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1 Abstract

2 Here we used random regression animal models (RRAMs) to investigate genetic change over age in 

3 the semen volume (VOL) and sperm concentration (CON) of Holstein bulls. We used 35,294 

4 collection records from 1,284 Holstein bulls and their 4,166 pedigree records. The models included 

5 year and month of collection, collection place, collection method, and number of collections 

6 attempted for each day and month of age (second-order regressions) as fixed effects; technician as a 

7 random effect; and additive genetic and permanent environment as random regressions (first-order 

8 regressions). We examined two RRAMs with homogeneous and heterogeneous residual variances 

9 (RRAM1 and RRAM2, respectively). By using RRAM1, heritability for VOL and CON increased 

10 from 0.08 to 0.61 and 0.18 to 0.57, respectively, between 10 and 126 months of age. By using 

11 RRAM2, heritability for VOL increased from 0.11 to 0.28 between 10 and 24 months of age for 

12 young bulls and increased from 0.08 to 0.48 between at 25 and 126 months of age for mature bulls; 

13 heritability for CON ranged from 0.18 to 0.19 for young bulls and increased from 0.10 to 0.48 for 

14 mature bulls. Posterior genetic correlations between young ages and older ages were strongly 

15 positive for VOLs but weak for CONs.

16

17 Keywords: genetic parameter, Holstein, random regression animal model, semen production trait
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1 1 Introduction

2 In Japan, sexed semen has recently become widely used for artificial insemination (AI). This 

3 technology enables the sex-sorting of sperm at a probability of 90% or greater (Tubman et al., 2004). 

4 However, the productivity of straws of sexed semen is lower than that of traditional straws because 

5 of physical damage to, and chemical stress on, sperm cells during the sorting process (Suh et al., 

6 2005). Therefore, in terms of semen traits, high volume and concentration are required more than 

7 ever. In Japan, semen is collected from young bulls (i.e., about 12 months of age) for progeny 

8 testing. This subset of young bulls, which are used as breeders and on commercial dairy farms, is 

9 selected on the basis of genomic prediction. Four years later (i.e., at 60 months of age), semen again 

10 is collected from some of those young bulls, so-called proven bulls, to use for AI on commercial 

11 dairy farms. However, the fertility traits, such as semen volume (VOL) and sperm concentration 

12 (CON), of these older proven bulls might have changed from those obtained when they were 

13 younger. In addition, the ability to collect large volumes of high-concentration semen from AI bulls 

14 is highly desirable.

15 For semen straws, particularly for sexed semen, semen characteristics are related to productivity. 

16 Therefore, the genetic improvement of semen characteristics has become more important in the AI 

17 industry. Because semen characteristics have genetic variances, fertility traits in bulls can be 

18 genetically improved (Ducrocq and Humblot 1995, Mathevon et al. 1998, Druet et al. 2009, Karoui 

19 et al. 2011; Suchocki and Szyda 2015). For example, heritability estimates have been reported for 

20 several semen traits of Holstein bulls in Japan (Terawaki et al. 1991, Kawakami et al. 2016, Atagi et 

21 al. 2017; Hagiya et al. 2017). In addition, a random regression animal model (RRAM) on age has 

22 been used to estimate changes in the heritability of VOL in Spanish Holstein bulls (Carabano et al., 

23 2007). However, few studies have focused on changes in genetic parameters of semen traits with 

24 regard to age in Holstein bulls. Here we applied an RRAMs on age to evaluate genetic changes in 

25 the VOL and CON of Holstein bulls in Japan.

26

27 2 Materials and methods

28 2.1 Data
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1 We obtained semen production records for VOL and CON in Holstein bulls at two AI centers 

2 (Kitahiroshima City and Shimizu Town, Genetics Hokkaido, Hokkaido, Japan) from September 

3 2005 to July 2013. The number of semen collections daily ranged from 1 to 6, unless the semen was 

4 to be made available as frozen semen (maximum, 3 collections daily) (Japan Livestock Technology 

5 Association, 2003). Therefore, only records for the first, second, and third collections daily were 

6 used in this analysis. Semen was collected by using a breeding mount, a teaser animal, a dummy 

7 cow, or electrical stimulation. However, records related to semen collected through electrical 

8 stimulation were excluded from the analysis because this method is applied only when the bull has a 

9 health problem, such as any foot or leg abnormality or difficulty in mounting. In addition, because so 

10 few were available, records involving the use of a dummy cow were excluded. Given that the semen 

11 properties of bulls become stable at 10 to 12 months of age (Livestock Technology Association, 

12 2003), records of bulls younger than 10 months were excluded. Finally, records regarding sexed 

13 semen were removed because semen that is to be sexed is taken only from specific bulls. Therefore, 

14 the edited data consisted of 35,294 records of VOL (ml) and CON (×108/ml) from 1,284 Holstein 

15 bulls, which ranged in age from 10 to 126 months. Pedigree records for 4,166 animals, with five 

16 generations traced back from the animals with records, were obtained from the Holstein Cattle 

17 Association of Japan (Hokkaido branch).

18 2.2 Model for analysis

19 The statistical model that we used here was based on those of Kawakami et al. (2016), Atagi et al. 

20 (2017), and Hagiya et al. (2017): 

21 𝑦𝑖𝑗𝑘𝑙𝑚𝑛𝑜 = 𝑌𝑀𝑖 + 𝑃𝑗 + 𝐶𝑘 + 𝑁𝑙 + 𝑡𝑚 +
2

∑
𝑞 = 1

𝑏𝑞𝑤𝑛𝑞 +
1

∑
𝑞 = 0

𝑢𝑜𝑞𝑧𝑛𝑜𝑞 +
1

∑
𝑞 = 0

𝑝𝑜𝑞𝑧𝑛𝑜𝑞 + 𝑒𝑖𝑗𝑘𝑙𝑚𝑛𝑜 ,

22 where  is the observation for semen production traits;  is the fixed effect of year–𝑦𝑖𝑗𝑘𝑙𝑚𝑛𝑜 𝑌𝑀𝑖

23 month i of semen collection (107 levels);  is the fixed effect of AI center j (2 levels);  is the 𝑃𝑗 𝐶𝑘

24 fixed effect of semen collection method k (2 levels);  is the fixed effect of collection attempt l for 𝑁𝑙

25 each day (3 levels);  is the random effect of technician m (28 levels);  is the fixed regression 𝑡𝑚 𝑏𝑞

26 coefficient for age on order q;  is the random regression coefficient of the additive genetic effect 𝑢𝑜𝑞

27 specific to bull o on order q;  is the random regression coefficient of the permanent 𝑝𝑜𝑞

Page 4 of 20Animal Science Journal



5

1 environmental effect specific to bull o on order q;  and  are covariates for fixed and 𝑤𝑛𝑞 𝑧𝑛𝑜𝑞

2 random regressions, respectively, on age n of qth order Legendre polynomials; and  is the 𝑒𝑖𝑗𝑘𝑙𝑚𝑛𝑜

3 random residual effect associated with the semen production record. Covariates for Legendre 

4 polynomials were given as functions , where n is the age of bulls.∅(𝑛) = [∅0(𝑛) ∅1(𝑛) ∅2(𝑛)]

5 We examined two random regression models with homogeneous or heterogeneous residual variances 

6 (RRAM1 and RRAM2, respectively). Owing to the data distribution in Figure 1, the RRAM2 model 

7 considered heterogeneity for two classes: young bulls (i.e., 24 months of age or younger) and mature 

8 bulls (i.e., older than 24 months). 

9 In the preliminary analysis, we compared the convergence of these models with that of the 

10 alternative model fitted with second-order random regression for additive and permanent effects; the 

11 results showed better convergence for these models that we used in this study (results not shown). In 

12 addition, we examined a multiple-trait animal model to compare the estimated heritability and 

13 genetic correlations from the RRAMs. In the model, semen traits collected from young bulls (24 

14 months or younger) and mature bulls (older than 24 months) were considered as different traits. The 

15 model was as follows:

16 𝑦𝑖𝑗𝑘𝑙𝑚𝑛𝑜 = 𝑌𝑀𝑖 + 𝑃𝑗 + 𝐶𝑘 + 𝑁𝑙 + 𝑡𝑚 +
2

∑
𝑞 = 1

𝑏𝑞𝑤𝑛𝑞 + 𝑢𝑜 + 𝑝𝑜 + 𝑒𝑖𝑗𝑘𝑙𝑚𝑛𝑜 ,

17 where  is the random additive genetic effect of bull o, and  is the random permanent 𝑢𝑜 𝑝𝑜

18 environmental effect of bull o.

19 For both analyses, the variance components were estimated by using the GIBBS3F90 program 

20 (Misztal et al., 2002). Posterior means and standard deviations were calculated from 4,000 estimates 

21 recorded every 10 rounds over 400,000 rounds after a burn-in of 100,000. 

22 The (co)variance structures of random effects in both mathematical models were as follows:

23 , 
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1 , , , , , ,𝑡 = [𝑡1
⋮

𝑡𝑚
]  𝑢 = [𝑢1

⋮
𝑢𝑜

]  𝑝 = [𝑝1
⋮

𝑝𝑜
]  𝑒 = [𝑒1111111

⋮
𝑒𝑖𝑗𝑘𝑙𝑚𝑛𝑜

] 𝑇 = [𝜎2
𝑡1 0

0 𝜎2
𝑡2]  𝐺 = [ 𝜎2

𝑢1 𝜎𝑢1𝑢2
𝜎𝑢1𝑢2 𝜎2

𝑢2 ]
2 ,𝑃 = [ 𝜎2

𝑝𝑒1 𝜎𝑝𝑒1𝑝𝑒2
𝜎𝑝𝑒1𝑝𝑒2 𝜎2

𝑝𝑒2 ]  𝑅 = [ 𝜎2
𝑒1 𝜎𝑒1𝑒2

𝜎𝑒1𝑒2 𝜎2
𝑒2 ]

3 where T is a variance matrix for technician; G and P are (co)variance matrices for additive genetic 

4 and permanent environmental effects, respectively; I is an identity matrix; A is a numerator 

5 relationship matrix; R is a residual variance; and  is the Kronecker product. Priors for fixed ⊗

6 effects and (co)variance components were assumed to have a uniform distribution and an inverse 

7 Wishart distribution, respectively.

8 For the RRAMs, heritabilities ( ) at age n and genetic correlations ( ) within VOL (or CON) at ℎ2
𝑛 𝑟𝑔

9 two different age points ( ) were obtained through the following equation. For VOL, for 𝑛1 and 𝑛2

10 example:

11 ℎ2
𝑛 = 𝜎2

𝑎/(𝜎2
𝑎 + 𝜎2

𝑝𝑒 + 𝜎2
𝑒) ,

12 where  is the additive genetic variance,  is the permanent environmental variance, and  is 𝜎2
𝑎 𝜎2

𝑝𝑒 𝜎2
𝑒

13 the residual variance. The  and  were calculated as  and , 𝜎2
𝑎 𝜎2

𝑝𝑒 ∅′(𝑛)𝐺𝑉𝑂𝐿∅(𝑛) ∅′(𝑛)𝑃𝑉𝑂𝐿∅(𝑛)

14 respectively, where  is a covariate for the Legendre polynomials. ∅′(𝑛)

15 𝑟𝑔,𝑉𝑂𝐿(𝑛1) ― 𝑉𝑂𝐿(𝑛2) =
∅′(𝑛1)𝐺𝑉𝑂𝐿∅(𝑛2)

∅′(𝑛1)𝐺𝑉𝑂𝐿∅(𝑛1) × ∅′(𝑛2)𝐺𝑉𝑂𝐿∅(𝑛2)
 ,

16 where  and  are covariates for the Legendre polynomials at ages  and , ∅′(𝑛1) ∅′(𝑛2) 𝑛1 𝑛2

17 respectively. 

18  

19 3 Results and Discussion

20 The number of records was highest at 13 months of age and then decreased with increasing age (Fig. 

21 1). Few records were available for the ages of 18 to 53 months, and the number of records increased 

22 again after 57 months of age. Semen for progeny testing was collected from young bulls at 12 to 13 

23 months of age. Subsequently, semen for commercial AI was collected at 60 months of age or later 

24 from proven bulls, which were selected after progeny testing. The graph of the number of records 
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1 shows two age peaks, at around 13 months and at approximately 60 months. The average values for 

2 young bulls (i.e., 24 months or younger) were 3.2 ml for VOL and 9.9 × 108/ml for CON; those for 

3 mature bulls ((i.e., older than 24 months) were 7.4 ml for VOL and 12.9 × 108/ml for CON (Table 

4 1). In addition, VOL increased with age, from 2.7 ml at 10 months of age to 9.0 ml at 126 months of 

5 age (Fig. 2). Likewise, CON increased from 4.9 × 108/ml at 10 months to 14.6 × 108/ml at 19 months 

6 of age and then remained at approximately 13 × 108/ml thereafter. Other studies on Holstein bulls 

7 have reported the following averages for both traits: VOL of 4.1 ml and CON of 10.8 × 108/ml for 

8 French Holstein bulls (Druet et al., 2009); VOL of 4.2 ml and CON of 14.7 × 108/ml for Polish 

9 Holsteins (Suchocki and Szyda, 2015); VOL of 4.9 ml and CON of 11.3 × 108/ml for Japanese bulls 

10 (Kawakami et al., 2016); and VOL of 7.2 ml and CON of 11.4 × 108/ml for Chinese Holsteins (Yin 

11 et al., 2019). Our mean values of VOL and CON are in line with the ones in these reports. Regarding 

12 bulls that were categorized according to age in months, VOL was 5.5 ml and CON was 13.0 × 

13 108/ml on average for Canadian sire bulls younger than 30 months, compared with VOL of 6.7 ml 

14 and CON of 13.8 × 108/ml for mature bulls (i.e., 4 to 6 years of age; Mathevon et al., 1998). Records 

15 of Japanese bulls from the Livestock Improvement Association of Japan (Tokyo, Japan) indicated 

16 VOL of 8.9 ml in bulls 1 to 3 years old and of 8.9 ml in bulls 1 to 8 years of age (Atagi et al., 2017); 

17 in another study, VOL increased with time from 12 to 32 months of age (Carabano et al., 2007). The 

18 records and their data in our present study are similar to those in the cited previous reports.

19 We estimated the genetic, permanent environmental and residual variances over ages from two 

20 RRAMs (Fig. 3). For both VOL and CON, genetic variance increased as age increased. Therefore, 

21 the increase in genetic variance is consistent with an increase in heritability as age increases.

22 When we applied the RRAMs, the posterior means of the heritability of VOL increased from 0.08 at 

23 10 months of age to 0.61 at 126 months (RRAM1) and increased from 0.11 at 10 months of age to 

24 0.28 at 24 months for young bulls and increased from 0.08 at 25 months of age to 0.48 at 126 

25 months for mature bulls (RRAM2) (Fig. 4). In contrast, the heritability estimates of VOL from the 

26 multiple-trait model were 0.18 for young bulls and 0.49 for mature bulls (Table 2). Therefore, for 

27 both models, the heritability estimates of VOL were higher in mature bulls than in young bulls. In 

28 other studies, the heritability estimates of VOL were 0.22 (Druet et al., 2009), 0.22 (Karoui et al., 
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1 2011), 0.26 (Suchocki and Szyda, 2015), 0.12 (Kawakami et al., 2016), and 0.16 (Atagi et al., 2017). 

2 In a study applying an RRAM to the age of Holstein bulls, heritability estimates of VOL ranged 

3 from 0.23 at 425 days (at approximately 14 months old) to 0.36 at 1000 days (at approximately 33 

4 months old) (Carabano et al., 2007). A multiple-trait model produced heritability estimates of 0.24 

5 for Canadian Holstein bulls younger than 30 months and 0.44 for mature animals that were 4 to 6 

6 years old (Mathevon et al., 1998). The posterior means of heritability for both young and mature 

7 bulls in our study are similar to those in the cited previous reports. However, in mature bulls, the 

8 RRAM2 results of VOL differed significantly from those obtained by using the multiple-trait model 

9 and RRAM1. For CON, the posterior means of heritability increased from 0.18 to 0.57 with age by 

10 using the current RRAM1 and ranged from 0.18 to 0.19 for young bulls and increased from 0.10 at 

11 25 months of age to 0.48 at 126 months of age for mature bulls in RRAM2 (Fig. 4). In comparison, 

12 the heritability estimates from our multiple-trait model were 0.28 for young bulls and 0.18 for 

13 mature bulls (Table 2). Previously reported heritability estimates of CON were 0.16 (Druet et al., 

14 2009), 0.19 (Karoui et al., 2011), 0.36 (Suchocki and Szyda, 2015), and 0.13 (Kawakami et al., 

15 2016)—similar to the estimates we show here. In contrast, our CON heritability estimate from the 

16 multiple-trait model was higher in young bulls than in mature bulls. Likewise, Mathevon et al. 

17 (1998) reported CON heritabilities of 0.52 for young bulls (i.e., younger than 30 months) and 0.36 

18 for mature bulls (i.e., 4 to 6 years old). Regarding estimates from our multiple-trait model, the 

19 decrease in heritability was due to an increase in the permanent environmental variance and a 

20 decrease in the genetic variance for mature bulls. In addition, although posterior means of 

21 heritabilities for CON showed no significant differences, those from the multiple-trait model were 

22 closer to those from RRAM2 than those from RRAM1. Mature bulls are sometimes selected in light 

23 of proven genetic evaluation as well as their semen production traits, and this selection may affect 

24 the estimates of genetic parameters in these animals. 

25 Unlike other statistical approaches, RRAMs enable the accommodation of random genetic and 

26 environmental effects over time, thus increasing the accuracy of estimated breeding values. 

27 However, the RRAM-associated overestimation we noted for older animals may have occurred 

28 because the mature bull data were biased toward specific animals. In contrast, regardless, the 

Page 8 of 20Animal Science Journal



9

1 heritability estimates of VOL and CON for young bulls were similar between models. In fact, for 

2 VOL, the RRAM on age was suitable for estimating breeding values. 

3 Our estimated genetic correlations of VOL at 12 months of age from RRAM1 (RRAM2) were 

4 0.93 (0.94) at 24 months, 0.86 (0.87) at 36 months, 0.81 (0.83) at 48 months, 0.78 (0.80) at 60 

5 months, 0.76 (0.77) at 72 months, 0.74 (0.76) at 84 months, and 0.72 (0.74) at 96 months of age 

6 (Fig. 5). In the multiple-trait model, the genetic correlation between VOLs for young bulls and 

7 mature bulls was 0.94 ± 0.06 (Table 2). Atagi et al. (2017) reported estimates for VOL that were 

8 similar to those we obtained. In comparison, Carabano et al. (2007) used an RRAM to estimate a 

9 genetic correlation of 0.70 for VOL between bulls at 425 days and those at 1000 days. For CON, the 

10 estimated genetic correlations in bulls at 12 months of age from RRAM1 (RRAM2) were 0.91 (0.90) 

11 at 24 months, 0.70 (0.68) at 36 months, 0.48 (0.42) at 48 months, 0.32 (0.26) at 60 months, 0.21 

12 (0.14) at 72 months, 0.13 (0.06) at 84 months, and 0.07 (0.004) at 96 months of age (Fig. 5). In the 

13 multiple-trait model, the genetic correlation between CONs for young bulls and mature bulls was 

14 0.60 ± 0.35 (Table 2). In previous studies (Druet et al., 2009, Karoui et al., 2011, Suchocki and 

15 Szyda, 2015, Kawakami et al., 2016, Atagi et al., 2017), semen traits were analyzed simultaneously 

16 in both young and mature bulls by using repeatability models. In our current study, the genetic 

17 correlation for VOL between young bulls and mature bulls was strong (0.94), but variance estimates 

18 differed significantly. Therefore, our results suggest that, instead of repeatability models, RRAMs or 

19 multiple-trait models could be used to estimate VOL breeding values. For CON, the genetic 

20 correlations between young bulls and mature bulls were quite weak, especially at older ages. 

21 Therefore, we recommend applying RRAMs or multiple-trait models to estimate CON breeding 

22 values.

23 We used RRAM to investigate the genetic change over age in semen production traits in 

24 Japanese Holstein bulls. Posterior means of heritabilities were low to moderate between 12 and 126 

25 months of age. Posterior genetic correlations between young age (12 months or younger) and older 

26 ages (60 months or older) were strongly positive for VOLs but weak for CONs. For VOL, RRAM 

27 can be substituted for a multiple-trait model. 

28
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17 Figure 1: Numbers of records according to age of bull
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19 Figure 2: Means and best linear unbiased estimator (BLUE) for semen volume and sperm 

20 concentration according to age of bull

21

22 Figure 3: Posterior means and posterior standard deviations of estimated genetic variance, permanent 

23 environmental variance, and residual variance according to age of bull by using random regression 

24 animal models (RRAMs). RRAM1, RRAM with a constant residual variance; RRAM2, RRAM with 
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27 Figure 4: Posterior means of heritability and their posterior standard deviations for semen volume 

28 and sperm concentration according to age of bull estimated by using random regression animal 

Page 12 of 20Animal Science Journal



13

1 models (RRAMs) and a multiple-trait model (MTAM). RRAM1, RRAM with a constant residual 

2 variance; RRAM2, RRAM with heterogeneous residual variances 

3

4 Figure 5: Posterior means of genetic correlation and their posterior standard deviations of random 

5 regression animal models (RRAMs) for semen volume and sperm concentration between bulls at 12 

6 months of age and bulls at other ages. RRAM1, RRAM with a constant residual variance; RRAM2, 

7 RRAM with heterogeneous residual variances 

8
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1 Table 1. Mean, standard deviation (S.D.), and minimum and maximum values for semen 

2 volume and sperm concentration in bulls at various ages 

Trait N Mean S.D. Minimum Maximum

Semen volume (ml)

≤ 24 months 20,955 3.2 1.3 0.1 11.9

> 24 months 14,339 7.4 2.0 0.6 22.0

Sperm concentration ( /ml)× 108

≤ 24 months 20,955 9.9 4.1 0.0 29.5

> 24 months 14,339 12.9 4.8 0.0 33.5
3

4
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1 Table 2. Posterior means of genetic, permanent environmental, and residual variances; 

2 heritability ( ); genetic correlations between young and mature bulls; and their posterior h2

3 standard deviations for semen volume and sperm concentration from the multiple-trait model

Trait
Genetic 
variance

Permanent 
environmental 

variance
Residual 
variance h2

Genetic correlation 
between young and 

mature bulls
Semen volume (ml)

≤ 24 months 0.31 0.07± 0.29 0.06± 0.95 ±
0.01

0.18 ±
0.04

> 24 months 2.97 0.46± 0.59 0.31± 2.29 ±
0.03

0.49 ±
0.06

0.94 0.06±

Sperm concentration ( /ml)× 108

≤ 24 months 4.22 1.04± 2.35 0.87± 8.20
± 0.09

0.28 ±
0.07

> 24 months 4.03 2.36± 6.37 2.15± 8.54 ±
0.10

0.18 ±
0.10

0.60 0.35±

4
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Figure 1: Numbers of records according to age of bull 
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Figure 2: Means and best linear unbiased estimator (BLUE) for semen volume and sperm concentration 
according to age of bull 
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Figure 3: Posterior means and posterior standard deviations of estimated genetic variance, permanent 
environmental variance, and residual variance according to age of bull by using random regression animal 

models (RRAMs). RRAM1, RRAM with a constant residual variance; RRAM2, RRAM with heterogeneous 
residual variances 
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Figure 4: Posterior means of heritability and their posterior standard deviations for semen volume and 
sperm concentration according to age of bull estimated by using random regression animal models (RRAMs) 

and a multiple-trait model (MTAM). RRAM1, RRAM with a constant residual variance; RRAM2, RRAM with 
heterogeneous residual variances 
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Figure 5: Posterior means of genetic correlation and their posterior standard deviations of random 
regression animal models (RRAMs) for semen volume and sperm concentration between bulls at 12 months 

of age and bulls at other ages. RRAM1, RRAM with a constant residual variance; RRAM2, RRAM with 
heterogeneous residual variances 

402x204mm (150 x 150 DPI) 

Page 20 of 20Animal Science Journal


