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Abstract: Improving reproductive efficiency is required to strengthen the production base of high-
quality Wagyu beef in Japan. We developed a deterministic profit function (P) for lifetime carcass
production of Japanese Black cows to calculate economic values (EVs) for representative female
reproductive and carcass traits. The total calving number per cow was expressed using the age at
first calving (AFC) and calving interval (CI). Revenues and costs were calculated from calf market
price (CaP) and carcass unit price (CUP). A cubic regression equation was developed with CaP as the
response variable and calf market weight as the explanatory variable. A multiple linear regression
equation was developed with CUP as the response variable and five carcass traits as explanatory
variables. EVs were calculated using the first-order partial derivatives of P. The first-order partial
derivative of CI was a function of CI with the quadratic term of CI in the denominator. Values of
EVs for AFC and CI were negative, suggesting that earlier AFC and shorter CI increase the lifetime
profit of Japanese Black cows through producing higher numbers of feeder cattle per cow. However,
this might bring benefit to only calf-producing farmers. The results would contribute to achieving
sustainable high-quality Wagyu beef production.

Keywords: breeding objective; calving interval; carcass weight; economic value; Japanese Black
cattle; marbling score; deterministic profit equation

1. Introduction

Wagyu cattle comprise four modern native Japanese breeds: the Japanese Shorthorn,
the Japanese Brown, the Japanese Polled, and the Japanese Black, which is the primary
beef breed in Japan [1], and whose meat is well-known to excel in quality, especially in
marbling, e.g., [2–4]. Japanese Black cattle farmers can be typically divided between calf-
producing farmers and fattening farmers [4]. Calf-producing farmers market calves from
8 to 10 months of age as feeder cattle, which fattening farmers buy and fatten until 28 to
32 months of age, e.g., [4–6]. The current calf production system is based on a cow–calf
operation with non-seasonal year-round mating by artificial insemination (AI) using frozen
semen [4]. In recent years, a decline in the number of feeder cattle and a sharp rise in calf
market price (CaP) have been observed, and a decline in the number of reproductive cows
and a prolonged calving interval (CI) have been pointed out as contributing factors [4,7,8].

In response to the liberalization of beef imports into Japan in 1991 [9,10], each prefec-
ture initiated routine genetic evaluation of carcass performance of Japanese Black cattle,
and representative carcass traits, including the degree of marbling, have been genetically
improved by selecting elite sires separately for each prefecture [11,12]. On the other hand,
the number of calf-producing farmers has been decreasing and the number of cattle reared
per farmer has been increasing in Japan. Owing to this fact, various efforts have been made
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to improve reproductive efficiency for stable Wagyu beef production. Among them, more
attention has been paid recently to the possibility of genetically improving reproductive
efficiency, although the heritability has been estimated to be low, e.g., [13–15]. For instance,
genetic evaluation of age at first calving (AFC) and CI has been conducted nationally, and
genetic correlations of AFC and CI with major carcass traits were estimated to be weak
or negligible [16]. Earlier AFC and shorter CI are now desired for efficient production of
high-quality Wagyu beef [7,8], so it is necessary to genetically improve both carcass and
reproductive traits.

Economic values (EVs) for traits could be used to determine a breeding objective or
an aggregate genotype [17], including multiple traits, each one with a different weight
depending on its economic importance, e.g., [18–20]. Previous studies calculated EVs for
carcass traits of Japanese Black cattle using multiple regression analysis and a bioeconomic
model, and a larger EV for marbling has been repeatedly obtained, e.g., [21–23]. Morimoto
and Morita [7] and Tarumoto et al. [8] assessed the economic impact of varying CI to
change the number of feeder cattle on a calf-producing farm with 100 cows. Hirooka and
Oishi [24] calculated EVs for marbling score (MS), cold carcass weight (CW), and CI using
a bioeconomic model simulating a commercial integrated cow–calf-fattening system in
Japan, in which days open was modeled using the function of conception rate proposed by
Bailie [25]. Their bioeconomic model assumed AI at 51 days after calving, an estrus cycle
of 21 days, and one AI for each estrus event. The reason for using the function of Bailie [25]
might have been to enable them to calculate the EV for conception rate. However, a longer
CI could be due not only to a decreased conception rate but also to a lower estrus detection
rate, e.g., [7,8,26,27], so the assumption of one AI for every estrus might deviate from reality.
On the other hand, no study has calculated the EV for AFC of Japanese Black cows.

EVs could also be calculated as the first-order partial derivative of a profit function,
e.g., [28–30]. With this approach, the basis for calculating EVs can be explicit. Using this
approach, Kahi and Nitter [31] calculated the EV for CI in dairy production systems in
Kenya, and Forabosco et al. [19] calculated the EV for the length of productive life (LPL)
in Chianina beef cow. On the other hand, no study has developed a profit function for
lifetime carcass production of Japanese Black cows. Furthermore, previous studies for
Japanese Black cattle targeted only calf-production farms [7,8] and commercial integrated
cow–calf-fattening systems [24], although there are mainly two types of farmers for Wagyu
beef production, namely calf-producing and fattening farmers [4]. Therefore, the objectives
of this study were (1) to develop a deterministic profit function (P) for lifetime carcass
production of Japanese Black cows in Japan, and (2) to calculate EVs for AFC, CI, and
representative carcass traits, including MS. A simple deterministic selection simulation
was conducted as an example.

2. Materials and Methods
2.1. Ethics Statement

Approval of the Animal Care and Use Committee was not required for this study
because the data were acquired from an existing database.

2.2. Market Performance Data

We used calf market performance data, including CaP and calf market weight (CaW),
for individuals transported to the calf market in Miyagi Prefecture, northeastern Japan,
from 2001 to 2014, and their carcass performance at carcass markets, including CW, ribeye
area (RA), rib thickness (RT), subcutaneous fat thickness (SF), MS, and carcass unit price
(CUP). MS expresses the degree of marbling ranging from null (1) to very abundant (12),
assessed on the ribeye of the carcass dissected at the sixth and the seventh rib sections,
according to the Japanese carcass grading standards [32]. Carcass records for female cattle
with too-old age at slaughter were regarded as those for culled reproductive cows and then
removed. Phenotypic records of AFC and CI for dams were calculated according to the
birth dates of calves in calf market performance data, and then, AFC of <18 or >37 months
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and CI with days open of <21 or >364 days or gestation length of <260 or >310 days were
removed [15]. Table 1 summarizes phenotypic measurements of the traits.

Table 1. Descriptive statistics of traits studied 1.

Trait Abbreviation Unit No. of Records Mean SD Min Max

Age at first calving AFC month 18,565 24.7 3.6 18.2 37.0
Calving interval CI day 103,649 403.5 66.9 295 661

Age at calf market ACM month 107,438 9.8 0.7 7.8 11.9
Calf market price CaP JPY 107,424 424,662 102,305 20,000 1,105,000

Calf market weight CaW kg 107,438 298.3 31.0 204 392
Carcass unit price CUP JPY/kg 38,192 1797.4 363.6 652 2944
Age at slaughter AS month 43,826 30.9 1.9 21.8 45.1

Cold carcass weight CW kg 43,826 471.1 65.7 257.5 653.0
Ribeye area RA cm2 43,826 60.3 9.3 30.0 87.0

Rib thickness RT cm 43,826 8.1 0.9 5.0 10.8
Subcutaneous fat thickness SF cm 43,826 2.5 0.7 0.3 4.9

Marbling score MS score 43,826 7.0 2.1 2 12
1 Abbreviations: JPY, Japanese yen; SD, standard deviation; Min, minimum value; Max, maximum value.

2.3. Values in the Literature

We acquired values of revenue from by-products and costs of AI, feeding, equipment,
and labor per calf and per fattened animal from 2003 to 2014 from “e-stat” (https://www.e-
stat.go.jp/ (accessed on 12 October 2020)), and calculated their average values over 11 years
(values for 2001 and 2002 were not available). Table 2 lists the calculated income from
by-products, including manures, during the calf growing period (IBP1) and the fattening
period (IBP2), the total cost of single calf production (TCC), labor and equipment fees per
fattened animal (LEF), the feeding cost per l kg weight gain during the fattening period
(FC), the dressing percentage of a fattened animal at slaughter (DP), and mortalities of
calves during the growing period (M1) and of fattened animals during the fattening period
(M2) [5]. Length of productive life (LPL) was 9 years [15,33].

Table 2. Values of parameters used in calculating economic values 1.

Parameter Abbreviation Unit Input Value

Length of productive life of cow LPL year 9
Dressing percentage of fattened animal DP % 60
Mortality of calf during growing period M1 % 2

Mortality of fattened animal during fattening period M2 % 2
Income from by-products during calf growing period IBP1 JPY 33,706

Income from by-products during fattening period IBP2 JPY 13,012
Total cost of single calf production TCC JPY 367,580

Labor and equipment fees per fattened animal LEF JPY 87,088
Feeding cost per l kg weight gain during fattening period FC JPY/kg 609

1 See Table 1 for abbreviations.

2.4. Multiple Regression Analysis

Cubic regression analysis was performed with CaP as the response variable and CaW
as explanatory variables:

CaPi = µ + β1CaWi + β2CaW2
i + β3CaW3

i + εi,

where µ is the regression intercept, β is the partial regression coefficient, ε is the residual,
and subscript i corresponds to individual. As a preliminary analysis, we compared linear,
quadratic, cubic, and quartic regression equations using Akaike’s and Bayesian information
criteria [34,35], which both chose the cubic regression model as the best. Multiple linear

https://www.e-stat.go.jp/
https://www.e-stat.go.jp/
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regression analysis was performed with CUP as the response variable and five carcass
traits as explanatory variables [21,23]:

CUPi = µ + βCWCWi + βRARAi + βRT RTi + βSFSFi + βMS MSi + εi.

These equations were substituted for CaP and CUP in the deterministic profit function,
P. The lm function in R software [36] was used for the regression analyses.

2.5. Deriving Deterministic Profit Function

The total calving number per cow (N) was expressed as:

N = 1 +
LPL× 12− AFC

ACI × 12÷ 365.25
,

where ACI is average CI. Kahi and Nitter [31] expressed the calving number per cow
per year as the value of 365 divided by ACI, whereas Forabosco et al. [19] directly used
information on the total lifetime number of calves born alive per cow. The first-order partial
derivatives of N for AFC and ACI are:

∂N
∂AFC

= − 1
ACI × 12÷ 365.25

,

∂N
∂ACI

=
AFC− LPL× 12

ACI2 × 12÷ 365.25
.

With these terms, the deterministic profit function, P, was expressed as:

P = P1 + P2 = (R1− C1) + (R2− C2),

where P1 and P2 represent the profits in calf-production and fattening production respec-
tively, R1 and C1 denote the revenue and cost respectively, for feeder cattle production
in calf-production, and R2 and C2 denote those for fattening production. They were
calculated as:

R1 = N ×
(

1− M1
100

)
× (IBP1 + CaP),

C1 = N ×
(

1− M1
100

)
× TCC,

R2 = N ×
(

1− M1
100

)
×
(

1− M2
100

)
× (IBP2 + CW × CUP),

C2 = N ×
(

1− M1
100

)
×
[

CaP +

(
1− M2

100

)
×
{

LEF + FC×
(

CW ÷ DP
100
− CaW

)}]
.

Here, it should be noted that such a definition is for a deterministic profit equation
because the estimated regression equations were used instead of various figures.

2.6. Calculating Economic Values

The EVs for traits were calculated by using the first-order partial derivatives of P and
the mean and literature values of traits (Tables 1 and 2). For instance, the EV for CI was
calculated as:

∂P
∂ACI

=
∂P1

∂ACI
+

∂P2
∂ACI

=
∂R1

∂ACI
− ∂C1

∂ACI
+

∂R2
∂ACI

− ∂C2
∂ACI

,

∂R1
∂ACI

=
AFC− LPL× 12

ACI2 × 12÷ 365.25
×
(

1− M1
100

)
× (IBP1 + CaP),

∂C1
∂ACI

=
AFC− LPL× 12

ACI2 × 12÷ 365.25
×
(

1− M1
100

)
× TCC,
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∂R2
∂ACI

=
AFC− LPL× 12

ACI2 × 12÷ 365.25
×
(

1− M1
100

)
×
(

1− M2
100

)
× (IBP2 + CW × CUP),

∂C2
∂ACI = AFC−LPL×12

ACI2×12÷365.25 ×
(

1− M1
100

)
×[

CaP +
(

1− M2
100

)
×
{

LEF + FC×
(

CW ÷ DP
100 − CaW

)}]
Calculated values of EVs were converted to standardized economic values (SEVs),

e.g., [24,37,38]. Here, SEVs were based on phenotypic and genetic standard deviations (σp
and σg), denoted as SEVp and SEVg, respectively. SEVp was calculated as σp × EV, where
σp is assumed to be equal to the sample standard deviation of phenotypic measurements in
this study (Table 1). SEVg was calculated as σg× EV, where σg = σp×

√
h2, and heritability

(h2) was set to 0.09 for AFC, 0.05 for CI, 0.30 for CaW, 0.48 for CW, 0.46 for RA, 0.38 for RT,
0.39 for SF, and 0.55 for MS [14].

2.7. Deterministic Simulation to Determine the Effects of Breeding Objectives

Aggregate genotypes (H) corresponding to different breeding objectives were de-
fined [17] as:

H = a
′
g = aAFCgAFC + aCI gCI + aCW gCW + aRAgRA + aMSgMS,

where g is the breeding value of a trait, a is the (relative) weight, and a′ is the transpose
of column vector a. Values of trait heritability and genetic correlations among traits come
from the literature and are listed in Table 3 [14,16]. The genetic variance-covariance matrix,
G, was calculated based on the assumption that the phenotypic variance equals the sample
variance of phenotypic measurements of the trait. The following seven definitions for H
were examined:

H1 = 0gAFC + 0gCI + 0gCW + 0gRA + 1gMS,

H2 = 0gAFC − 1gCI + 0gCW + 0gRA + 0gMS

H3 = 0gAFC + 0gCI + 0.03gCW + 0.12gRA + 1gMS,

H4 = 0gAFC − 0.23gCI + 0.02gCW + 0.19gRA + 1gMS,

H5 = 0gAFC + 1.11gCI − 0.1gCW − 1.56gRA + 1gMS,

H6 = 0gAFC − 0.24gCI + 0.01gCW + 0gRA + 1gMS,

H7 = −0.03gAFC − 0.01gCI + 0.02gCW − 0.01gRA + 1gMS.

H1 and H2 correspond to the breeding objectives that aim to improve MS and CI respec-
tively, as a top priority. H3 aims to obtain the intended genetic changes of +38.5 kg for CW,
+5.5 cm2 for RA, and +1.4 points for MS. H4 aims to obtain the intended genetic changes of
+38.5 kg for CW, +5.5 cm2 for RA, +1.4 points for MS, and −25 days for CI. The settings for
H3 and H4 were according to the content of the breeding plan in Miyagi prefecture. H5
aims to obtain the intended genetic changes of +38.5 kg for CW, +5.5 cm2 for RA, 0 points
for MS, and −25 days for CI. The reason for setting H5 was that previous studies related
higher MS to increased intramuscular fat percentage in ribeye, which is sometimes >50%,
e.g., [23,39,40], so it is necessary to include the case of the reduced amount of genetic
improvement in MS. H6 is based on the EVs for CW, MS, and CI by Hirooka and Oishi [24],
and H7 is based the EVs for the five traits obtained in this study. Relative weights for traits
with the intended genetic changes in H3, H4, and H5 were calculated as [41]:

asub = G−1
subd,

where d is the column vector of the intended genetic changes, asub is the column vector of
the corresponding weights, and Gsub is the genetic variance-covariance matrix of the traits
with the intended genetic changes.
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With the aim of assessing the agreement of the breeding objectives, the correlation
between H was calculated as:

Cor(Hi, Hj) =
ai
′Gaj

√
ai
′Gai

√
aj
′Gaj

.

The correlation of H with breeding value for each of the five traits was also calculated
as for the accuracy of selection for a given trait. Expected genetic and economic gains by
truncated selection using H with a selection intensity of 1 were calculated based on the
assumption that the selection index was the same as H and using P derived in this study. It
should be noted that a higher value of H is preferable, and therefore, the preferable sign of
the value of selection accuracy is negative for AFC and CI and vice versa for CW, RA, and
MS in this study.

Table 3. Values of additive genetic variance (σ2
g ), heritability (h2, diagonal), and genetic correlation

(rg, below diagonal), used for selection simulation 1.

Trait σ2
g

h2 and rg

AFC CI CW RA MS

AFC 1.15 0.09
CI 223.96 0.25 0.05

CW 2070.65 −0.27 0.05 0.48
RA 39.55 −0.13 0.08 0.44 0.46
MS 2.39 −0.24 0.01 0.15 0.43 0.55

1 See Table 1 for abbreviations.

3. Results and Discussion
3.1. Multiple Regression Analysis

The following cubic regression equation was obtained for CaP:

CaPi = 1.21× 106 − 1.42× 104 × CaWi + 62.15× CaW2
i − 0.08× CaW3

i .

Pearson’s correlation coefficient between CaP and CaW was 0.534. The coefficient of
determination of the equation was 0.298. Figure 1 shows the expected values of CaP based
on the derived prediction equation. Generally, CaP is higher when CaW is heavier. This
is because a feeder cattle with CaW within the proper range seems to be healthy and is
expected to have good carcass performance. Previous studies reported a positive genetic
correlation between CaW and CW in Japanese Black cattle populations [42,43]. However,
CaP for feeder cattle with too-heavy CaW is lower. This could be because a feeder cattle
with too-heavy CaW may have a health problem such as obesity or be thought to have
difficulties in group-raising at fattening. Adding information on body condition and body
shape might afford an equation for predicting CaP with greater explanatory power.

The following multiple linear regression equation was obtained for CUP:

CUPi = 877.72 + 0.22× CWi − 0.97× RAi + 1.41× RTi + 15.14× SFi + 117.53×MSi.

The coefficient of determination was 0.447. The values of the standardized partial
regression coefficients, in descending order, were 0.674 for MS, 0.040 for CW, 0.031 for SF,
−0.025 for RA, and 0.004 for RT. Okamoto et al. [23] performed multiple regression analysis
with the same five carcass traits, beef color standard score and beef fat standard score as
explanatory variables, and calculated values of standard partial regression coefficients of
0.570 for MS, 0.118 for RT, 0.044 for RA, −0.042 for CW, and −0.031 for SF. We obtained
a small but negative value for RA and a positive value for SF, but accurate interpretation
of the results is difficult. First, the values of Pearson’s correlation coefficient of MS were
relatively high with CUP and RA, and those among CW, RA, and RT were also relatively
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high (Table 4), suggesting the effect of multicollinearity. Hirooka and Sasaki [21] performed
regression analyses with RA, RT, SF, and MS using a total of 33 datasets divided by year and
month, and reported that the signs of the regression coefficients were the same (positive)
across all 33 analyses only for MS. On the other hand, Okamoto et al. [23] showed that
the shapes of ribeye and marbling particles in ribeye affected CUP. Kato et al. [39] and
Goto et al. [40] reported a relationship of RA with these shapes, so the partial regression
coefficient for RA in this study might reflect the effect of change in these shapes due to larger
RA. Furthermore, a positive correlation has been reported between MS and intramuscular
fat percentage, e.g., [39,40,44], so the possibility of confounding with factors that were not
addressed here should also be noted.
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Figure 1. Values of calf market price (CaP) predicted from calf market weight (CaW) using the
regression equation: CaP = 1.21× 106− 1.42× 104×CaW + 62.15×CaW2− 0.08×CaW3. Minimum
and Maximum values for CaW are shown in Table 1.

Table 4. Pearson’s correlation coefficients among carcass traits 1.

Trait CUP CW RA RT SF

CW 0.196
RA 0.334 0.503
RT 0.251 0.641 0.501
SF 0.057 0.192 0.023 0.221
MS 0.667 0.241 0.504 0.341 0.028

1 See Table 1 for abbreviations.

3.2. Calculating Economic Values

Substituting the prediction equations for CaP and CUP afforded the profit function,
P, as:
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P = N ×
(

1− M1
100

)
×
{

IBP1 +
(
1.21× 106−1.42× 104 × CaW + 62.15× CaW2 − 0.08× CaW3)}

− N ×
(

1− M1
100

)
× TCC

+ N ×
(

1− M1
100

)
×
(

1− M2
100

)
×


IBP2 + CW

×(877.72 + 0.22× CW − 0.97× RA + 1.41× RT + 15.14× SF + 117.53×MS)


− N ×

(
1− M1

100

)
×


(
1.21× 106 − 1.42× 104 × CaW + 62.15× CaW2 − 0.08× CaW3)+(
1− M2

100

)
×
{

LEF + FC×
(

CW ÷ DP
100 − CaW

)}


Results for calculating EVs using the first-order partial derivatives of P are summarized
in Table 5. EVs of traits not included in the function were zero. As expected, values of EVs
were positive for LPL and negative for AFC and CI, suggesting that longer LPL, earlier
AFC, and shorter CI contribute to higher lifetime profit from a cow, although P1 provided
large proportions of EVs. This is because both earlier AFC and shorter CI increase the
number of feeder cattle by increasing N. Furthermore, the absolute value of the EV of CI
became larger as the value of ACI became smaller (Figure 2), e.g., [18,45]. Values of EVs
for M1 and M2 were negative, and the absolute value was larger for M2 than for M1. This
was due to a higher carcass price, defined as CUP × CW, than CaP (Table 1). A positive
EV was obtained for CaW in this study, as with the EV for body weight at 9 months by
Hirooka and Oishi [24]. However, the EV for CaW was negative when using P2 because
CaP was included in C2. The signs of EVs for carcass traits were the same as those of partial
regression coefficients obtained from multiple linear regression analysis for CUP. Hirooka
and Oishi [24] also reported positive EVs for CW and MS. It should be noted that the value
of EV is population-dependent, since means are used for EV calculation.

Table 5. Economic values (EVs) for the traits included in the profit function 1.

Trait
EV

∂N ∂R1 ∂C1 ∂P1 ∂R2 ∂C2 ∂P2 ∂P

AFC −0.08 −34,464.0 −27,170.1 −7293.9 −62,335.1 −59,759.3 −2575.8 −9869.7
CI −0.02 −7113.1 −5607.7 −1505.4 −12,865.5 −12,333.9 −531.6 −2037.0

LPL 0.91 413,567.6 326,040.7 87,526.9 748,020.9 717,111.7 30,909.2 118,436.1
M1 0 −33,953.2 −26,767.4 −7185.8 −61,411.3 −58,873.7 −2537.6 −9723.4
M2 0 0 0 0 −61,411.3 −27,375.0 −34,036.3 −34,036.3

CaW 0 14,143.3 0 14,143.3 0 9884.1 −9884.1 4259.2
CW 0 0 0 0 13,302.9 7098.6 6204.3 6204.3
RA 0 0 0 0 −3187.4 0 −3187.4 −3187.4
RT 0 0 0 0 4647.3 0 4647.3 4647.3
SF 0 0 0 0 49,883.0 0 49,883.0 49,883.0
MS 0 0 0 0 387,236.5 0 387,236.5 387,236.5

1 See Table 1 for abbreviations.
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Using bioeconomic models directly considering CI, Albera et al. [46] calculated the EV
for CI in the Italian Piemontese beef cattle population to be −2.60 EUR per cow per year,
and Åby et al. [47] calculated the EV in Norwegian extensive (British) breed groups to be
−1.47 EUR and that in Norwegian intensive (Continental) breed groups to be −0.97 EUR
per cow per year. Hirooka and Oishi [24] reported their EV for CI in Japanese Black cattle
to be −51.5 EUR per cow per year. Although the results should be compared with caution,
the EV for CI obtained here was ~4% of that by Hirooka and Oishi [24], or −2.18 EUR per
cow per year. On the other hand, EVs for CW and MS were greater here than those of
Hirooka and Oishi [24]. However, the full extent of the settings in the bioeconomic model
of Hirooka and Oishi [24] was not clear, making further discussion difficult. Using system
dynamics, Tarumoto et al. [8] calculated the profit from the reduction of 1 day in CI to
be 128,000 JPY on a calf-producing farm with 100 Japanese Black cows, corresponding to
1280 JPY per cow, and found the results to be similar to those of Morimoto and Morita [7],
who evaluated the economic loss on a calf-producing farm with 100 Japanese Black cows
caused by lengthening CI from 12.5 to 14 months. The EV for CI using P1 here was
−1505.4 JPY, which seems not so different from the value of Tarumoto et al. [8].

Values of SEVp and SEVg are listed in Table 6. The absolute value of EV was larger for
AFC than for CI, but those of SEVp and SEVg were both larger for CI than for AFC. This
difference was due to the value of σp and suggests that shortening CI has greater potential
to increase the profit than earlier AFC. On the other hand, the absolute values of SEVs for
CW and MS were larger than those for AFC and CI. Hirooka and Oishi [24] reported that
the absolute value of SEVg for CI was larger than those for MS and CW, depending mainly
on the results of EV calculation.
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Table 6. Standardized economic values of the traits on the basis of phenotypic standard deviation (σp) (SEVp) and additive
genetic standard deviation (σg) (SEVg) 1.

Trait σp h2 σg
Economic Value SEVp SEVg

Value Ratio Value Ratio Value Ratio

AFC 3.6 0.09 1.1 −9869.7 −1.59 −35,530.9 −0.09 −10,659.3 −0.04
CI 66.9 0.05 15.0 −2037.0 −0.33 −136,275.3 −0.33 −30,472.1 −0.11

CaW 31.0 0.30 17.0 4259.2 0.69 132,035.2 0.32 72,318.7 0.26
CW 65.7 0.48 45.5 6204.3 1 407,622.5 1 282,409.2 1
RA 9.3 0.46 6.3 −3187.4 −0.51 −29,642.8 −0.07 −20,104.7 −0.07
RT 0.9 0.38 0.6 4647.3 0.75 4182.6 0.01 2578.3 0.01
SF 0.7 0.39 0.4 49,883.0 8.04 34,918.1 0.09 21,806.4 0.08
MS 2.1 0.55 1.6 387,236.5 62.41 813,196.7 1.99 603,082.8 2.14

textsuperscript1 See Table 1 for abbreviations. Ratio shows the proportion to the value for carcass weight.

3.3. Deterministic Simulation of Breeding Objectives

Calculated correlations among different values of H are shown in Table 7. Except for
two pairs (H1 and H2; H2 and H3), correlations were positive. The correlation was >0.9
between H1 and H7, H2 and H6, H3 and H7, H4 and H5, and H4 and H6. The correlation
between H1 and H2 corresponded to the genetic correlation (rg) between MS and CI
(Table 3). Among H3, H4, and H5, the order of the highest correlation with H6 was H4
(0.93), H5 (0.83), and H3 (0.33), whereas that with H7 was H3 (0.93), H4 (0.61), and H5 (0.33).
The correlation between H6 and H7 was positive but not fully high (0.44), meaning that the
direction of genetic improvement was partly but not completely consistent between them.

Table 7. Correlations among aggregate genotypes (H).

H H1 H2 H3 H4 H5 H6

H2 −0.01
H3 0.76 −0.05
H4 0.50 0.76 0.61
H5 0.16 0.79 0.43 0.92
H6 0.40 0.90 0.33 0.93 0.83
H7 0.92 0.02 0.93 0.61 0.33 0.44

Results of the accuracy of selection for and expected genetic gain in each trait are
summarized in Table 8. Values of selection accuracy in the case of H1 corresponded to rg
of MS with other traits (Table 3), so CI was expected to become longer. Similarly, values
of selection accuracy in the case of H2 corresponded to rg of CI with other traits, so MS
was expected to become lower. However, as Oyama et al. [16] stated, these undesirable
changes in the case of H1 and H2 are not considered to have an immediate negative effect.
Among H3 to H7, only H3, where the weight for CI was 0, was expected to change CI in
an undesirable direction. This suggests that it is necessary to explicitly include CI in a
breeding objective to shorten CI. Adding CI shortening into a breeding objective could lead
to a different direction of genetic improvement (Table 7), and might be useful to ensure
the genetic diversity of the Japanese Black cattle population, which has been reducing by
extensive use of frozen semen beyond prefectural borders collected from fewer elite sires
excelling in genetic ability for marbling [48]. The reason why AFC was expected to be
genetically improved in the desired direction in cases other than H7 was due to rg of AFC
with carcass traits, especially MS. Selection accuracy in the case of H6 was −0.91 for CI and
0.40 for MS, while that in the case of H7 was −0.02 for CI and 0.92 for MS. This means that
H6 was more focused on shortening CI and H7 was more focused on improving carcass
traits, although the correlation between H6 and H7 was pretty high (0.44) (Table 7).
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Table 8. Selection accuracies and expected genetic gains 1.

Trait

H

Selection Accuracy Expected Genetic Gain

H1 H2 H3 H4 H5 H6 H7 H1 H2 H3 H4 H5 H6 H7

AFC −0.24 −0.25 −0.31 −0.39 −0.32 −0.35 −0.34 −0.26 −0.27 −0.33 −0.41 −0.34 −0.38 −0.36
CI 0.01 −1 0.05 −0.76 −0.79 −0.90 −0.02 0.15 −14.97 0.79 −11.31 −11.87 −13.54 −0.32

CW 0.15 −0.05 0.71 0.38 0.40 0.12 0.53 6.83 −2.28 32.43 17.32 18.23 5.52 23.99
RA 0.43 −0.08 0.74 0.47 0.50 0.14 0.52 2.70 −0.50 4.67 2.95 3.15 0.91 3.28
MS 1 −0.01 0.76 0.50 0.16 0.40 0.92 1.55 −0.02 1.18 0.78 0.25 0.62 1.42

1 See Tables 1 and 7 for abbreviations.

Results of the expected economic gain by selection calculated using P are summarized
in Table 9. Profit was expected to increase in all cases, more so when the relative weight for
MS in H was larger. Values of P1 and P2 were also expected to increase in all cases. The
majority of the increase in P in the case of H1 was due to the increase in P2, while that in
the case of H2 was due to the increase in P1. Among H3 to H7, the aggregate genotype
with a relatively large weight for CI resulted in a larger increase in P1 but a smaller increase
in P2. Therefore, it is suggested that genetically improving both carcass traits and female
reproductive traits can improve total profit, P, in lifetime carcass production of cows,
but with different contents. The profit function, P, developed here could offer results
related to the profit function P1, focusing on calf-producing farmers, and P2, focusing on
fattening farmers.

Table 9. Expected economic gains 1.

H
Economic Gain (JPY)

R1 C1 P1 R2 C2 P2 P

H1 7783.9 6136.5 1647.4 610,253.4 13,497.0 596,756.4 598,403.8
H2 120,123.5 94,700.7 25,422.8 211,028.1 208,289.9 2738.2 28,161.0
H3 5761.5 4542.1 1219.4 477,017.4 9990.2 467,027.2 468,246.6
H4 97,430.2 76,810.2 20,620.0 488,299.0 168,940.5 319,358.5 339,978.5
H5 99,161.9 78,175.4 20,986.5 282,665.5 171,943.2 110,722.3 131,708.8
H6 113,104.7 89,167.3 23,937.3 455,443.9 196,119.5 259,324.3 283,261.7
H7 14,817.5 11,681.6 3136.0 585,127.3 25,693.1 559,434.2 562,570.2

1 See Table 7 for abbreviations.

3.4. General Discussion

The representative carcass characteristics such as the degree of marbling and carcass
weight have been genetically improved in Japanese Black cattle in Japan, e.g., [1,9,11]. Now,
simultaneously improving carcass and reproductive traits is required to achieve sustainable
high-quality Wagyu beef production. It is important to develop a tool to objectively evalu-
ate the importance of traits for determining the breeding objective, including carcass and
reproductive traits. Therefore, we developed a deterministic profit function, P, representing
lifetime carcass production of Japanese Black cows, and calculated EVs for representative
carcass and female reproductive traits using the first-order partial derivatives of P. Substi-
tution of a multiple linear regression equation for CUP in P made it possible to calculate
EVs for carcass traits other than CW. Substitution of a cubic regression equation for CaP
in P reflected the effect of overfertilization of feeder cattle on CaP. Therefore, the profit
function, P, could be expressed using the traits to be already routinely genetically evaluated
in the Japanese Black cattle population in Japan. As far as we know, this is the first study
to develop a profit function for lifetime carcass production of Japanese Black cows and
to calculate EVs for AFC. Furthermore, our approach targeted both calf-producing and
fattening farmers, in contrast to the previous studies [7,8,24]. Negative EVs were calculated
for AFC and CI, because earlier AFC and shorter CI increased the number of feeder cattle
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per cow. The results agreed with the efforts to shorten CI. However, it seems that only
calf-producing farmers will benefit from earlier AFC and shorter CI [7,8].

We showed that ignoring shortening CI in breeding objectives might bring about
a prolonged CI, although simple deterministic selection simulations were performed to
demonstrate use cases of P and EVs for traits obtained in this study (Tables 7–9). The
breeding objectives were just examples, but were based on the real scenario, and there
might be other settings to be investigated. Furthermore, predicted breeding values, not true
values, were used in the selection, so the accuracy of prediction of breeding values should
be considered in the creation of a selection index. For instance, the lower h2 of CI than of
carcass traits [14] could reduce the accuracy of prediction of breeding values for CI [15].
Ignoring the difference in the accuracy of prediction of breeding values among traits might
create a discrepancy between desired and actual genetic gains by selection. Furthermore, in
cattle, it is better to calculate the results from selection in each selection path, e.g., [49–51].
Taking these factors into consideration, a more sophisticated investigation to define future
breeding objectives of Japanese Black cattle needs to be conducted. On the other hand,
CaW may change as carcass and female reproductive traits are improved. Studies have
estimated rg of CaW with carcass traits in Japanese Black cattle [42,43], but no study has
estimated rg of CaW with AFC and CI. If this information becomes available, it might be
possible to examine the performance of selection while restricting the amount of genetic
gain in CaW with the aim of controlling CaP [39,52]. The developed profit function in this
study was a non-linear form for CI, CaW, and CW. Therefore, studies about constructing
an optimal selection index including non-linear profit traits might be necessary [43,53].

There may be room for improving P. We implicitly assumed that age at calf market and
age at slaughter were unchanged. To assess the effects of changes in these ages, P must be
improved so that traits change according to age. For instance, Tokunaga et al. [6] modeled
MS in fattened animals using a logistic function of age. Takeda et al. [54] and Inoue et al. [27]
modeled body weights of fattened animals and of breeding females respectively, using
a Gompertz function of age. The length of the fattening period to improve meat quality,
including the degree of marbling, of Japanese Black cattle is relatively long among Wagyu
breeds [7,8]. If a function of age developed by previous studies is used, e.g., [6,27,54], EVs
for carcass traits might be calculated by changing the age at slaughter. Moreover, when
taking feed utilization traits into account in terms of eco-friendly and sustainable Wagyu
beef production in Japan, it might be possible to assess the performance of selection by
focusing on reducing feeding costs in detail.

4. Conclusions

We developed a deterministic profit function, P, for lifetime carcass production of
Japanese Black cows, which was expressed using the traits being routinely genetically
evaluated: carcass and female reproductive traits. Calculated EVs for AFC and CI using
P were negative values, suggesting that earlier AFC and shorter CI would increase the
lifetime profit of Japanese Black cows through producing more feeder cattle. Including
shortening CI into the breeding objective could achieve simultaneously improving carcass
and female reproductive traits and bring about increased lifetime profit. The results would
contribute to achieving future sustainable production of high-quality Wagyu beef in Japan.
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