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ABSTRACT

Current breeding tools aiming to improve feed efficiency use definitions based on total dry matter intake
(DMI); for example, residual feed intake or feed saved.
This research aimed to define alternative traits using
existing data that differentiate between feed intake capacity and roughage or concentrate intake, and to investigate the phenotypic and genetic relationships among
these traits. The data set contained 39,017 weekly milk
yield, live weight, and DMI records of 3,164 cows. The
4 defined traits were as follows: (1) Feed intake capacity
(FIC), defined as the difference between how much a
cow ate and how much she was expected to eat based
on diet satiety value and status of the cow (parity and
lactation stage); (2) feed saved (FS), defined as the difference between the measured and the predicted DMI,
based on the regression of DMI on milk components
within experiment; (3) residual roughage intake (RRI),
defined as the difference between the measured and the
predicted roughage intake, based on the regression of
roughage intake on milk components and concentrate
intake within experiment; and (4) residual concentrate
intake (RCI), defined as the difference between the
measured and the predicted concentrate intake, based
on the regression of concentrate intake on milk components and roughage intake within experiment. The
phenotypic correlations were −0.72 between FIC and
FS, −0.84 between FS and RRI, and −0.53 between
FS and RCI. Heritability of FIC, FS, RRI, and RCI
were estimated to be 0.21, 0.12, 0.15, and 0.03, respectively. The genetic correlations were −0.81 between
FS and FIC, −0.96 between FS and RRI, and −0.25
between FS and RCI. Concentrate intake and RCI had
low heritability. Genetic correlation between DMI and
FIC was 0.98. Although the defined traits had moderate phenotypic correlations, the genetic correlations
between DMI, FS, FIC, and RRI were above 0.79 (in
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absolute terms), suggesting that these traits are genetically similar. Therefore, selecting for FIC is expected to
simply increase DMI and RRI, and there seems to be
little advantage in separating concentrate and roughage
intake in the genetic evaluation, because measured concentrate intake was determined by the feeding system
in our data and not by the genetics of the cow.
Key words: feed efficiency, DMI, feed saved, breeding
goal
INTRODUCTION

Feed costs are approximately 50% of total costs
on a dairy farm (FADN, 2011). Selection on feed efficiency in dairy cattle can lead to reduced feed costs,
as animals will require less feed for milk production.
Additionally, selection on feed efficiency could lead to
genetic improvement and reduction of methane excretion (Arthur and Herd, 2005; de Haas et al., 2017).
Therefore, breeding for feed-efficient cows has become
even more important over the past few years.
To breed for feed efficiency, feed intake and production records need to be recorded, and feed efficiency
traits need to be defined to estimate (genomic) breeding values for these traits. Subsequently, breeding
values can be used to breed for feed efficiency in the
required direction. The definition of feed efficiency
in dairy cows has undergone scientific debate for a
long time (Veerkamp, 1998; Berry and Crowley, 2013;
Veerkamp et al., 2013; Pryce et al., 2015; Hurley et al.,
2017; Tempelman and Lu, 2020). Major elements of
this debate are summarized here. Feed efficiency can be
calculated as gross feed efficiency or feed conversion ratio, which is easier to understand for the end user (e.g.,
farmers). However, these ratio traits favor animals with
high milk production rather than net efficient cows,
because maintenance costs are diluted (Veerkamp and
Emmans, 1995). Furthermore, it is difficult to predict
the response to selection for the underlying traits (e.g.,
feed intake, production traits) and feed efficiency when
selection is for the ratio trait (Gunsett, 1984) because
of dependencies between the variance and covariance
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components and the mean of the underlying traits
(Veerkamp and Emmans, 1995). Also, improving feed
efficiency ratios does not necessarily lead to improvement of energy conversion toward milk (Veerkamp and
Emmans, 1995). Alternatively, efficiency has been defined as the linear difference between the observed and
the expected feed intake, as is the case for residual feed
intake (RFI), which is calculated as the residuals of the
regression of milk production and other energy sinks on
feed intake (Koch et al., 1963; Veerkamp et al., 1995; Li
et al., 2020). The RFI is phenotypically independent of
its regressors by construction and not affected by the
dilution of maintenance costs by increased milk yield,
unlike gross efficiency or feed conversion ratio. So far,
RFI is the closest approximation of net feed efficiency
(Veerkamp et al., 2013), although it might be sensitive
to inaccurately modeled factors that could also lead to
variation in residuals (Li et al., 2017), or to an imperfect
regression model used to calculate RFI. Using RFI has
another major disadvantage for dairy cows: RFI is, by
construction, independent of (metabolic) weight; therefore, a very heavy cow gets a favorable RFI if she ate
less than expected based on her milk production and
body weight. In fact, if 2 cows of different body weight
eat the same amount and have the same milk production, the heavier cow gets the best RFI as the most
net efficient. However, the heavier cow will necessarily
allocate more energy to maintenance. A suggested alternative could be feed saved (FS), defined as the feed
saved when the animal consumes less feed than other
animals to produce the same amount of milk (Pryce et
al., 2015). For FS, animals are penalized for extra body
weight as well. A larger animal gets a less-favorable
value for FS compared with a smaller animal. This
debate about the definition of efficiency remains lively
because of the difficulty of defining the exact sources
of genetic variation, which is often investigated with
overly limited data (Veerkamp and Emmans, 1995).
Another issue related to the definition of feed efficiency in the definition of current breeding goals is
the lack of differentiation between roughage and concentrate intake. Especially now, the aim is to increase
the amount of roughage (human-inedible food) in the
ration of Dutch dairy cows. Sixty-five percent of dietary
protein has to be produced in the Netherlands from the
year 2025 onward (Kleijne et al., 2018). This can be
achieved by increasing the amount of grass in the ration
while reducing maize and concentrate (Hilhorst, 2018).
Also, based on nutritional models, it could be argued
that cows that eat more roughage per kilogram of milk
can be fed less concentrate and can also convert more
grass into milk (Groen and Korver, 1989; Harrison et
al., 1990; Veerkamp, 1998; Buckley et al., 2005). This
hypothesis that cows should eat more roughage is also
Journal of Dairy Science Vol. 104 No. 8, 2021
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used by breed-oriented breeders who prefer big and
heavy cows. The answer to the question of whether we
should breed for cows that can eat more roughage is
partly economic and depends on the cost of roughage
versus concentrate (Koenen et al., 2000).
Nutritional model predictions ignore genetic variation between animals and the ability to reduce yield
production on a given diet, which has been shown in
classic genotype by environment interaction (G×E)
experiments (Pryce et al., 1999; Coffey et al., 2004).
Also, Veerkamp et al. (2018) investigated whether
we should select for cows that can eat more or cows
that are more efficient, from the viewpoint of G×E.
In that study, DMI data were divided between high
concentrate versus high roughage-based rations, and
heritability and genetic correlations were estimated for
these 2 distinct traits, which can be seen as 2 different
environments. Then selection responses were predicted
for either a high concentrate or high roughage-based ration. There was too little evidence for G×E to suggest
that selecting for increased DMI on the high roughage
ration is beneficial for performance on the high roughage-based ration. The study presented here addresses
the same question about concentrate versus roughage
efficiency but from a different viewpoint. Rather than
investigating G×E for total DMI, the objective here
was to use existing data, which is used in the national
genetic evaluations for DMI, to define alternative traits
related to feed intake capacity and roughage or concentrate intake separately and quantify their phenotypic
and genetic parameters, an approach that was also
used by Tarekegn et al. (2021). Insight on these novel
traits might help to judge whether it is worthwhile
to separate these traits in the genetic evaluation, to
breed for intake capacity or to breed for concentrate- or
roughage-efficient cows separately.
MATERIALS AND METHODS
Data Description

The data used in this study were a subset of the
data used for the national DMI genetic evaluations
in the Netherlands and were collected during several
short- and long-term experiments on farms of Wageningen University & Research in the Netherlands [Aver
Heino (Heino), Bosma Zathe (Ureterp), Cranendonck
(Soerendonk), t Gen (Lelystad), Minderhoudhoeve
(Swifterbant), Waiboerhoeve Dairy Unit 2 and 3 (Lelystad), Zegveld Farm (Zegveld), Hoorn (Lelystad), New
Wairboerhoeve (Lelystad), and Dairy Campus (Leeuwarden)]. A description of the methodology of most experiments has been summarized previously (Veerkamp
et al., 2000; Beerda et al., 2007; Zom et al., 2012; Man-
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zanilla Pech et al., 2014; van Knegsel et al., 2014). All
cows were kept indoors in conventional cubicle housings and were offered partial mixed diets ad libitum,
and concentrate was given in separate dispensers on an
individual-cow basis. The amount of concentrate dispensed varied by each experiment, reflecting common
practices in the Netherlands. Cows were milked twice
per day, except for 50 cows at Bosma Zathe (n = 50),
which were milked 3 times per day. Individual animal
DMI were transformed to weekly measurements by
averaging over 7-d (or sometimes 5-d) measurements.
Roughage DMI (DMIR) was the partial mixed ration
fed to the cows (mainly grass and maize silage, but often complemented with other products), whereas concentrate DMI (DMIC) was the amount of concentrate
fed separately in the concentrate dispenser or milking
parlor. Only those weekly DMI records were kept that
had milk yield, fat and protein production, and cow live
weight (LW) measured in the same week.
Experiments with a concentrate portion of 1 kg/d or
less were discarded because a TMR was fed to these
cows. After excluding extreme experiments and deleting records with milk yield below 5 kg of milk/day, 0.3
kg of fat/day, and 0.3 kg of protein/day, the new traits
were calculated. For the analysis of the traits, records
between ±3 standard deviations (SD) from the mean
were retained for all traits. The final data set (Table 1)
contained 39,017 records from 3,164 cows of 789 sires
and 2,471 dams, and 1,073 dams also had records themselves. Sires had on average 3.9 daughters, ranging from
1 to 54 daughters per sire.
Definition of Traits

Four different traits were defined: feed intake capacity (FIC), FS, residual roughage intake (RRI), and
residual concentrate intake (RCI). With FIC, we
aimed to measure how much a cow ate in relation to
how much she was expected to eat based on her diet:
FIC = DMImeasured − DMIexpected. A high value for FIC
means that the cow ate more dry matter than expected
Table 1. General information on the edited data set
Item
Experimental treatments in data
Total number of weekly records for each trait
Unique animals in data
Total number of animal lactations
Average number of records per experimental
treatment
Average number of animals per experimental
treatment
Average number of weekly records per animal
Average number of daughters per sire
Journal of Dairy Science Vol. 104 No. 8, 2021

based on the dairy cow nutrition model (Zom, 2014).
The DMIexpected was calculated as the expected feed
intake (EFI), divided by the satiety value (SV) of that
diet: DMIexpected = EFI/SV. The expected feed intake is
calculated as follows (Zom, 2014):

(

EFI = 8.743 + 3.563× 1 − e−1.140×a


g 
×1 − 0.05529 ×
,

220 

) × e

(

0.1365× 1−e−0.05889×d

where a combines the parity and the DIM, a = parity −
1 + d/365, d represents DIM, e represents the exponential constant, and g represents the days that the animal
is pregnant. Insemination data were not available in
this data set; therefore, it was assumed that cows were
pregnant from d 130 in lactation onward. This assumption was based on the average calving interval in the
Netherlands, 410 d (CRV, 2019), and the duration of
pregnancy, 280 d.
The satiety value (Zom, 2014) of the ration was calculated here as
SV = c1 × percentage roughage + c2
× percentage concentrates.
Percentage roughage or concentrate means the percentage of roughage or concentrate DM per DM of the diet;
c1 and c2 represent diet-specific constants based on, for
example, energy and fiber content. Specific information
on the c1 and c2 for each diet in each experiment was
not available, except for amounts of roughage and concentrate intake. Therefore, constants were taken from
the national nutritional guidelines for maize and grass
silage (c1 = 1) and for concentrates (c2 = 0.34; CVB,
2019).
Feed saved was defined as the difference between
the measured DMI and the expected DMI based on
fat and protein yield. Unlike definitions of RFI, it was
not regressed on LW, and a positive value is favorable.
Feed saved was defined as the negative residuals of the
following regression:

No.

DMIij = exptreatj∙β0 + exptreatj∙β1kgfati

517
39,017
3,164
5,209
75.5

+ exptreatj∙β2kgproteini + eij,

14.18
12.3
3.9

)

where DMIij was the dry matter intake of record i, and
β0, β1, and β2 represented the intercept and the regression coefficients for kilograms of fat and kilograms of
protein of record i, respectively (kgfati and kgproteini),
within experimental treatment j (exptreatj) to allow
for different intercepts and slopes among experimental
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treatments j, and eij stands for the random residual effect. For FS we calculated the residual as the difference
between fitted value and measured value. A high value
for FS means that animals ate less than expected based
on their fat and protein production.
Residual roughage intake was defined as the differences between the measured roughage DMI and the
expected roughage DMI. Like FS, the expectation was
based on the milk production level, but additionally
the amount of concentrate fed was adjusted for in the
model.
Residual roughage intake was defined as the residuals
of the following model:
DMIRij = exptreatj∙β0 + exptreatj∙β1kgproteini
+ exptreatj∙β2kgfati + β3DMICi + eij,
where DMIRij was the DM roughage intake in kilograms for record i, and β0, β1, and β2 represented the
intercept and the regression coefficients for kilograms
of fat and kilograms of protein of record i, respectively
(kgfati and kgproteini), within experimental treatment
j (exptreatj), to allow for different intercepts and slopes
among experimental treatments j, and eij stands for the
random residual effect. Regression coefficient β3 represents the regression coefficient on concentrate intake
(DMIC) of record i. For RRI, we calculated the difference between the measured value and fitted value.
A low value for RRI means that the animal ate less
roughage than expected based on its concentrate intake
and fat and protein production on an average diet.
Residual concentrate intake was defined as the difference between the observed concentrate intake and the
expected concentrate intake. Residual concentrate intake was defined similarly to FS and RRI. The DMICij
was based on the milk components and the amount of
roughage fed.
Residual concentrate intake is represented as the
residuals of the following model:
DMICij = exptreatj∙β0 + exptreatj∙β1kgproteini
+ exptreatj∙β2kgfati + β3DMIRi + eij,
where DMICij was the DMI of concentrate for record
i in kilograms; β0, β1, and β2 represented the intercept
and the regression coefficients for kilograms of fat and
kilograms of protein of record i, respectively (kgproteini
and kgfati), within experimental treatment j (exptreatj)
to allow for different intercepts and slopes among
experimental treatments j. Regression coefficient β3
represents the regression coefficient on roughage intake
(DMIR) of record i, and eij represents the random
Journal of Dairy Science Vol. 104 No. 8, 2021
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residual effect. For RRI we calculated the difference
between the measured value and fitted value. A low
value for RCI means that animals ate less concentrate
than expected based on their roughage intake and milk
production.
Statistical Analysis

Initially, an exploratory analysis was performed for
the 4 defined traits FIC, FS, RRI, and RCI using simple
descriptive statistics (histograms, Pearson correlations,
and scatterplots) using R (R Core Team, 2019). Associations with milk yield, LW, and DMI were visualized
by calculating the average (and standard error, SE) for
the 4 defined traits, based on bins of 1 kg of milk or
DMI and 10 kg of LW, respectively. Also, the mean and
SE for the 4 defined traits were calculated for parity
and lactation stage.
The phenotypic associations between the 4 defined
traits and milk yield, LW, and DMI were also estimated
using the linear model described for the genetic analysis
with a linear regression coefficient on either LW, milk
yield, or DMI.
For the genetic analysis, we were interested in variance components for 10 traits: milk yield (MY), fat
plus protein yield, LW, DMI, DMIC, DMIR, and the
4 defined traits FIC, FS, RRI, and RCI. Phenotypic,
genetic, and permanent environmental variances were
estimated univariately with REML using a linear mixed
model (Gilmour et al., 2015). The following model was
used:
yijklmnopqr = µ + Pj + β1 × ageck(Pj) + WIMl
+ exptreatm + β2 × breedHOn + β3 × breedFHo + β4
× breedMOp + β5 × breedFVq + β6 × breedMRYr
+ ai + permi + eijklmnopqr,
where yijklmnopqr represents the phenotype for the trait
analyzed for individual i, µ was the overall mean, and
Pj represented the fixed effect of parity j. Cows in parity 4 or above (up to 11) were grouped in a common
class. β1 × ageck(Pj) was the fixed quadratic regression
of age at calving in month k nested within parity j, with
β1 as regression coefficient. WIMl was the fixed effect of
lactation stage with week in milk l (1–53 wk in lactation); exptreatm was the fixed effect of experimental
treatment m (518 levels). When the record was not in a
specific experiment, a fixed effect of herd-year-season
was fitted instead. Four seasons were defined: January
to March, April to June, July to September, and October to December. β2 × breedHOn, β3 × breedFHo, β4 ×
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breedMOp, β5 × breedFVq, and β6 × breedMRYr were
the fixed quadratic regressions of breed proportions n,
o, p, q, and r of Holstein, Friesian Holstein, Montbéliarde, Fleckvieh, and Meuse-Rhine-Issel, respectively,
with β2 to β6 being the corresponding regression coefficients. ai was the random additive genetic effect of
animal and var (a ) = Aσa2 , where A was the additive
genetic relationship matrix and σa2 the additive genetic
variance. Permi was the permanent environmental ef2
fect nested within parity o, and var (perm) = Iσperm
was
the permanent environmental variance, for permi; there
was no grouping of parities higher than 4. Finally,
eijklmnopqr was the random residual term, with
var (e) = Iσe2 .
Estimating genetic and phenotypic correlations between the 10 traits simultaneously is difficult, especially
when the traits are linear combinations of each other
(for example, DMI is the sum of DMIR and DMIC) and
when the SE of the estimated correlations are relatively
large. Dependencies between the traits and large SE
make the (co-)variance matrices more prone to become
nonpositive definite, which might give convergence
problems for AI-REML algorithms. Therefore, several
approaches were used to estimate the correlation, using
the model described and including genetic, permanent
environmental, and residual covariances between the
traits. Initially 45 bivariate analysis were performed
in ASReml (Gilmour et al., 2015) that all converged
eventually. Second, the full 10-trait model was started
in ASREML version 4.2nc (Jan. 20, 2021), using a combination of AI and (PX)EM-REML algorithms. After
more than 600 iterations in total, parameters remained
stable, and the log-likelihood changed with 0.08 only
in the last 50 iterations, but no full convergence was
apparent (judged on the decreasing improvement in
log-likelihood per iteration). Therefore, a second package, Wombat (Version 27-05-2020; Meyer, 2007), was
tested with the same model and data. This package
could only use the AI-REML algorithm, due to a residual covariance between repeated records on the same
animal. It failed to find a maximum likelihood solution.
Subsequently, a more parsimonious model was fitted
by reducing the rank of fit for the genetic (co-)variance matrix from 10 to 9. This reduced model gave
full convergence and a better log-likelihood compared
with the log-likelihood of the full fit model (which did
not fully converge). We compared the outcomes of the
initial bivariate models, the incompletely converged
ASReml and Wombat 10-trait models, and the converged reduced rank Wombat model. Heritabilities
and genetic and phenotypic correlations differed only
Journal of Dairy Science Vol. 104 No. 8, 2021

slightly. Somewhat surprisingly, the SE of the estimate
of the variance components for DMI increased unrealistically (compared with the univariate analysis). In the
Results section we use the estimates of the bivariate
analysis, and in Appendix 2, Table A1, we present the
correlations estimated with the reduced-rank Wombat
model.
RESULTS
Descriptive Statistics

Descriptive statistics for the recorded traits and for
the 4 defined traits FIC, FS, RRI, and RCI are summarized in Table 2. The mean of FIC was 1.66 kg of
DM/d, which means that the cows in the data set on
average ate 1.66 kg of DM per day more than predicted
by the simplification of the dairy cow model used by
Zom (2014). The mean of FS, RRI, and RCI was 0 by
construction, because these traits were defined as the
residuals of a linear regression. The SD was largest for
FIC and smallest for RCI. A similar trend was observed
for DMI total, DMIR, and DMIC. The histograms in
Figure A1 of Appendix 1 suggest that all traits follow a normal distribution. The strongest Pearson correlation (−0.84) was found between FS and RRI, but
FS was moderately correlated with RCI (−0.56). The
weakest Pearson correlation was found between FIC
and RCI and between RRI and RCI, both below 0.11.
Not only was the association between FIC and RCI,
but it showed some underlying structure variation as
well, probably due to different feeding systems in some
experiments (Figure 1).

Table 2. Mean, minimum (min), maximum (max), and SD for all
traits
Variable1

Mean

Min

Max

SD

Parity
DIM
MY (kg/d)
FPY (kg/d)
LW (kg)
DMI (kg/d)
DMIR (kg/d)
DMIC (kg/d)
Defined traits
FIC (kg/d)
FS (kg/d)
RRI (kg/d)
RCI (kg/d)

2.76
99
32.54
2.51
637
21.15
14.28
6.94

1.00
2.00
5.34
0.64
306
8.00
1.28
0.00

11
365
67.15
7.53
932
35.00
28.00
25.57

1.54
73.2
9.08
0.67
77.97
4.13
3.43
2.86

1.66
0.00
0.00
0.00

−11.44
−7.97
−6.73
−4.91

14.39
7.95
6.71
4.91

3.66
2.29
2.00
1.40

1

MY = milk yield, FPY = sum of fat yield and protein yield, LW =
live weight, DMIC = concentrate DMI, DMIR = roughage DMI, FIC
= feed intake capacity, FS = feed saved, RRI = residual roughage
intake, RCI = residual concentrate intake.
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Relationship Between Feed Defined Traits
and Other Traits

We found that FIC and RRI had a positive relationship with LW (Figure 2), and because of the change
in sign FS had a negative association with LW. The
estimated linear regression of the 4 defined traits on
LW, MY, and DMI are presented in Table 3, adjusted
for the fixed effects and therefore structural differences
in the mean of experiments. The slope of FS on LW
was after adjustment −0.0089 (Table 3), meaning that
for every extra 100 kg of LW, the animal will consume
an extra 0.89 kg of DM feed, which is within the range
previously described by Ingvartsen (1994).
Of the 4 defined traits, only FIC had a positive association with milk production level (Figure 3 and Table
3), whereas FS, RRI, and RCI were not associated with
milk production level, by construction.
The linear regression coefficients for all defined traits
were associated with DMI (Table 3), and the regression
of FIC on DMI was 1, illustrating that every kilogram
of extra DMI also gave 1 kg additional FIC. Also, associations were linear and consistent across the range
of DMI, except for the association between RCI and
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DMI (Figure 4). At high DMI, the slope was steeper
than at low or medium DMI, reflecting that cows with
similar yields and roughage intakes must have a higher
concentrate intake when DMI intake is high.
Multiparous cows showed, in general, a higher FIC,
and first-parity cows had better efficiency (higher FS
and lower RRI and RCI) than multiparous cows (Figure
5). For multiparous cows (parity 4+), RCI was more
favorable than for cows in parity 2 or 3, which was not
observed for FS and RRI.
For FIC a different pattern in relation to weeks in
lactation was observed compared with the other defined traits (Figure 6). We found that FIC increased
less steeply in early lactation and declined after 20 wk
in milk. Values for RRI and RCI were low in the first
weeks of lactation and rapidly increased, and a similar
pattern was observed for FS. After 10 wk, values for
RCI declined slowly, but RRI and FS stayed the same
throughout lactation.
Genetic Analysis

Heritability and genetic correlations were estimated
to analyze the genetic relationships among the 4 new

Figure 1. Phenotypic relationships between the 4 feed-defined traits. Each dot represents 1 record. On the left are the traits that represent
the y-axis of each figure; at the bottom are the traits that represent the x-axis of each figure. FIC = feed intake capacity, FS = feed saved, RRI
= residual roughage intake, RCI = residual concentrate intake, r = Pearson correlation coefficient.
Journal of Dairy Science Vol. 104 No. 8, 2021
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Figure 2. Phenotypic relationships between live weight (kg) and FIC (A), FS (B), RRI (C), and RCI (D) in kilograms of DM/day. Each dot
represents the mean of a certain trait for all records in a certain live weight class. Error bars indicate SE. FIC = feed intake capacity, FS = feed
saved, RRI = residual roughage intake, RCI = residual concentrate intake.

defined traits and the underlying recorded traits. The
largest h2 (0.69) of all traits analyzed was found for LW
(Table 4). We found that FIC had the highest heritability (0.19) and the largest phenotypic variance of the
newly defined traits, whereas RCI and DMIC had the
lowest h2 (<0.04) of all traits. Heritability estimates of
FIC, FS, and RRI were of similar sizes compared with
heritability estimates of the milk production traits.
Permanent environmental variance was highest for the
MY traits and lowest for LW.
Table 5 presents the genetic and phenotypic correlations between all traits. The new trait FIC had genetic
correlations close to unity with DMI and DMIR, and
genetic correlations above 0.81 with the other new traits
FS and RRI (in absolute terms). However, the genetic
correlation of FIC and RCI was −0.19. Moreover, a

strong genetic correlation of −0.96 was found between
FS and RRI, suggesting that FS and RRI are genetically similar traits. Between FS and RCI, and RRI and
RCI we detected little or no genetic correlation, which
is in line with the results in Figure 1, where FS, RRI,
and RCI showed dependence phenotypically, but RCI
was distinct from RRI.
The genetic correlations between RRI and all other
traits ranged from −0.07 (DMIC) to 0.91 (DMIR).
We found that FIC, FS, and RRI showed very similar
genetic correlations with LW: around 0.58 (in absolute
terms). However, the genetic correlation between RCI
and LW was estimated to be 0.03 ± 0.08. These results
were in line with the phenotypic relationships between
these traits (Figure 2). Genetic correlations between
RCI and milk production traits were negative (−0.20

Table 3. The linear regression of 4 feed-defined traits on live weight, milk yield, and DMI, with SE
Live weight
Trait1
FIC
FS
RRI
RCI

Milk yield

DMI

Regression coefficient

SE

Regression coefficient

SE

Regression coefficient

SE

0.0171
−0.0089
0.0095
0.0004

0.0004
0.0003
0.0003
0.0002

0.1570
0.0200
−0.0078
−0.0105

0.0031
0.0026
0.0024
0.0016

0.9994
−0.7528
0.5729
0.2455

0.0025
0.0029
0.0031
0.0027

1

FIC = feed intake capacity, FS = feed saved, RRI = residual roughage intake, RCI = residual concentrate intake.
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Figure 3. Phenotypic relationships between milk production (kg/d) and FIC (A), FS (B), RRI (C), and RCI (D) in kilograms of DM/day.
Each dot represents the mean value for a certain trait for all records in the same milk production class. Error bars indicate SE. FIC = feed
intake capacity, FS = feed saved, RRI = residual roughage intake, RCI = residual concentrate intake.

to −0.30), whereas genetic correlations for FS and RRI
were estimated to be unfavorable with the milk production traits. Even though FS, RRI, and RCI were
phenotypically independent of milk production traits
(Figure 3), they were genetically correlated.
DISCUSSION

Breeding for efficient cows is important for economic
and environmental reasons. To breed for feed efficiency,
a breeding goal trait needs to be defined, and scarce
available data must be used optimally. It is expected
that the amount of roughage in the ration of dairy cows
may increase in the future, to reduce competition with
human-edible food. Current breeding tools, such as RFI
and FS, do not make a distinction between roughage
and concentrate intake, although in some of our data
a partial mixed ration is fed, with the concentrate portion recorded separately. Therefore, the aim of this
research was to define alternative traits from our existing records that explain variation in FIC and roughage
or concentrate intake separately and that quantify the
phenotypic and genetic associations between these different trait definitions. Insights in these associations
might help to judge whether it is worthwhile to breed
for FIC or concentrate- and roughage-efficient cows
separately.
Journal of Dairy Science Vol. 104 No. 8, 2021

Feed Intake Capacity

The mean of FIC was 1.66 kg of DM/d. This means
that the cows in the data set on average ate 1.66 kg of
DM extra per day. Feed intake capacity was based on
a simplification of the dairy cow model (Zom, 2014).
That our cows ate on average 1.66 kg more than predicted might be due to the data set used here versus
that used by (Zom, 2014) to define and estimate the
model parameters. The milk production level of the
cows in our data set was higher, and the cows were
on average 50 kg heavier. Also, some of the differences
found here might also be because we were not able to
model the pregnancy properly, due to lack of individual
cow information on the day of conception.
Although nutritional models suggest that we should
select cows that eat more roughage per kilogram of milk,
and therefore also convert more grass into milk (Groen
and Korver, 1989; Harrison et al., 1990; Veerkamp,
1998; Buckley et al., 2005), it is difficult to increase
FIC as an independent trait. The genetic correlation
of 0.98 between FIC and DMI, and of 0.89 between
FIC and RRI, indicated that these traits are difficult to
disentangle, which is not a surprise, considering that we
measure DMI only and FIC is derived from this measurement only. No additional trait variation is included.
At the same time, FIC is unfavorably correlated with
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Figure 4. Phenotypic relationships between DMI (kg/d) and FIC (A), FS (B), RRI (C), and RCI (D) in kilograms of DM/day. Each dot
represents the mean of a certain trait for all records in a DMI class. Error bars indicate SE. FIC = feed intake capacity, FS = feed saved, RRI
= residual roughage intake, RCI = residual concentrate intake.

FS (−0.81) and LW (−0.58). Therefore, animals that
have a high FIC eat more but process feed ingredients
inefficiently or use them for purposes other than milk
production.
Even when traits are correlated, using a selection
index, genetic improvement for both traits may be possible (Brascamp, 1984). However, there is little room
to improve both FIC and FS simultaneously, given the
large unfavorable genetic correlation. Veerkamp and
Koenen (1999) discussed the different options combining yield, LW, and DMI in a selection index, without
trying to separate FIC from DMI, and demonstrated
the expected influence of the different indices on yield,
LW, and energy balance (which is similar in calculation
to FS). They also concluded that changing the direction
of selection of DMI (in combination with yield and LW)
merely affects energy balance (or FS) and therefore
depends on the genetic association with health and fertility. Our attempt in this study to separate FIC from
DMI, and therefore allow for selection of cows that can
process more roughage, did not change the conclusion
that increasing FIC merely affects FS, as DMI and FIC
are still strongly correlated.
In addition, Veerkamp et al. (2018) investigated the
hypothesis that the extra weight and intake capacity
from selection for a higher intake would be advantaJournal of Dairy Science Vol. 104 No. 8, 2021

geous on a lower-concentrate diet with more roughage.
Selection index calculations demonstrated that selection for higher feed intake (without calculating FIC)
resulted in heavier cows. When selecting for a higher
feed intake relative to MY on a higher-density diet, no
benefit were found in terms of profit on lower-density
diets. Therefore, Veerkamp et al. (2018) concluded that
breeding goals should always be for profit (fat- and
protein-corrected milk production − DMI) independently of the nutritional environment, because of the
absence of considerable G×E. The definition of FIC
and the estimated genetic parameters in this study are
unlikely to change that conclusion and make selection
for increased feed intake capacity useful, because FIC
had a genetic correlation of 0.98 with DMI.
Feed Efficiency Traits

Feed efficiency by itself is a complex quantitative
trait. Based on both theory (Kennedy et al., 1993) and
data, the definition of feed efficiency can have a large
influence on the selection response for the component
traits. Hurley et al. (2017) showed that genetic correlations among different definitions of feed efficiency
ranged between −0.8 and 1. We used FS as a measure
of efficiency (Pryce et al., 2015), and FS showed genetic
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Figure 5. Relationships between parity and FIC (A), FS (B), RRI (C), and RCI (D). All traits given in kilograms of DM/day extra. Mean
per parity is shown for all traits. Vertical bars indicate SE. FIC = feed intake capacity, FS = feed saved, RRI = residual roughage intake, RCI
= residual concentrate intake.

variation and heritability of 0.10 ± 0.01 (mean ± SE).
The difference between FS and RFI is that energy sinks
due to LW were not taken into account, and therefore
FS and LW were correlated phenotypically as well as
genetically. The genetic correlation of −0.58 between
LW and FS demonstrated that approximately a quarter
of the genetic variance in FS can be explained by LW,
and the negative direction of the correlation shows that
genetically heavier cows had lower values for FS (i.e.,
were less efficient) because of feed used for additional
maintenance. In the literature, estimation of heritability for RFI traits ranged from 0.01 to 0.36 (Coleman
et al., 2010; Vallimont et al., 2011; Connor et al., 2013;
Tempelman et al., 2015; Manafiazar et al., 2016). However, the definition of RFI is often very different in
literature and especially the measurements used, daily
or averaged across a period, and the models used, from
which the residual is taken, differ (Berry and Crowley,
2013; Berry and Pryce, 2014). Therefore, any measure
of efficiency, such as FS or RFI, must be discussed
within the context of the definition and data used and
not as an existing trait.
Phenotypic and genetic correlations between FS and
DMI reflect the proportion of variance in DMI not explained by the component traits in the model. CorrelaJournal of Dairy Science Vol. 104 No. 8, 2021

tions presented here were similar to those previously
reported between RFI and DMI (Veerkamp et al., 1995;
Manzanilla Pech et al., 2014). Although the phenotypic
and genetic relationship between DMI and FS is obvious, different biological processes can influence covariation in DMI and FS. Larger meal sizes have a negative
effect on digestibility (de Souza et al., 2018), and Potts
et al. (2017) suggested that differences in digestibility
may influence divergence for RFI in cows. However,
they hint that other factors, such as metabolic processes and heat production, may have a larger effect
on FS. It has also been reported that high-efficiency
cows had lower DMI and lower peak meal sizes, spent
more time ruminating per kilogram of DM, and showed
higher digestibility than low-efficiency cows (Ben Meir
et al., 2018). However, it is still not clear to what extent
biological processes cause differences in FS. As defined
here, FS showed a relationship to DMI similar to that
of FS as defined in literature.
Our results showed that in the first 5 wk of lactation,
feed efficiency measures were negative (Figure 6). LowRRI or -RCI and high-FS animals could be mobilizing
tissue reserves to maintain milk production. Hence,
they eat less than expected based on milk production
(Pryce et al., 2014). It has been found that cows with
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Figure 6. Relationship between DIM (in bins per week) and FIC (A), FS (B), RRI (C), and RCI (D). Mean per week in milk is shown for
all traits. All traits given in kilograms of DM/day extra. Vertical bars indicate SE. FIC = feed intake capacity, FS = feed saved, RRI = residual
roughage intake, RCI = residual concentrate intake.

low RFI are more likely to be in negative energy balance
than less-efficient cows (Seymour et al., 2020). Negative energy balance is associated with impaired health
and fertility (Collard et al., 2000; Walsh et al., 2011).
However, no clear relationship with feed efficiency and
fertility has been found (Coleman et al., 2010; Olson et
al., 2011). Genetic correlations with health and fertility
traits must be considered in breeding goals (Veerkamp
et al., 2013; VandeHaar et al., 2016). Estimates of ge-

( )

netic correlations between efficiency traits and fertility
are available, but they have large SE (Vallimont et al.,
2013). To avoid unfavorable correlated responses, reliable estimates of genetic correlations between efficiency,
health, and fertility must be obtained.
Clear mean differences for efficiency measures exist
across parity and lactation stage (Figures 5 and 6).
For breeding, it is important that traits are repeatable
across life stages and environments (VandeHaar et al.,

(

)

2
Table 4. The phenotypic variance σp2 , permanent environmental variance σperm
, and genetic variance

( )

(

2
σa2 , and the repeatability p2 = σperm
σp2

)

(

and heritability h2 = σa2 σp2

)

for all traits, with SE

Trait1

σp2

2
σperm

σa2

p2

SE

h2

SE

MY
FPY
LW
DMI
DMIC
DMIR
FIC
FS
RRI
RCI

29.0
0.18
3,041
6.03
2.36
4.52
7.19
4.26
3.44
1.60

14.5
0.08
554
2.04
0.91
1.22
2.06
1.00
0.77
0.42

6.7
0.02
2,104
0.95
0.09
0.85
1.35
0.44
0.48
0.04

0.50
0.46
0.18
0.34
0.39
0.27
0.28
0.24
0.22
0.26

0.016
0.014
0.008
0.012
0.011
0.011
0.011
0.010
0.010
0.008

0.23
0.14
0.69
0.16
0.04
0.19
0.19
0.10
0.14
0.03

0.018
0.016
0.010
0.014
0.009
0.013
0.014
0.011
0.012
0.007

1
MY = milk yield, FPY = sum of fat yield and protein yield, LW = live weight, DMIC = concentrate DMI,
DMIR = roughage DMI, FIC = feed intake capacity, FS = feed saved, RRI = residual roughage intake, RCI
= residual concentrate intake.
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(0.09)
(0.01)
(0.01)
(0.03)
(0.03)
(0.11)
(0.04)
(0.08)
(0.03)
(0.03)
(0.03)
(0.03)
(0.08)
(0.05)
(0.04)
(0.11)
(0.05)
(0.04)
(0.08)
(0.07)
(0.13)

SE for phenotypic correlations ≤0.01.
MY = milk yield, FPY = sum of fat yield and protein yield, LW = live weight, DMIC = concentrate DMI, DMIR = roughage DMI, FIC = feed intake capacity, FS = feed saved,
RRI = residual roughage intake, RCI = residual concentrate intake.
2

(0.00)
(0.00)
(0.02)
(0.10)
(0.11)
(0.10)
(0.12)
(0.11)
(0.11)

0.30
0.29
0.28
0.79
−0.12
1
0.99
−0.99
0.91
−0.22
0.32
0.27
0.05
0.51
1
0.07
0.13
−0.04
−0.07
0.58
0.45
0.42
0.27
1
0.36
0.95
0.98
−0.79
0.84
−0.04
0.08
0.13
1
0.58
0.17
0.57
0.58
−0.58
0.58
0.03
0.74
1
0.23
0.76
0.38
0.67
0.71
−0.33
0.39
−0.30
(0.04)
(0.04)
(0.04)
(0.08)
(0.05)
(0.04)
(0.07)
(0.06)
(0.11)
1
0.61
0.13
0.61
0.52
0.47
0.55
−0.14
0.18
−0.20
MY
FPY
LW
DMI
DMIC
DMIR
FIC
FS
RRI
RCI
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1

−0.05
−0.12
0.02
0.36
0.75
−0.11
0.09
−0.53
0.11
1
0.02
0.00
0.24
0.65
−0.03
0.78
0.77
−0.84
1
0.00 (0.11)
0.02
0.06
−0.24
−0.74
−0.33
−0.95
−0.72
1
−0.96 (0.01)
0.25 (0.10)
0.34
0.32
0.29
0.91
0.13
0.95
1
−0.81 (0.03)
0.89 (0.02)
−0.19 (0.10)

RRI
FS
FIC
DMIR
DMIC
DMI
LW
FPY
MY
Trait2

Table 5. Phenotypic1 (above diagonal) and genetic correlations (below diagonal) between the traits in the bivariate analysis, with SE in parentheses

RCI
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2016). It has previously been shown that feed efficiency
measures fluctuate throughout lactation (de Haas et
al., 2017; Hurley et al., 2017) and that feed efficiency
in one parity is not the same trait as feed efficiency
in another parity (Hurley et al., 2018). By contrast,
VandeHaar et al. (2016) argue that RFI is repeatable
over lactation stages. Li et al. (2017) recommend taking lactation stage into account when assessing RFI.
Connor et al. (2019) investigated when and how often
RFI should be measured to accurately predict RFI for
the whole lactation. Lactation stage and parity should
be considered when assessing feed efficiency, whatever
trait definition is used.
Concentrate Versus Roughage Efficiency

We defined RRI and RCI to see whether differences
in variation exist between concentrate and roughage
efficiency. Based on the phenotypic and genetic correlations, RRI and FS were found to be similar traits.
The genetic correlation between RRI and DMIR was
large (0.91), suggesting that 81% of the variation in
DMIR was not explained by concentrate intake and
the milk component traits. In comparison, the genetic
correlation between FS and DMI was −0.79; thus, 64%
of the variation was not explained by yield alone. Genetic correlation with concentrate intake was close to
zero for FS. Residual concentrate intake showed the
smallest genetic variation and the lowest heritability of
our defined traits, and the relationships with the other
traits were different for RCI than for FS and RRI. Residual concentrate intake was independent of LW and
had negative genetic correlations with milk production
traits, in the direction that when RCI decreased (i.e.,
more efficient cows), milk production increased. Hence,
although RCI was a phenotypically distinct trait from
FS and RRI, heritability for DMIC and RCI was virtually zero in our data set. Furthermore the genetic correlation between DMI and DMIR was 0.96, suggesting
that roughage intake explained nearly all of the genetic
variation in total feed intake in our data. These results
agree with the results of a Swedish study, which found
that the genetic correlation between forage intake and
total intake was above 0.90 for Holstein and 0.83 for
Swedish Red during the lactation period (Tarekegn et
al., 2021). Obviously, this genetic correlation always
depends on concentrate feeding system. In our data
there was no fixed concentrate gift protocol across
the experiments, and in about 10% of the experimental treatments all cows received the same amount of
concentrate and ate all the concentrate given. In other
experiments, concentrate gift might have depended on
lactation stage or yield level. Therefore the most likely
reason that (residual) concentrate intake had such a
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low heritability is that concentrate intake is primarily
determined by the feeding system and not by the genetics of the cow.
Despite the definition and the name of RRI, we must
ask whether selecting for RRI really selects animals
that are better suited to convert roughage into milk.
This is especially important because concentrate and
roughage intake are not independent (Faverdin et al.,
1991). In our definition of RRI, it could still be that
animals produce more efficiently from concentrate and
therefore require less roughage at the same yield and
concentrate levels. For cows with a high RRI, 27% of
DMI consisted of concentrate. For cows with a low RRI
(i.e., efficient with roughage), almost 40% of the DMI
consisted of concentrate. Hence, low-RRI cows ate less
roughage compared with high-RRI cows. For cows with
a low RCI (i.e., efficient with concentrate), 24% of the
DMI consisted of concentrate. Thus, low-RCI cows
processed more roughage than low-RRI cows. Although
these scale effects are clear across the diets, it is unclear
how they play a role when comparing animals after
adjusting for experimental treatments. More sophisticated adjustments might be required to fully separate
concentrate and roughage intake, and it is important to
investigate the biological differences between animals
for these traits.
In this research, roughage and concentrate intake
were separated, and for roughage intake the total intake
of the partial mixed ration was used. From a nutritional
perspective this is suboptimal. Intake of concentrate
limits the intake of roughage (Faverdin et al., 1991).
Additionally, there is huge variety in types of roughage and concentrate. For example, roughage may be
either straw or maize silage. These types of roughages
have different amounts of fiber, starch, and protein.
Moreover, many different types of concentrate exist,
but this information was not recorded for all data. The
distinction between concentrate and roughage made in
this study was a beginning and gave the opportunity
to investigate differences between roughage and concentrate efficiency. Classification on a continuous scale
(e.g., based on yield response per kg of DMI) might be
another way to classify diets (Veerkamp et al., 2018).
CONCLUSIONS

This research aimed to define alternative traits that
differentiate between FIC and roughage or concentrate intake, and to investigate the phenotypic and
genetic relationships among them. We found that
FIC was strongly correlated with DMI. The RCI trait
was distinct from other definitions; however, RCI was
hardly heritable. The traits FS and RRI were found
to be genetically similar. Therefore, selection for FIC
Journal of Dairy Science Vol. 104 No. 8, 2021
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is expected to simply increase DMI and RRI. There
seems to be little advantage in separating concentrate
and roughage intake, or to select for FIC in our data,
because measured concentrate intake is determined by
the feeding system and not by the genetics of the cow.
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APPENDIX 1

Figure A1. Histograms of all traits in this study. DMIR = roughage DMI, DMIC = concentrate DMI, FIC = feed intake capacity, FS =
feed saved, RRI = residual roughage intake, RCI = residual concentrate intake.
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SE for phenotypic correlations <0.04.
MY = milk yield, FPY = sum of fat yield and protein yield, LW = live weight, DMIC = concentrate DMI, DMIR = roughage DMI, FIC = feed intake capacity, FS = feed saved,
RRI = residual roughage intake, RCI = residual concentrate intake.
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Trait2

Table A1. Phenotypic1 (above diagonal) and genetic correlations (below diagonal) between the traits in a reduced-rank multitrait analysis, with SE in parentheses
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