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Traditional ratio measures of efficiency, including feed conversion ratio (FCR), gross milk efficiency
(GME), gross energy efficiency (GEE) and net energy efficiency (NEE) may have some statistical pro-
blems including high correlations with milk yield. Residual energy intake (REI) or residual feed intake
(RF1) is another criterion, proposed to overcome the problems attributed to the traditional ratio cri-
teria, but it does not account for production or intake levels. For example, the same REI value could
be considerable for low producing and negligible for high producing cows. The aim of this study was
to propose a new measure of efficiency to overcome the problems attributed to the previous criteria.
A total of 1478 monthly records of 268 lactating Holstein cows were used for this study. In addition
to FCR, GME, GEE, NEE and REI, a new criterion called proportional residual energy intake (PREI)
was calculated as REI to net energy intake ratio and defined as proportion of net energy intake
lost as REI. The PREI had an average of —0-02 and range of —0-36 to 0-27, meaning that the least
efficient cow lost 0-27 of her net energy intake as REI, while the most efficient animal saved 0-36
of her net energy intake as less REI. Traditional ratio criteria (FCR, GME, GEE and NEE) had high cor-
relations with milk and fat corrected milk yields (absolute values from 0-469 to 0-816), while the REI
and PREI had low correlations (0-000 to 0-069) with milk production. The results showed that the
traditional ratio criteria (FCR, GME, GEE and NEE) are highly influenced by production traits,
while the REI and PREI are independent of production level. Moreover, the PREI adjusts the REI mag-
nitude for intake level. It seems that the PREI could be considered as a worthwhile measure of effi-
ciency for future studies.
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Generally, feed intake accounts for the highest portion of
milk production cost, and feed efficiency has a noticeable
effect on profitability of lactating dairy cows. Thus, increas-
ing biological efficiency for converting feed to milk should
be an important goal for the dairy industry and breeding pro-
grammes, either by direct and indirect phenotypic selection
(Zamani et al. 2008) or estimates of genomic breeding
values (Khansefid et al. 2014). Several criteria have been
proposed to measure feed efficiency in lactating dairy
cows (Zamani, 2012). The proposed criteria may have
some advantages and disadvantages.

Feed conversion ratio (FCR) is defined as dry matter intake
(DMI) over milk yield (MY) ratio, where a lower FCR means
a higher efficiency. Gross milk efficiency (GME) is reverse of
the FCR and can be described as MY to DMI ratio where a
more efficient cow would have a higher GME.
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The FCR and GME could be calculated simply, but these
criteria encounter some major problems. Feed composition
and milk yield contents are ignored in FCR and GME. For
example, a more concentrated feed will result in lower FCR
and higher GME and thus, a higher efficiency of lactation.
Likewise, other requirements, mainly maintenance, body
weight change and pregnancy are also ignored in FCR and
GME. Use of a main feed component for expression of the
cow’s efficiency is another way to overcome these problems.

Energetic efficiency is commonly used to measure bio-
logical efficiency in farm animals, especially dairy cows,
because energy is the most limiting feed component and
is closely related to milk production level (Zamani, 2012).
Moreover, important feed components such as carbohy-
drates, fats and proteins are different forms of energy and
are accounted for in energetic efficiency. Gross energy effi-
ciency, net energy efficiency and residual feed intake are
well-known measures of energetic efficiency.

Gross energy efficiency (GEE) is portion of a given cat-
egory of energy intake recovered in milk (Brody, 1945).
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The GEE does not account for other energy uses such as
maintenance, pregnancy and the energy supplied or
reserved by body weight change. For example, negative
energy balance at early stages of lactation supplies a consid-
erable amount of energy from body reserves and the cow
will have a higher GEE and vice versa in late lactation.
The disadvantage of GEE could be eliminated by another
criterion, called net energy efficiency (NEE). The NEE is
defined as the ratio of the milk energy to the available
portion of energy intake used for milk production over main-
tenance requirements (Brody, 1945; Buttazzoni & Mao,
1989; Miraei-Ashtiani et al. 2005).

FCR, GME, GEE and NEE are ratio measures and are likely
to have some statistical problems including increase of error
variance as a proportion of total variance and high phenotypic
and genetic correlations with milk yield (Wang et al. 1992).

Residual feed intake (RFI) or residual energy intake (REI) is
another measure of energetic efficiency and simply defined
as the difference between actual and expected energy
intakes. Expected energy intake could be obtained based
on either average trajectory of the population or the pub-
lished energy requirements of lactating dairy cows such as
National Research Council (2001). Generally, a more effi-
cient animal uses a higher proportion of energy intake for
lactation and thus would have a negative REI. The RFI or
REI was first proposed by Koch et al. (1963) and was
widely used in various studies such as Ngwerume & Mao
(1992), Zamani et al. (2008), Connor et al. (2013),
Liinamo et al. (2015) and so on. Residual intake was also
used in protein efficiency studies (Zamani et al. 2011).

The REI does not have the statistical problems attributed to
the ratio criteria (FCR, GME, GEE and NEE). In other words,
the REI is independent of the energy kinetics components
included in its derivation (Hurley et al. 2016). However, a
disadvantage is still noticeable about REl. The same REI
which indicates equal efficiencies, does not have equal mag-
nitudes for animals with different levels of production or
energy intake. For example, a 5 Mcal/d REl is considerable
for a low producing cow but the same value would be neg-
ligible for a high producing cow, because the lower produ-
cing cow loses a higher proportion of her energy intake as
REI. Thus, another measure of efficiency, without the pro-
blems attributed to the previous criteria may provide more
accurate measurement of efficiency. The aim of the present
study was introducing a new approach to measure energetic
efficiency and comparison of its statistical properties with
other measures of feed efficiency in dairy cows.

Materials and methods
Data

The data set was 1478 monthly records of 268 lactating
Holstein cows located in two tie-stall farms. The experimen-
tal cows had ad libitum access to different total mixed
rations, balanced according to National Research Council
(NRC, 2001). Nutritional components of the diets are
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Table 1. Descriptive statistics for nutritional components of the fed
diets

Component Average  sD CV (%)  Min Max

DM (%) 64-3 558 868 50-2 763
NE, (Mcal/kg) 1-52 0-05  3-29 1-41 1-64
CP (%) 14-31 086 601 12-47  17-78
RUP (%) 473 036  7-61 4-08 6-34
NDF (%) 33-89 2-11 6:23 29-94  40-84
Ca (%) 0-73 0-06 881 0-56 0-87
P (%) 0-47 0-04 914 0-34 0-58
Conc. (%) 57-02 556 975 45 67

sp: standard deviation; CV: coefficient of variation; DM: dry matter; NE,: net
energy for lactation; CP: crude protein; RUP: ruminally undegradable
protein; NDF: neutral detergent fiber; Ca: calcium; P: phosphorus; Conc.:
concentrate % in the ration

presented in Table 1. Weekly feed intake and milk yield
and monthly milk composition and body weight were mea-
sured regularly. Feed intake was calculated as the difference
of the feed offered and orts. Milk contents, including
protein, fat and lactose were measured using an infrared
milk analyser (Milko-Scan 133B, Foss Electric, Denmark).

Measures of efficiency

Feed conversion ratio (FCR) and gross milk efficiency (GME)
were calculated according to the Egs. (1) and (2), respect-
ively as follow:

DMI

FCR =t (1)
FCM

GME =5 ()

where, DMI and FCM are dry matter intake and 4% fat-cor-
rected milk yield, respectively.

Gross energy efficiency (GEE) and net energy efficiency
(NEE) were calculated based on the Egs. (3) and (4), respect-
ively.

ECM

B ECM
~ NEI = NEy — NEpreg — NEgwc

where, ECM and NEI are energy contents of milk and net
energy intake, respectively; NE,, and NE,, are net energy
requirements for maintenance and pregnancy, respectively
and NEgwc is the net energy required for or supplied by
body weight change. The elements of the Egs. (3) and (4)
were estimated according to National Research Council
(2001).

Residual energy intake (REI) was calculated as the differ-
ence of actual and expected net energy intakes and
expected energy intakes were obtained based on average
trajectory of the studied population. In other words, REI
was considered as residual effects in a model fitting net
energy intakes on body weight, fat corrected milk, body

NEE

(4)
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Table 2. Descriptive statistics for the studied production traits and efficiency criteria

Component Average SD CV (%) Min Q1 Q3 Max

Milk yield (kg/d) 30-05 6-34 21-11 18-00 24-95 34-80 51-40
FCM (kg/d) 25-45 5-72 22-49 14-30 21-07 29-80 41-89
Milk fat (%) 3-03 0-58 19-01 1-96 2:60 3-43 5-60
Milk protein (%) 2-87 0-32 11-25 218 2:63 3-08 417
Milk lactose (%) 4-89 0-25 5-19 3-70 4.73 5-09 5-39
Body weight (kg) 578-25 6066 10-49 431-00 536-75 626-50 722-00
DMI (kg/d) 21-54 3:21 14-89 1177 19-34 23-45 31-41
FCR 0-89 0-23 2577 0-43 0-71 1-03 1-78
GME 1-20 0-31 25-93 0-56 0-97 1-40 2:30
GEE 0-58 0-14 23-48 0-27 0-47 0-67 0-93
NEE 0-80 0-19 23-80 0-37 0-66 0-94 1-27
REI (Mcal/d) 0-00 4-25 00 -7-82 -3-10 2:62 10-92
PREI -0-02 0-14 —-875-55 -0-36 —0-11 0-07 0-27

sp: standard deviation; CV: coefficient of variation; Q1: first quartile; Q3: third quartile; FCM: 4% fat-corrected milk yield; DMI: dry matter intake; FCR, GME,
GEE, NEE, REI and PREI: feed conversion ratio, gross milk efficiency, net energy efficiency, residual energy intake and proportional residual energy intake,

respectively

weight change and pregnancy stage as follow:

NEI = 17-9886 +0-1079 BW°7> +0-1041 FCM 5)
+0-6496 BWC — 0 - 2285 PS + REI

where, NEI is net energy intake (Mcal/d), BW, FCM, BWC
and PS are body weight (kg), 4% fat corrected milk (kg/d),
body weight change (kg/d) and pregnancy stage (month)
and REl is residual energy intake (Mcal/d) as residual
effects of the model. The model was fitted using Proc REG
of SAS 9.4 (SAS Inst. Inc., Cary, NC).

To overcome the disadvantage attributed to REI (adjusting
magnitude of REI for energy intake level), another criterion
called proportional residual energy intake (PREI) was calcu-
lated as fallow:

REI

where, REI and NEI were residual and net energy intakes,
respectively. The PREIl is equivalent to the ‘percentage
error’ and indicates the proportion of net energy intake
lost as residual energy intake.

Statistical analyses

Descriptive statistics and simple correlation coefficients
among the production traits and efficiency criteria were esti-
mated using Proc MEANS and Proc CORR of SAS 9.4 (SAS
Inst. Inc., Cary, NC), respectively. Least square means for
the studied production traits and efficiency criteria were esti-
mated fitting a linear model in which herd-year-season, lac-
tation stage and parity were considered as independent fixed
factors, using Proc GLM of SAS 9.4 (SAS Inst. Inc., Cary, NC).

Results and discussion

Descriptive statistics of the studied production traits and effi-
ciency measures are presented in Table 2. Averages of
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production traits and DMI were in the ranges reported in
previous energetic efficiency studies. Average of milk
yield (30-05 kg/d) was similar to the MY level reported by
Manafiazar et al. (2013) and Ross et al. (2015) and higher
than those reported by Prendiville et al. (2011), Xue et al.
(2011) and Mantysaari et al. (2012). Milk fat and protein per-
centages (3-03 and 2-87%, respectively) were to some
extent less than those reported by Méntysaari et al. (2012),
Manafiazar et al. (2013) and Xue et al. (2011). Milk
lactose percentage (4-89%) was similar to the report of
Xue et al. (2011). However, milk lactose has been rarely
reported in energy efficiency studies. Average DMI (21-54
kg/d) was slightly lower than report of Connor et al. (2013)
and higher than those reported by Manafiazar et al. (2013)
and Liinamo et al. (2015).

Averages of REl and PREI were 0-00 +4-25 and —0-02 +
0-14 respectively (Table 2). The REl range was —7-82 to
10-92 Mcal/d (Table 2). This means that net energy intake
of the most efficient cow was 7-82 Mcal/d less than her pre-
dicted need but the least efficient cow consumed 10-92
Mcal more net energy than her estimated need of energy.
This range was similar to the reported ranges of —6-58 to
8-64 and —7-06 to 9-93 Mcal/d by Manafiazar et al. (2013)
and Manafiazar et al. (2016), respectively. The observed
range of REIl does not provide a very informative perspective
about the animal’s efficiencies. For example, loss of 10-92
Mcal/d does not have the same importance for low and high
producing animals. Importantly, the PREI may be more
informative than the REI. For example, the observed range
of PREIl (—=0-36 to 0-27) means that the least efficient cow
lost 0-27 of her energy intake as residual energy intake,
while the most efficient animal saved 0-36 of her net
energy intake by her efficiency.

General trends of the estimated least square means for
production traits and DMI are presented in the Fig. 1. Milk
yield traits including MY and FCM showed a general
decreasing trend, while milk components were almost con-
stant over different stages of lactation. The cows were
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Fig. 1. Observed trends of least square means for milk yield (MY), fat corrected milk (FCM) and milk fat (Fat), milk protein (Pr), milk lactose

(Lact) and dry matter intake (DMI) after parturition.
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Fig. 2. Observed trends of least square means for efficiency measur

es including feed conversion ratio (FCR), gross milk efficiency (GME),

gross energy efficiency (GEE), net energy efficiency (NEE), residual energy intake (REI) and proportional residual energy intake (PREI) after

parturition.

entered to the experiment at least 3—4 weeks after partur-
ition, thus the MY and FCM did not show any peak point.
DMI showed a general increasing trend over different
stages. General trends of production traits and DMI agreed
with previous studies such as Prendiville et al. (2011),
Méntysaari et al. (2012) and Ross et al. (2015).

Estimated trends of least square means for the studied mea-
sures of efficiency at different lactation stages are illustrated
in Fig. 2. Traditional ratio measures of efficiency (FCR,
GME, GEE and NEE) and REI showed a general decrease of
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efficiency throughout the trajectory. General decreasing
trends of NEE were also reported in Holstein, Jersey and
their crossbreds (Prendiville et al. 2011) and, in Scotland,
Holstein-Friesian cows (Ross et al. 2015). General trend of
the estimated REI in different lactation stages agrees with
those reported in Nordic Red dairy cows (Mdntysaari et al.
2012; Liinamo et al. 2015). Increase of efficiency was also
confirmed by the trend estimated for PREI (Fig. 2).
Correlation coefficients estimated among production
traits, body weight, dry matter intake and different efficiency
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Table 3. Estimated correlation coefficients between production traits and efficiency criteria

Traits/criteria FCR GME
Milk yield (kg/d) —0-649** 0-653**
FCM (kg/d) —0-794** 0-816**
Milk fat (%) —0-388** 0-402**
Milk protein (%) 0-368** —0-390**
Milk lactose (%) —0-411%* 0-389**
Body weight (kg) —0-038™° 0-006N°
DMI (kg/d) 0-481** —0-476**
GME —0-951**

GEE —0-945** 0-991**
NEE —0-884** 0-906**
REI 0-545%* —0-547%*
PREI 0-519** —0-537**

GEE

NEE REI PREI
0-629** 0-469** 0-062* 0-069*
0-790%** 0-615%* —0-000N° 0-023N¢
0-399%* 0-339%x —0-221%x —0-197%*
—0-308** —0-227%* —0-020M —0-017M
0-439%* 0-392%* —0-150%* —0-153%*
—0-012Ns 0-030N° —0-000N® —0-001N®
—0-502%** —0-596** 0-974%* 0-954%*
0-925%*
—0-576** —0-676%*
—0-567** —0-661%* 0-975%*

FCM: fat-corrected milk yield; DMI: dry matter intake; FCR: feed conversion ratio;, GME: gross milk efficiency; GEE: gross energy efficiency; NEE: net energy
efficiency; REl: residual energy intake; PREI: proportional residual energy intake; NS: not significant; * and **: significant at 0-05 and 0-01 levels, respectively.

criteria are presented in Table 3. Generally, highly signifi-
cant correlations were estimated among production traits
and traditional ratio measures of efficiency (FCR, GME,
GEE and NEE). It is well known that gross milk efficiency
is highly correlated with milk yield (Blake & Custodio,
1984; Korver, 1988), especially when the feed is freely
offered for the animals (Connor et al. 2012). This finding
supports previous findings on high phenotypic and genetic
correlations of conventional ratio measures, including
FCR, GME, GEE and NEE milk yield (Wang et al. 1992;
Hurley et al. 2016).

Despite traditional ratio criteria (FCR, GME, GEE and
NEE), the REI and PREI had lower correlations with produc-
tion traits (Table 3). The REI and PREI had low correlations
with milk yield, milk fat and milk lactose which is to some
extent in accordance with original definition of residual
feed intake as the component of feed intake that is pheno-
typically independent of production (Kennedy et al. 1993;
Hurley et al. 2016). However, correlations of REl with
milk yield and composition traits in the present study were
similar to those reported by Mantysaari et al. (2012),
Liinamo et al. (2015) and Hurley et al. (2016). Despite trad-
itional ratio criteria, the REI and PREI did not have any sig-
nificant correlations with FCM and milk protein (Table 3).
Low correlations of REl and PREI with production traits
could be attributed to the method used to estimate REI
and therefore PREI. Because the REl was estimated as
residual effects in phenotypic regression of intake over pro-
duction traits (Kennedy et al. 1993). The PREI is a ratio cri-
terion but independent from production level, because its
numerator (REI) is independent from production traits.

The DMI had moderate correlations with traditional ratio
criteria (FCR, GME, GEE and NEE) ranging from —0-596 to
0-481 and strong correlations with REl and PREI from
0-954 to 0-974 (Table 3). Strong correlation of DMI and
REI and lower correlations of DMI with other traditional effi-
ciency criteria agrees with report of Manafiazar et al. (2016).

High and significant correlations were observed between
all measures of feed efficiency. Whereas, common ratio
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criteria (FCR, GME, GEE and NEE) had higher correlations
together and less correlations to REl and PREI. A high correl-
ation was also observed between REI and PREI (Table 3).
These observations showed that the PREI has statistical prop-
erties similar to REl. However, as was mentioned previously,
REI shows amount of daily energy loss as Mcal/d, but the
PREI indicates amount of energy loss as proportion to total
energy intake, which provides a different perspective to
animal efficiency. Of course, similar to RFI, animal effi-
ciency can be measured as proportion of residual feed
intake to total dry matter intake, and this criterion would
be proportional to residual feed intake (PRFI).

Conclusion

The results obtained in the present study indicate that trad-
itional ratio criteria (FCR, GME, GEE and NEE) are most
likely influenced by production traits while REI and PREI
were less influenced by production level. On the other
hand, the PREI adjusts the REI for total intake level. The
PREI could be considered as a worthwhile measure of effi-
ciency for more studies in the future.

The authors are thankful to Education — Research farm of University
of Tehran and Ravansar Dairy Farm for their kindly cooperation.
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