lower BW of High-
compared with Low-FCE cows. No differences between
the groups were observed in converting GE to ME or
the utilization of ME. Methane intensity was 28.6%
(5.6 g/kg of ECM; P < 0.001) greater for low- than for
high-FE cows with the difference entirely attributed to
greater ECM yield of the latter group.

The following relationship was estimated between the
2 efficiency traits:
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RECM (kg/d) = 0.10 £ 0.271 —1.85 + 0.049
x RFI (kg/d; residual variance 1.54).

The residuals of regressions of RECM on RFI were
positively related to DMI and ECM yield (Figure 1).
Methane yield was negatively related to the residuals
(Figure 2). The effects of other variables (BW, digest-
ibility, energy balance, and k) on the residual were
small.

DISCUSSION

Several measures of FE and their respective advan-
tages and disadvantages have been presented in the
literature (Archer et al., 1999; Connor, 2015). Tra-
ditionally, efficiency is expressed as a ratio between
product and feed intake in the form of mass or energy
value of milk per unit (mass or energy) of intake. A
major shortcoming of this definition is that it does not
fully account for body tissue mobilization patterns,
especially during early lactation (Berry et al., 2006).
Residual feed intake has been applied successfully in
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growing animals (Koch et al., 1963; Berry and Crowley,
2013), and is now used in lactating cow populations
(Pryce et al., 2014; Li et al., 2017). Residual ECM pro-
duction is an alternative approach to assessing FE in
dairy cows. Residual feed intake correlates positively
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ECM, kg/d

Figure 1. The effects of DMI and ECM yield on the residuals of regressions of residual ECM on residual feed intake (n = 841).

with feed intake, but not with milk yield, MBW, or
ABW, suggesting that efficient (i.e., low RFT) cows
eat less. In contrast, efficient cows with high RECM
have higher milk yields at similar feed intake and MBW
than low RECM cows. While the RFI approach focuses
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on production cost, dividing it over a range of energy
sinks, the RECM approach changes focus from cost to
income (Lgvendahl et al., 2018). Residual feed intake
or RECM on their own, however, do not measure pro-
duction efficiency. This is because large animals that
eat more than small animals, but have the same ECM
yield, may have the same RFI or RECM, but clearly
different production efficiency (ECM/DMI) or milk in-
come over feed cost. Economically, RECM as a measure
of efficiency is more favorable than RFI; assuming that
relative price of ECM is 2-fold compared with DMI, the
difference in milk income over feed cost between the
most and the least efficient groups would be about 4
times greater for RECM than for RFI. According to our
knowledge, this was the first time that RFI or RECM
were estimated from respiration chamber data. Partial
regression coefficients of DMI or ECM on energy sinks
agreed reasonably well with energy requirements based
on respiration chamber studies (e.g., NRC, 2001).
Residual analysis of the model predicting RECM
from RFI (Figure 1) indicated that these 2 variables
are not the same traits; at a given RFI, the cows with
higher DMI or ECM yield had a higher RECM. In
other studies (Coleman et al., 2010; Hurley et al., 2016;
Lovendahl et al., 2018), the correlation coefficient be-
tween RFI and RECM ranged from —0.53 to —0.68,
suggesting that RFI and RECM are not the same traits.
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Residual Feed Intake Model

The observed variation in RFI (standard deviation,
SD = 16.2 MJ of ME) was similar to the variation
Connor et al. (2019) reported for full lactation RFI
in Holstein cows (SD = 16.4 MJ of ME). For DMI
prediction, the partial regression coefficient for ECM
(0.347; Eq. 3) was slightly lower than that reported
by NRC (2001). Using the mean ME concentration of
11.8 MJ/kg of DM and a value of 0.64 for k, would
give a value of 0.417 kg DM /kg of ECM. The average
coefficient of DMI on ECM for cows in 50 to 150 DIM
was 0.37 (range of 0.29-0.47) from 12 research stations
in different countries (Templeman et al., 2015). In the
studies of Li et al. (2017) and Lgvendahl et al. (2018),
the coefficients of DMI on ECM were markedly lower,
ranging from below 0.05 to 0.25 at different stages of
lactation. The minimum coefficient of ECM would be
0.17 assuming no losses of dietary GE in digestion and
metabolism. In the study of Mehti6 et al. (2018), the
overall partial regression coefficient of ME intake on
ECM (2.67 MJ/kg of ECM) was lower than the energy
content of ECM (3.14 MJ/kg). They also reported al-
most 3-fold differences in their coefficient of ECM at
different stages of lactation. In the present data, DIM
was negatively associated with £k, but quantitatively
the effect was small (0.017 units, a 2.7% change, per
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100 d). The variation in k; during lactation contradicts
with the constant k; estimated using the AFRC (1993)
requirements at different stages of lactation (Yan et al.,
2006).

In the present study, the regression coefficient of DMI
on MBW (0.0645; Eq. 3) is markedly greater than the
corresponding coefficients (0.044 and 0.055) calculated
using maintenance requirements of NRC (2001) and
feed into milk (FiM; Thomas, 2004), respectively. How-
ever, it agrees with the value 0.0624 estimated from the
current data using the regression approach (Guinguina
et al., 2020) using the average dietary ME concentra-
tion (11.8 MJ/kg of DM). In the study of Tempelman
et al. (2015), the partial regression coefficient of DMI
on MBW averaged 0.092 (range from 0.06-0.16), which,
for a 600 kg cow, corresponds to 11 kg of DMI to meet
the maintenance requirements. Mehtio et al. (2018)
reported a value of 0.81 MJ of ME /kg of MBW (0.0686
kg of DM when ME = 11.8 MJ/kg of DM) ranging
from 0.48 to 1.09 at different stages of lactation.

Contrary to other studies investigating RFI, we used
determined EB as an energy sink instead of ABW. The
coefficient of DMI on positive energy balance (0.0704
kg/MJ; Eq. 3) corresponds to 1.36 and 1.57 kg of DM
per kg of ABW, calculated using the energy values
of ABW in the FiM (Thomas, 2004) and in the NRC
(2001) systems (19.3 and 22.3 MJ/kg respectively;
BCS = 3.0). Using these ABW energy values for the
efficiency of ME utilization for body tissue gain (0.65
and 0.75 in FiM and NRC, respectively), the expected
coefficient of DMI on ABW were 2.50 kg/kg for both
systems. Random errors in estimating EB could, at
least partly, explain the discrepancy between observed
and expected values. In respiration chamber studies,
EB is calculated as a difference between GE intake and
all energy sinks, and therefore all measurement errors
are accumulated in EB. The coefficient was numerically
greater for positive than negative energy balance, which
is consistent with the greater ME requirement for body
gain than the energy supply from mobilization. The
ratio of these coefficients was consistent with the NRC
(2001) coefficients.

In RFT studies, the coefficients of DMI on ABW have
been unrealistically low (Tempelman et al., 2015; Li et
al., 2017; Lgvendahl et al., 2018), vary between studies
(Templeman et al., 2015) and at different stages of lac-
tation (Li et al., 2017; Lovendahl et al., 2018; Mehtio et
al., 2018). This can reflect that ABW is a poor proxy of
EB. Random variation in ABW measurements is large,
especially when experimental periods are short. Even
if ABW was measured accurately, it may not reflect
changes in EB correctly. The energy content of ABW
could be highly variable. In early lactation, the cows
can be in negative energy balance at zero ABW, when
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high energy fat tissues are mobilized and low energy
visceral tissues are growing (Gibb et al., 1992). The
energy concentration of mobilized and gained tissues is
also related to BCS, and is higher for cows with high
BCS (NRC, 2001). It could improve accuracy to include
BCS in RFI and RECM models because BCS affects
both maintenance requirement per kg of MBW and the
energy value of ABW. Even when based on whole lacta-
tion data, the partial regression coefficients obtained in
models for predicting ME intake were not biologically
meaningful based on NRC (2001) values for the energy
requirements (Connor et al., 2019). Their coefficients
for MBW were too high and too low for ECM, meaning
that the model overestimated the variability in energy
intake assigned to MBW and underestimated variabil-
ity assigned to ECM.

Overall, we can conclude that our partial regression
coefficients of DMI on energy sinks were more con-
sistent with energy requirements in different systems
(e.g., NRC, 2001) than the coefficients estimated from
feeding experiments in research stations (Li et al., 2017;
Lovendahl et al., 2018; Connor et al., 2019). Inconsis-
tent coefficients, especially in early lactation, can be
related to the poor relationship between DMI and ECM
yield due to the mobilization of body tissues, and to
poor predictions of true EB from ABW.

Residual ECM Model

Partial regression coefficients of ECM yield on GE
intake, MBW, EBp, and EBn were consistent with
energy requirements in the FiM (Thomas, 2004) and
NRC (2001) systems. Using the average GE concen-
tration (18.4 MJ/kg of DM), the calculated increase
in ECM yield was 2.0 kg/kg of DMI, approximately
85% of expected ECM per DMI according to the energy
systems stated above. The effect of MBW as an energy
sink corresponded to 10 kg of ECM for a 600 kg cow.
According to the NRC (2001) system, the maintenance
requirement of a 600 kg cow is equivalent to require-
ments of 12 to 13 kg of ECM. The partial regression
coefficients of ECM on EB, and on EB, were about
55% of the coefficients presented by NRC (2001). When
determined ME intake was used in the RECM model
(results not shown), the partial regression coefficients
were closer to those based on energy requirement: ME
intake = 90%, maintenance requirement = 12.5 kg of
ECM, and EB, and EB, approximately 60% of require-
ments (NRC, 2001). Closer agreement with the ME
model is likely because it takes into account the metab-
olizability of the diet (ME/GE), but the model based
on GE intake analysis allowed us to evaluate the effects
of fecal, CH, and UE losses on the efficiency variables.
Partial regression coefficients of ECM on intake and
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other energy sinks are seldom reported. Lgvendahl et
al. (2018) reported values ranging from 0.4 to 1.0 kg of
DM per 1 kg of ECM at different stages of lactation;
these values were markedly lower than expected ac-
cording to energy systems.

Factors Influencing Residual Feed Intake
and Residual ECM Yield

The major components affecting FE were as follows:
(1) factors that alter the dilution of maintenance, i.e.,
the proportion of NE that is captured in milk instead of
used for maintenance and (2) factors that alter the con-
version of GE to NE; that is, energy losses in digestion
and metabolism of nutrients. As a measure of FE, RFI
is independent of production level, BW, and ABW (or
energy balance in the present study), whereas RECM is
independent of intake, BW, and ABW. However, selec-
tion for RFI and RECM may be difficult because they
require accurate measures of individual feed intake,
which is seldom recorded on commercial farms. As
such, indirect selection using related component traits
may be helpful in understanding the expected effect of
genetic selection for FE on these traits.

Digestibility. In the present study, diet digestibility
was positively related to improved FE, expressed as
either RFI or RECM (Tables 2 and 3). Increased fecal
energy losses (20.4 MJ/d) accounted for 44% of the
greater (46 MJ/d) GE intake of High-RFT cows com-
pared with Low-RFI cows. Reduced DMI and improved
digestibility contributed to 42 and 58% of the lower
fecal energy losses, respectively, in Low- compared with
High-RFIT cows. We calculated that the difference in
digestibility between Low- and High-RECM cows ac-
counted for 30% (1.8 kg of ECM) of the difference in
RECM. Our findings are consistent with other studies
that demonstrated negative relationships between diet
digestibility and RFI, although these were not always
significant. Based on limited data for beef cattle, the
contribution of the variation in digestive efficiency to
the differences in RFI among cows was 10 to 20% (Herd
and Arthur, 2009; VandeHaar et al., 2016). In a study
involving young bulls and heifers phenotypically ranked
as low or high for RFI, Richardson et al. (1996) found
that the differences in DM digestibility accounted for
14% of the difference in RFT between the 2 groups of
cattle. In lactating Holstein cows (n = 109) fed 2 diets,
Potts et al. (2017) reported that variation in digestibil-
ity could account for up to 31% of the variation in RFI.
Ben Meir et al. (2018) reported 2.1% percentage units,
and Fischer et al. (2018) 3% percentage units, higher
DM digestibility for high efficient cows compared with
low efficient cows. In growing beef cattle, RFI corre-
lated negatively with DM digestibility (Johnson et al.,
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2019). The differences in DM digestibility were 3.8 and
3.0% percentage units in favor of groups with low RFI
in 2 studies (Johnson et al., 2019).

In the present study, digestibility estimated by linear
regression among RFI groups was reduced by 8.8 g/kg
of DMI (results not shown), agreeing with the value
(7.2) reported by Cantalapiedra-Hijar et al. (2018) from
a meta-analysis of RFI studies. Cantalapiedra-Hijar et
al. (2018) suggested that that overall higher digest-
ibility in low RFT cattle might be the consequence of
lower DMI. However, in the present study digestibility
was not significantly influenced by DMI (Guinguina et
al., 2020). The difference in digestibility between the
RFI groups was much greater than the value of 2.6 g/
kg of DMI reported by Huhtanen et al. (2009) from a
meta-analysis examining the effects of intake and diet
composition on digestibility. Overall, the differences in
digestibility between RFI groups found in the study
by Huhtanen et al. (2009) were greater than could be
predicted from DMI effects, resulting from increased
digesta passage rate for high-RFI group. This suggests
that RFI groups are more divergent in digestibility than
could be expected from differences in digesta passage
rate. The differences in digestibility between efficiency
groups might also be associated with the longer rumi-
nation time per kilogram of DM in high-efficient cows
(Ben Meir et al., 2018). Eating rate has been found to
be slower in low-RFI cows than in high-RFT cows (Con-
nor et al., 2013; Ben Meir et al., 2018; Fischer et al.,
2018), but this may not necessarily cause digestibility
differences.

Methane. Considering the concerns that enteric
CH, production from ruminants is contributing to cli-
mate change, improving FE could help mitigate CHy
production, while sustaining current levels of milk pro-
duction (Potts et al., 2015). Most studies conducted
in beef cattle have reported a positive relationship be-
tween RFI and CH, production (Nkrumah et al., 2006;
Hegarty et al., 2007; Alemu et al., 2017). When the
cows were grouped according to RFI, CH, production
was 3.4 MJ/d lower in Low- than in High-RFI cows,
which equals 7% of the difference in GE intake between
the groups. The lack of differences in CH, yield (kJ of
CH,E/MJ of GE) between RFI groups was unexpected
because CH, yield is normally negatively associated
with intake (Blaxter and Clapperton, 1965; Yan et al.,
2000; Ramin and Huhtanen, 2013) and positively asso-
ciated with digestibility (Blaxter and Clapperton, 1965;
Ramin and Huhtanen, 2013). Positive relationship
between digestibility and CH, production (Lgvendahl
et al., 2018), which was also observed in the present
study (Guinguina et al., 2020), and lower DMI should
increase CH, yield in Low-RFI cows. The model based
on treatment means data (Ramin and Huhtanen, 2013)
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predicted 5 kJ/MJ higher CH, yield for low-RFI cows
than for high-RFI cows, but there were no differences
in CHy yield between RFI groups in our study.

When the cows were grouped according to RECM,
the lower (1.3 MJ/d) CH, production contributed to
12% of the greater ME intake of High- compared with
Low-RECM cows at the same DMI. Methane yield was
the highest in the Low-RECM cows, despite having the
lowest digestibility. However, within each RECM group,
there was a positive (P < 0.001) association between
digestibility and CH, yield ranging from 0.06 to 0.09
kJ/MJ of GE per kJ/MJ difference in GE digestibility.
Predicted (Ramin and Huhtanen, 2013) CH, yield was
1.5 kJ/MJ greater for High- than for Low-RECM cows
but in contrast, the observed difference was —3.8 kJ/
MJ in the current study. Our findings do not fully agree
with Freetly et al. (2015), who suggested that if the
efficiency improves as a result of increased metabolic
efficiency, the CH, yield would not decrease. However,
if the improved efficiency is due to an increase in di-
gestibility, CH, production may increase. In an earlier
study (Yan et al., 2010), efficiency variables were nega-
tively related to CH, yield when the statistical model
included study effect, but not diet nor period effects.

Different relationships between digestibility and CH,
yield on individual cow and efficiency group basis is dif-
ficult to explain. One reason could be a rumen fermen-
tation pattern that favors metabolic efficiency and low
CH, production. However, Olijhoek et al. (2018) did
not observe differences in rumen fermentation patterns
between low- and high-RFI cows. Similarly, no differ-
ences in rumen fluid VFA were observed between RFI
groups in feedlot cattle (Lam et al., 2018). According to
a review by Kenny et al. (2018), the differences between
RFI groups in rumen VFA patterns were inconsistent
between low- and high-RFI beef cattle. In addition,
variation in rumen fermentation pattern between cows
fed the same diet was small (Cabezas-Garcia et al.,
2017), and therefore unlikely to explain the unexpected
effects of efficiency groups on CH, yield. Zhou et al.
(2009) demonstrated a probable association between the
“methanogenic biome” and FE in cattle. They (Zhou et
al., 2009) suspected that Methanobrevibacter ssp. might
use acetate as a substrate for CH, production, possibly
leading to greater energy loss. However, it could be
questioned if a difference in the methanogenic popula-
tion was a causative factor for differences in FE. Even if
the CH, energy loss between Low- and Medium-RECM
(0.9 MJ/d) was due to greater utilization of acetate for
methanogenesis in Low-RECM cows, the quantitative
effect on ME supply is insufficient to account for any
major part of the differences in RECM between the
efficiency groups. Overall, the contributions of reduced
CH, production to improved efficiency was only 7%
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(RFT) or 5% (RECM), indicating that if differences in
the methanogenic population were the causative factor,
the mechanism was not energy-sparing from methano-
genesis. Because of the relatively small contribution to
ME supply, the possible effects of methanogenic popu-
lations on the efficiency should, therefore, be mediated
via body metabolism.

Methane intensity (g of CH,/kg of ECM) clearly
improved with increased efficiency, as the differences
between low and high-efficiency groups were greater
for RECM than for RFT (4.8 vs. 2.0 g/kg). Based on
Akaike’s information criteria and residual variance,
RECM and ECM were better predictors of CH, inten-
sity than total CH, production or CH, yield. Changes
in CH, intensity were mainly due to reduced DMI (RFI
model) or increased production (RECM model), with
only minor effects assigned to changes in CH, yield.
Our results suggest that selecting efficient animals is
the most sustainable and efficient way to reduce CH,
production per unit of product, and does not require
any measurements of CH, production, which is chal-
lenging under commercial conditions.

The Efficiency of MFE Utilization. The efficiency
of ME utilization had a greater influence than the me-
tabolizability of the diet (ME/GE) on both FE vari-
ables (i.e., RFI and RECM). The greater ME intake
(20.5 MJ/d) of High- compared with Low-RFI cows
was counterbalanced by an equivalent loss as heat. As
heat is produced only from ME and body energy mobi-
lization, it can be calculated that the difference in HP
accounts for 1.7 kg of DM using the average dietary ME
concentration (20.5 MJ of ME/11.8 MJ of ME/kg of
DM = 1.7 kg of DM). Therefore, 65% of the difference
in RFI between low- and high-efficiency cows could
be attributed to a more efficient metabolic processes,
i.e., converting ME to milk energy. Similarly, when us-
ing RECM as an efficiency trait improved metabolic
efficiency accounted for 64% of the higher efficiency
of High- compared with Low-RECM cows. Herd and
Arthur (2009) estimated that the contribution to RFI
of various biological processes in cattle was 37% tissue
metabolism, 9% heat increment of feeding, 10% activ-
ity, and 5% body composition. In total, the processes
that are related to differences in the metabolism of
absorbed nutrients contributed 61% to the variation in
RFI (Herd and Arthur, 2009).

We calculated k; using the classical approach by re-
gressing milk energy-corrected for zero energy balance
against ME intake per MBW. With this approach, almost
all variation in the efficiency is attributed to metabolic
efficiency of converting ME above maintenance to milk,
whereas maintenance requirement is only influenced by
ME/GE (g-value) that varies marginally between cows
fed the same diet. However, when milk energy at zero
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energy balance was regressed against ME intake sepa-
rately for each RECM group, the difference between
Low- vs. Medium- and High-RECM cows was in the
intercept (i.e., maintenance requirement), whereas the
difference between Medium- and High-RECM cows was
mainly due to the higher slope (i.e., k) of High-RECM
cows. According to McNamara (2015), the efficiency of
energy utilization in the mammary gland is rather con-
stant and the variation in maintenance requirement is
the main cause of differences in the efficiency. Baldwin
et al. (1985) stated that resting energy expenditures
could vary over a 2- to 3-fold range in animals of equal
weight. The coefficient of variation of fasting HP of 14
dairy cows was 10.4% (mean = 0.42 MJ/kg of MBW)
when measured 31 d after lactation ceased (Holter,
1976). One SD unit lower in maintenance requirement
for a 600-kg cow would reduce NE requirement by 5.3
MJ, equivalent to 1.7 kg of ECM. In the study of Yan et
al. (1997), the coefficient of variation of fasting HP of
12 cows in 2 studies was on average 8.1%. Earlier, van
Es (1961) found that the ME requirement for mainte-
nance varied by 8 to 10% between cows of similar size.
The results from fasting HP studies suggest that the
variation in the maintenance requirement can have a
large effect on between-cow variation in FE, attribut-
able to the tissue metabolism component.

Differences in activity and feeding behavior could
contribute to variation in the efficiency of dairy cows.
However, in the studies of Connor et al. (2013) and
Ben Meir et al. (2018), RFI was not related to the
activity estimated by a pedometer. This is not surpris-
ing considering a low (140 steps/h; SD ~30) overall
activity rate of dairy cows in barn conditions (Ben Meir
et al., 2018) and the low energy expenditures of walk-
ing relative to total energy requirements. According to
the NRC (2001), ME requirement for 1 km of walking
for a 600-kg cow is about 1.6 MJ of ME, equal to the
requirement of 0.3 kg of ECM (5% of the difference
between Low- and High-RECM). Differences between
high- and low-efficient cows in feeding behavior have
been inconsistent. Eating time was positively correlated
with RFT in the study of Xi et al. (2016) and negatively
in the study of Fischer et al. (2018). In contrast, stud-
ies of Conner et al. (2013) and Ben Geir et al. (2018)
showed eating time was similar for low- and high-RFI
cows. Eating rate (Conner et al., 2013; Ben Geir et al.,
2018; Fischer et al., 2018) was slower for low- compared
with high-RFT cows, and efficient cows spent more time
for rumination per kg of DMI (Ben Meir et al., 2018;
Fischer et al., 2018). Considering the differences in HP
between low and high-efficiency cows (21 MJ/d for
High-RFI vs. Low-RFI; 9 MJ/d for High-RECM vs.
Low-RECM), it is unlikely that differences in feeding
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behavior have any major contribution to the differences
in FE.

Xi et al. (2016) found a positive phenotypic correla-
tion between SCC and RFI, suggesting that increased
SCC might partly explain variation in the efficiency of
feed conversion among cows. In agreement, increased
SCC was associated with decreases in ECM yield and
DMI, but as the relative decrease was greater for ECM
yield, FE expressed as ECM/DMI decreased (Potter et
al., 2018). Hou et al. (2012) found that more efficient
cows exhibited differences in genes associated with im-
munity and the inflammatory response, which could
affect their ability to elicit a response to an immune
challenge. The effect of SCC on FE is likely related to
increased energy expenditure associated with inflam-
mation.

Energy Balance. Increasing negative energy bal-
ance is a major concern when using FE expressed as an
input/output ratio. In the current analysis, differences
in partitioning nutrients between milk production and
body energy resources explained most of the differences
in ECM/DMI between FE groups without any differ-
ences in metabolizability of GE or in k. However, both
RFI and RECM indicated differences in the efficiency
between FE groups. Overestimation of k; for cows with
positive EB could be one reason for this discrepancy.
We used the AFRC (1993) value (0.60) for the efficiency
of ME utilization for energy gain. This value is lower
than the NRC (2001) value (0.75) based on Moe et al.
(1971), and especially the values (0.84-0.86) reported
in a more recent study (Kebreab et al., 2003). Using the
efficiency values for energy retention and mobilization
estimated from the current data, the k-values for Low-,
Medium- and High-FCE groups were 0.624, 0.640, and
0.664 (P < 0.001), respectively. This indicated that
there were true differences in the efficiency of ME uti-
lization between the FE groups. The differences in k;
between RFI and RECM groups were similar whether
Ey) was calculated using coefficients of AFRC (1993)
or those derived from the current data.

The results of the current study indicate that there
are large differences in the efficiency of feed conversion
among cows that are not related to dilution of main-
tenance requirement or repartitioning of nutrients be-
tween milk production and body tissues. It also showed
that between-cow differences in converting dietary GE
to ME and the efficiency of ME utilization had a strong
influence on efficiency traits. The current study was
based on respiration chamber data that most likely give
a more accurate estimate of energy balance than esti-
mates from ABW, especially if the measurement peri-
ods are short. However, Xi et al. (2016) and Fischer et
al. (2018) found no differences in plasma nonesterified
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fatty acid concentrations between low- and high-RFI
cows, indicating that higher efficiency was not due to
differences in mobilization. In the present study, the re-
siduals were not related to energy balance when RECM
was predicted from RFI, suggesting that energy bal-
ance influences these 2 efficiency traits in the same way.
Coleman et al., (2010), found no correlation between
RFI and fertility, but reported a positive correlation
between residual milk solids production, and fertility,
suggesting that the mechanisms are different. It is pos-
sible that efficient cows have more resources available
for other functions, such as reproduction.

CONCLUSIONS

Data from respiration chamber studies showed con-
siderable variation in FE among cows when expressed
as either RFI or RECM. The partial regression coeffi-
cients of energy sinks for predicting DMI or ECM were
biologically meaningful. About 65% of the difference
between low- and high-efficiency cows, irrespective of
efficiency trait (RFI or RECM), was derived from im-
proved utilization of ME, and 35% assigned to greater
metabolizability of GE. Improved digestibility and
reduced CH, production accounted for 83 and 12% of
increased ME intake, respectively. Regression analysis
within each RECM group suggested that the difference
between Low- vs. Medium- and High-RECM groups
was mainly due to the higher maintenance requirement
in Low-RECM cows, while the difference between Me-
dium- and High-RECM groups resulted mainly from
improved k;. Variation among cows in FCE was mainly
due to differences in partitioning energy between milk
production and body tissues when milk energy at zero
energy balance was estimated using AFRC (1993) coef-
ficients. Methane production per kg of ECM reduced
with improved efficiency, with a greater difference
between RECM groups than between RFI groups. In-
creased ECM yield from the same DMI (RECM) or
reduced DMI at the same ECM yield (RFI) contrib-
uted to most of the differences in CH,/ECM among the
efficiency groups, while differences in CH,/DMI had
only minor (RECM) or no (RFI) effects on CH,/ECM.
Therefore, improving FE is a sustainable way to reduce
CH, production per unit of product.
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