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Abstract
Semen data comprising of 97,023 ejaculates of 197 bulls from 6 buffalo breeds were analyzed. The traits considered were as
follows: ejaculate volume, sperm concentration, mass activity, initial and post-thaw motility, total sperm, and total motile sperm
before and after thawing as well as a composite trait equal to the theoretical number of doses which can be produced from each
given ejaculate. The objective was to measure the semen production potential of indigenous buffalo bulls and identify factors
affecting these traits. A linear mixed model was used, including a random bull effect along with other fixed factors: the order of
the ejaculate on a particular day, the interval between collections, the time of collection, the breed, the age at collection, the semen
collector, and the year and month of collection. The study showed breed wise variation for all traits. The first ejaculate of a bull on
a particular day was superior to the second for nearly all the traits. Longer collection intervals are better than shorter intervals for
all the parameters, although short collection interval of 2 to 4 days produced higher yield in terms of total semen doses without
hampering semen quality. The study also showed a slight decrease of semen quality with time of collection within a day. The
Murrah breed showed comparatively consistent performance during their whole life compared with the other breeds.
Repeatability estimates for semen traits were found to be low (0.09 for mass activity) to relatively large (> 0.4 for volume and
concentration). A negative correlation was found between bull effects for semen volume and concentration while a high positive
correlation was found between mass activity, initial motility, and post-thaw motility. Results of the study will help in suggesting
suitable management and breeding plans for semen production traits.
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Introduction

Milk production in India has increased steadily in recent years
with almost half (49.2%) of total milk yield contributed by
buffaloes (Department of animal husbandry and dairying,
Government of India 2019). The breeding policy of
Government of India made a huge impact on the total milk

production of the country: in particular, it involved the
upgrading of the “non-descript” buffaloes (i.e., crosses of un-
determined breed(s) origin) using semen from purebred buf-
falo bulls of well-defined breeds. The breeding policy relies
on the use of Artificial Insemination (AI) technology.

Semen production traits are economically important in con-
junction with female reproductive traits such as age at first
calving and conception rate. The objective of the AI industry
is to maximize the output of good quality semen from bulls
with better milk production potential. This is assessed by fo-
cussing on semen volume, sperm concentration, and motility
and functional sustainability of the semen against cryopreser-
vation. Selection of bulls exclusively on milk production re-
lated traits may not be effective if semen traits as selection
criteria are not accounted for: elite bulls with poor semen
production are not desirable. Furthermore, knowing the vari-
ations of semen traits due to different environmental and man-
agement characteristics is necessary to ensure sufficient semen
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production in the bull studs and to study within and across
breed genetic variability. Also, the information on genetic
parameters, i.e., transmissible bull characteristics corrected
for environmental effects, can help in exploring the possibility
of including semen evaluation traits in breeding programs for
bulls, but this objective will not be addressed in this paper.

Studies addressing semen production of buffaloes exist
(Singh et al. 2013; Bhakat et al. 2015; Ramajayan 2016) but
are far less frequent than for cattle. Most of these focused on
seasonal and age variation of different semen parameters
among Murrah buffalo bulls. There are many other manage-
ment practices such as frequency of collection and length of
interval between collections and effect of semen collector and
handler. which could also contribute to variation in semen
production. The present study analyzes and compares semen
production of different indigenous breeds of buffalo bull se-
men collected under semiarid conditions since 2010 at the
Central Research Station of the BAIF Development
Research Foundation (BAIF Development Research
Foundation 2019), a large NGO located close to Uruli
Kanchan near Pune, India. BAIF provides door-to-door cattle
and buffalo AI service to about 5 million families of small
farmers in over 100,000 villages in 13 states.

Materials and methods

Data

Semen quantity and quality data spanning over 9 years (from
August, 2010 to December, 2018) maintained at BAIF’s fro-
zen semen station, Uruli Kanchan, Pune, India, were utilized
for the study. Data included 97,023 ejaculates from 197 bulls
of 6 water buffalo (Bubalus bubalis) breeds (Banni,
Bhadawari, Jaffarabadi, Murrah, Pandharpuri, and Surti).
Information on breed characteristics is available on the nation-
al portal of the NBAGR website (National Bureau of Animal
Genetic Resources 2019). During the period study, the bulls
collected were of variable ages, i.e., some bulls were culled
and replaced by younger ones, according to semen demand.

Farm location and climate

The BAIF frozen semen station is located in Maharashtra
state, India, in the outskirts of Pune city (18.5° N latitude
73.8° E) and at an altitude of 559 m above sea level. The
region experiences three different seasons, viz. summer
(March to May), monsoon (June to October), and winter
(November to February). In summer, the maximum tempera-
ture reaches 42 °C while in winter, the minimum temperature
goes to as low as 6 °C. The region receives an annual rainfall
of 722 mm on average, mostly during the months of June to
September. The average monthly rainfall ranges from 0.5

(January) to 187.2 (July) mm. The average relative humidity
varies from 36% (in April) to a maximum of 82% (in August).

Collection of semen

All the bulls were washed and cleaned in early morning before
semen collection. Handling and semen collection of a partic-
ular bull were performed by a same person responsible for a
same group of bulls. Dummy bulls were used for sexual stim-
ulation, and every bull was usually allowed 2 to 3 false mounts
before actual semen collection. The time between false
mounts varied among the bulls. One or two semen ejaculate
was collected using individual artificial vagina according to a
standard procedure. After collecting semen, the semen tube
was kept in a water bath for 37 °C after recording the ejaculate
volume. The sperm concentration was estimated by digital
photometer (IMV technologies).Mass activity (motility score)
was measured as a score from 0 to 5 on the basis of swirling
pattern of undiluted semen, while the initial motility (percent
progressive motile sperm) was assessed subjectively using
diluted semen. The ejaculates which did not fulfill minimum
criteria set by standards were removed from production, al-
though the corresponding data was kept in the analysis. After
initial assessment, 0.25 ml semen doses were prepared with
20 × 106 sperms per dose (i.e., with the aim to reach approx-
imately 10 million motile sperms after thawing per dose),
sealed, and printed using IS4 instrument of IMV technologies
(IMV Technologies, L’Aigle, France). Semen straws were
cooled to 4 °C for 3 h and step by step frozen down to −
140 °C for 7 to 8 min in a programmable freezer (IMV
Technologies) followed by submersion and storage in liquid
nitrogen at − 196 °C. Post-thaw motility was then carried out
after 24 h (after freezing) using 2–3 straws. Standardized ini-
tial and post-thaw motility assessments were carried out by
different technicians. The assessment of mass activity, initial,
and post-thaw motility was carried out using phase contrast
microscope (Nikon ECLIPSE E400, Tokyo, Japan).

Traits studied and influencing factors

The semen traits studied were the following: ejaculate volume
(ml), sperm concentration (109/ml), mass activity (defined as
the motility score measured on a scale of 0 to 5 with the
undiluted semen after collection), initial, and post-thaw motil-
ity (% of motile sperms after dilution and before/ after
thawing). Other composite traits included total sperms (109/
ejaculate, as the product of volume and sperm concentration),
total motile sperm (109/ejaculate, as the product of proportion
of initial motility and total sperm per ejaculate), and total
motile sperms per ejaculate after thawing (109/ejaculate, as
the product of proportion of post-thaw motility and total
sperms per ejaculate). An extra combined variable was also
defined, as in Humblot et al. (1993): the theoretical number of
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semen doses produced (hereafter called TNSDP) equal to the
number of motile sperm cells (NMS = volume × concentration
× post-thaw motility, divided by the objective of this NMS in
each semen dose (10 million in our case)). TNSDP summa-
rizes the main characteristics of each ejaculate into a mean-
ingful number reflecting its output in terms of semen doses
produced.

Whatever the variable considered, values over and below
the raw mean of the trait ± 4 standard deviations were consid-
ered outliers and discarded. Young bulls’ data during their
testing period was not included in the study. As the first col-
lection of every bull from the data did not have any interval
value, it was removed from the analysis. The various factors
influencing semen characteristics which were considered in
the study were as follows: the order of ejaculates on a same
day (first and second), the interval between two consecutive
days of collection (1 to 3 days; 4 to 6 days; 7 and above), year
(2010 to 2018), month (January to December), collection time
(before 6 am, then on an hourly basis up to 10 am and after
10 am), age at collection in months (classified per year from
36 to 180 months, 12 year classes), and semen collector.
Months were also grouped to form three seasons, viz. winter
(January, February, November, and December), summer
(March to May), and monsoon (June to October). Season
and age in months as a covariate were used in a preliminary
analysis.

Statistical analysis

As the data consisted ofmany repeatedmeasurements for each
bull, a linear mixed repeatability model was used for the anal-
ysis of the various traits: a random bull effect was included to
take care of the between bulls’ variability. This effect was
supposed to be constant over time for a given bull. Various
combinations of the factors described above were tested in
order to find a proper model. All models included an age effect
and a breed effect. The age effect was included either as a class
variable or as a covariate through a quadratic or cubic poly-
nomial. Seasonal effects were analyzed either as season or
month effects within each year. Two-way interactions be-
tween breed and age at collection and between semen collec-
tor and year of collection were also considered. In total, 9
models combining these different options were analyzed using
the WOMBAT software (Meyer 2007) to get solutions for
fixed and random effects. BIC (Bayesian Information
Criterion) and MSE (mean square error) values for model
comparison and significance of fixed effects were obtained
using the “lmerTest” package of the R software (R Core
Team 2019).

Model (1) showed the lowest mean square error against
other models for all traits. BIC results for the 9 models were
slightly less consistent between traits, but differences between
best models were not large and for the sake of simplicity,

model (1) was selected as the model of choice for all traits.
It can be written as:

Y ijklmnpqr ¼ Ei þ I j þ Tk þ B� Að Þlm þ C � Yð Þpq þ M � Yð Þnp þ U r þ eijklmnpqr ð1Þ

where

Yijklmnpqrs semen production trait
Ei fixed effect of the ith order of the

ejaculate on a same day (i = 1, 2)
Ij fixed effect of the jth collection interval

(j = 1 to 3)
Tk fixed effect of the kth collection time

(k = 1 to 6)
(B × A)lm fixed effect of the lmth breed × age class

interaction (l = 1 to 6, m = 1 to 12)
(C × Y)pq fixed effect of the pqth semen collector

× year of collection interaction
(p = 1 to 12, q = 1 to 9)

(M ×
Y)nq

fixed effect of the npth month × year of
collection interaction (n = 1 to 12)

Ur random effect of the rth bull (r = 1 to 197),
supposed to follow a normal distribution with
mean 0 et and variance σ2b

eijklmnpqrs random residual associated with each
observation, supposed to follow a normal
distribution with mean 0 and variance σ2e

Results and discussion

Table 1 displays for each breed the number of bulls evaluated
and the phenotypic mean and standard deviation of their se-
men production and semen quality parameters.

The highest number of bulls (154) in the dataset was for the
Murrah breed, while Banni, Pandharpuri, and Surti breeds
were represented by 3 to 7 bulls only, reflecting a much lower
demand. In the following analyses, these three breeds were
considered together as “other breeds.” Raw means of the 6
breeds for volume ejaculate ranged between 4.09 (Banni)
and 5.10 ml (Jaffarabadi). These means are in the same range
as those reported by Javed et al. (2000), for the Nili Ravi breed
and El-wishky (1978) for Iraqi buffalo bulls. Ramajayan
(2016) reported much lower means (2.56 ml) for Murrah buf-
falo bulls, but this lower volume could be due to the hot and
humid weather in Tamil Nadu state of India.

Sperm concentration was higher in the Murrah, Banni, and
Surti breeds. Similar results of concentration were reported by
Ramajayan (2016) in Murrah buffaloes.

Mass activity showed limited variation across breeds with a
mean close to 2.5. Many studies in Murrah bulls (Singh et al.
2013; Kumar and Krupakaran 2014; Bhakat et al. 2015;
Ramajayan 2016) and Surti buffalo bulls (Bhosrekar et al.
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1992) reported similar results. Buffalo bulls usually show
lower motility when semen is undiluted.

Average initial motility ranged between 71 and 75%
among the breeds, similar to that reported by Misra et al.
(1994) and Rao et al. (1996) in Murrah, although some stud-
ies reported slightly higher motility (above 78%) in Murrah
and Surti buffaloes (Sahu and Pandit 1997; Dhami and
Kodagali 1988; Singh et al. 2013). Average post-thaw mo-
tility did not vary among the breeds with values close to
48%. Similar mean values were reported by Dhami and
Kodagali (1988). Other studies (Ravimurgan 2001; Tiwari
et al. 2011) reported slightly higher post-thaw motility
means (50.5% and 53.7%) in Murrah buffalo bulls. The mo-
tilities are measures with subjective evaluations which
strongly depend on the evaluator, so slight variations among
different studies are expected.

An average total number of sperms of 4.56 to 6 billion per
ejaculate is in close accordance with the report of Dhami and
Kodagali (1988) in Surti buffalo bulls. This total number of
sperms tends to increase with the volume of the ejaculate as
was observed in the present study. Ramajayan (2016) report-
ed much lower total sperms per ejaculate (3.12 billion per
ml) in Murrah, which reflected a lower average ejaculate
volume in their study.

The order of the ejaculate (first or second on a same day
of collection) significantly affected (P < 0.01) semen pro-
duction traits in buffalo bulls (Table 2). Except for post-
thaw motility, all semen production traits showed lower so-
lutions for the second ejaculate. The observed differences
between the two ejaculates on the other composite traits are
essentially the consequences of a lower volume and a lower
concentration for the second ejaculate. The overall effect is
large, with a decrease in semen doses produced of 133.4
between the first and the second ejaculate collected. These
findings are in agreement with studies conducted on Murrah
buffalo bulls in Tamil Nadu state of India (Ramajayan 2016).

The higher values for the first ejaculate are well docu-
mented in cattle for sperm concentration, ejaculate volume,
total sperm per ejaculate, mass activity, and initial motility
(Everett et al. 1978; Everett and Bean 1982; Taylor et al.
1985; Fuerst-Waltl et al. 2006; Bhakat et al. 2011; Murphy
et al. 2018). The basic reason for collection of two ejaculates
on a same day is to increase the number of semen doses
produced without affecting sperm quality. The very similar
post-thawmotilities of the two ejaculates in the present study
suggest that sperm integrity remains satisfactory with short
collection intervals on a same day.

Interval between two collection days had a significant
effect (P < 0.01) on all semen production traits in buffalo
bulls. Out of the three classes defined, the first one (interval
of 1 to 3 days) was considered the reference because it was
the most frequent one. Among the traits considered, semen
concentration, volume, total sperms per ejaculate, total mo-Ta
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tile sperms per ejaculate, and total motile sperms after thawing
showed higher solutions for collections with an interval of
7 days or more, while lower values were found in shorter
intervals. In the case of mass activity and motility traits, inter-
vals of more than 7 days led to a slight decline, but overall, the
number of doses produced increase with the interval between
collection (+ 28.7 and + 66.0 doses for the second and third
intervals considered).

To increase semen production at the semen station, collec-
tion is carried out at least twice a week from every bull. It may
go up to thrice a week for selected bulls having higher demand
in the field. Our results are consistent with the findings of
Everett et al. (1978), Mathevon et al. (1998a, b), Fuerst-
Waltl et al. (2006), Murphy et al. (2018). Even with smaller
collection intervals, post-thaw motility was marginally better
than longer intervals. In commercial AI industry, having in-
tervals of more than 7 days is impractical: to cope with a high
demand of semen doses from adult bulls, a longer interval
between collections and a lower number of doses produced
are not economically viable. To illustrate this, a theoretical
comparison was carried out: based on our results, an average
bull with collection intervals of either 7, 4, or 2 days produces
a total of 470, 976, and 1350 doses a week. Therefore, it can
be concluded that with intervals between 2 to 4 days, it is
possible to produce a substantially larger number of doses
without hampering semen quality.

Time of collection had a highly significant effect (P < 0.01)
on all semen production traits. The “before 6 a.m.” time class
was used as the reference. Sperm concentration, mass activity,
and motility traits decreased with time, while volume and total
sperm increased up to 9 am and then decreased gradually.
Usually, testicular temperature is lower than body tempera-
ture, which is required for production of fertile spermatozoa.
The increase of ambient temperature causes a rise in the tes-
ticular temperature subsequently decreasing semen quality.
Our results illustrate the change in semen parameters as time
passed. However, the overall impact on number of semen
doses produced is small, with a variation of TNSDP of 11
doses between extreme categories. Fuerst-Waltl et al. (2006)

also reported that mass activity and initial motility in cattle
were affected by an increase in ambient temperature. Taylor
et al. (1985) found that semen volume and total sperms were
affected by higher and lower classes of ambient temperature in
cattle, through a non-linear relationship, i.e., with larger de-
creases for more extreme temperatures.

The 3 to 4-year of age class ofMurrah bulls was considered
the reference for the breed × age class interaction solutions for
all semen production traits. Age at semen collection × breed
interaction was found to have a significant effect (P < 0.01) for
all semen production parameters. The average ejaculate vol-
ume of the Jaffarabadi and Bhadawari breeds showed a qua-
dratic pattern with an increasing trend until 8 to 9 years of age
and then a slow decline (Fig. 1). Similar trends were found in
other traits of Jaffarabadi and Bhadawari breeds. In contrast,
the Murrah bull performance was quite constant throughout
the production period except after the age of 8 to 9 years from
where it showed slight decline up to 10 years and then rose up
to remain constant. In general, all the breeds showed a higher
ejaculate volume at 8 to 9 years. Total sperms per ejaculate,
total motile sperm per ejaculate, and total motile sperms after
thawing followed similar trends. A slight opposite trend was
observed in case of the sperm concentration of Murrah after
the age of 8 to 9 years (Fig. 2) with a slight positive increasing
trend. In the case of mass activity and the other motility traits,
all breeds showed more or less a stable pattern over the pro-
duction period. Overall, the TNSDP reflects the combination
of these factors (Fig. 3): the Murrah and Jaffarabadi breeds
produce more doses per ejaculate during their whole produc-
tive life (+2 0 to + 60 doses during most of it) compared with
the Bhadawari breed, the other breeds being even worse.

These results could be useful in formulating tailored culling
policies for different breeds of bulls. There is a breed variation
in the way semen production performances of bulls vary with
age, so it could be wise to fix a culling age specific to each
breed. However, in addition to the breed differences, prefer-
ence for breeds based on semen demand is likely to lead to an
extent of their use beyond an objective culling age which may
affect their performance, especially after the age of 9–10 years.

Fig. 1 Effect of age at semen
collection on ejaculate volume
(subtitle: 0 = reference solution as
Murrah × age (> 3 to 4 years))
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This is evident from the trend for Bhadawari. Compared with
other breeds studied, Bhadawari bulls were poor performers
after 10 years of age, when there was a marked decline in all
the semen traits. However, breeds other than Murrah were
represented by a small set of bulls. Hence, it is advised to treat
the results with caution.

Almquist (1978) indicated that the increased semen output
due to a rise in the activity of the hypothalamic pituitary tes-
ticular axis, and the simultaneous development of the testis
and their accessory glands with sexual maturity. This leads
to an increase in volume of semen as the bull gets older and
consequently, to a greater semen output. This increase was
observed until the age of 9–10 years after which most of the
traits started to decline. Nevertheless, Murrah bulls showed a
steady performance, even up to 15 years of age. However, the
number of Murrah bulls after 10 years of age was very low
indicating that a majority of them were culled or removed
from the bull stud: after 10 years of age, only 27 out of 154
Murrah bulls were maintained in the bull stud for semen pro-
duction program. This shows a high culling rate (83%) of old
Murrah bulls. This could be attributed to a decrease in perfor-
mance of most bulls by the age of 10 years and selection of
high demand selected bulls with better semen production.
Furthermore, it seems wise to avoid the use of older bulls as
this may lead to possible inbreeding in progeny unless the
animals’ pedigree is well traced.Moreover, if bulls are coming

from an efficient breeding scheme, the higher genetic level of
younger bulls is a strong initiative to stop collection of older
bulls.

In the present study, both the handling and semen collec-
tionwere carried out by a same person. Semen collector 1 with
2010 year subclass was considered the reference for other
solutions to be compared with. The collector × year of collec-
tion interaction was found to have a significant effect
(P < 0.01) for all semen production parameters. It was ob-
served that some groups of traits showed particular patterns
over the studied period. For volume, concentration, total
sperms, total motile sperms, and total motile sperms after
thawing, the collector × year effects showed increasing solu-
tions until 2014 where they reached the highest values and
then showed sharp decline up to 2017. The collector × year
effects for volume and semen concentration may be relative
large on a same year (e.g., with differences between collectors
of 0.5 ml for volume and 0.15 109/ml for concentration) but
are negatively correlated, leading to changes in TNSDP much
less variable within year than between years (Fig. 4). After
2014, this effect showed a declining trend for all traits which
could be due to an increase in number of young bulls collected
during this period, potentially resulting in less time for each
collection.

Bull handlers and semen collectors have a large impact on
the semen production of bulls (Fuerst-Waltl et al. 2006). How

Fig. 3 Effect of age at semen
collection on theoretical number
semen doses per ejaculate
(subtitle: 0 = reference solution as
Murrah × age (> 3 to 4 years))

Fig. 2 Effect of age at semen
collection on sperm concentration
(subtitle: 0 = reference solution as
Murrah × age (> 3 to 4 years))
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bulls are treated, the method of restraining, and their sexual
preparation are strongly dependent on the collector and
handler. The effect of the semen collector was also reported
by Dominguez et al. (1994) for the ejaculate volume, by
Komisrud and Berg (1996) for the volume and post-thaw mo-
tility by Mathevon et al. (1998a) for concentration, volume
and total sperms per ejaculate, and by Fuerst-Waltl et al.
(2006) for concentration, volume, total sperms per ejaculate
and initial motility.

The monthly variations of the traits studied did not follow a
similar trend over the years. There was a large variation
(P < 0.01) of the month effect observed among the traits dur-
ing the course of 9 years. This effect for traits like volume,
concentration, total sperms, and total motile sperm after
thawing had higher values during the years 2011 and 2015,
although the differences among month effects over the years
appeared not too large. However, their combined influence led
to differences in theoretical number of semen doses produced
per ejaculate up to 150 doses (Fig. 5). These traits showed
higher solutions in summer months (April to May). Such re-
sults were in agreement with the reports of Stalhammar et al.
(1989), Snoj et al. (2013), and Murphy et al. (2018) who
found higher values in summer months. The increasing num-
ber of the theoretical number of doses produced can be ex-
plained on the basis of the spermatogenesis process which
takes 65 days on average. This means that a more favorable

climatic conditions during the winter and their subsequent
effect on the sensitive stage of spermatogenesis resulted in
better sperm concentration, ultimately resulting in higher
numbers of semen doses. On the contrary, the hot climate in
summer resulted in lower semen output during the monsoon
season and led to a lower production of semen doses. On the
other hand, the month effects for mass activity and motility
traits were consistently showing better values in year 2013
than in any other years. It was also observed that there were
large differences in mass activity andmotility traits over years.
The differences could be attributed to variation in the produc-
tion targets set by the frozen semen station and the semen
demands over the years. For example, BAIF frozen semen
lab achieved its highest number of doses produced in 2015.

The bull effect reflects the similarity of the semen charac-
teristics it produces throughout its productive lifespan. This
similarity is the sum of its own genotype (genetic component)
and specific non-genetic characteristics (e.g., its early growth)
which influence its semen production (permanent environ-
ment component). A thorough search of literature revealed
very few (Taraphder et al. 2001; Ramajayan 2016) studies
with estimates of repeatability of bull effects for buffaloes,
under the assumption that the bull effect remains constant over
its whole productive life. Table 3 displays the different vari-
ance components for each trait. The repeatability estimates
computed analyzing each trait separately ranged from 0.09

Fig. 5 Effect of the month of
semen collection on theoretical
number semen doses over the
year (subtitle: 0 = reference
solution as 2015 year × January
month; for clarity, only 4 alternate
years are reported)

Fig. 4 Effect of the collector on
theoretical number semen doses
over the years (subtitle: 0 =
reference solution as collector 1 ×
2010 year; for clarity, only 4
major collectors are reported)
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for mass activity to 0.41 for semen concentration, with a value
of 0.21 for the combined measure TNSDP. Ramajayan (2016)
also found low to moderate estimates (0.22 to 0.34) for semen
production characters ofMurrah buffalo while Taraphder et al.
(2001) found lower estimates for volume inMurrah buffaloes.
Estimates for mass activity and motility traits were found
lower than those reported by Ramajayan (2016) while esti-
mates of sperm concentration and ejaculate volume were
found higher. The estimates reported in the present study
show that the future performance of a bull can be explained
with some accuracy for sperm concentration and ejaculate
volume, and with moderate accuracy for TNSDP. The bull
effects (genetic + permanent environmental correlation) ana-
lyzing three major traits (volume, concentration, and post-
thaw motility) together with the combined TNSDP are pre-
sented in Table 4. Here, only the first ejaculate was included in
the analysis for a given day, to avoid the specification of a
particular residual correlation structure between the first and
the second ejaculate of a same animal on a given day. The
estimate of the bull effect correlations between TNSDP and
either concentration or ejaculate volume is moderate of the
same order of magnitude (respectively, 0.379 and 0.459)
while its correlation with post-thaw motility is small (0.166).

In this study, it was assumed that the bull effect remained
the same during the whole productive life of an animal. To test

this rather strong hypothesis, a random regression model de-
scribing the bull effect as a continuous function of age (for
example with Legendre polynomials) could be used to ac-
count for the fact that bulls may become better or worse as
they are aging.

The repeatability and bull effect correlations estimates
can be regarded as a higher bound of the heritability of
the traits and of the genetic correlation between these
traits, which could not be estimated here because of lim-
ited availability of pedigree relationships, even in Murrah,
the largest breed.

In conclusion, our study showed that despite the high
differences between solutions of the ejaculate numbers,
collection of a second ejaculate is an important practice
to increase daily semen output. Similarly, collection at
intervals of 2 to 4 days can result in a 2- to 3-fold incre-
ment of semen output per week. The way each semen
collector deals with sexual preparation and handling of a
bull had a significant impact on all traits. A regular train-
ing of the least talented collectors and performance incen-
tives may encourage them to improve their performance.
The repeatability estimates might be helpful to explain the
future performances of the bulls with some accuracy.
Knowledge of the different factors can help an AI stud
to achieve a high semen production of good quality with

Table 4 Multivariate bull parameters of four major traits considering only the first ejaculate of each bull on a given day

Traits Concentration (109/ml) Ejaculate volume (ml) Post-thaw motility (%) Theoretical number of
semen doses per ejaculate

Concentration (109/ml) 0.463 ± 0.029 −0.523 ± 0.061 0.1183 ± 0.082 0.379 ± 0.072

Ejaculate volume (ml) −0.267 ± 0.032 0.401 ± 0.029 0.026 ± 0.086 0.459 ± 0.067

Post-thaw motility (%) 0. 046 ± 0.020 0.003 ± 0.019 0.121 ± 0.013 0.166 ± 0.085

Theoretical number of semen doses per ejaculate 0.139 ± 0.024 0.161 ± 0.022 0.127 ± 0.013 0.180 ± 0.018

The italicized values in the table are repeatability estimates ± standard errors and placed in the diagonal cells of the table; correlations between bull
(genetic + permanent environmental) own effects ± standard error on the upper triangle; phenotypic correlations ± standard error on the lower triangle

Table 3 Univariate estimates of variance and repeatability estimates

Trait Phenotypic variance Bull variance Residual variance Repeatability estimates

Ejaculate volume (ml) 2.94 1.20 1.75 0.41 ± 0.029

Concentration (109/ml) 0.26 0.104 0.15 0.40 ± 0.029

Total sperm (109/ejaculate) 6.80 1.55 5.25 0.23 ± 0.021

Mass activity (scale of 0 to 5) 0.73 0.065 0.66 0.09 ± 0.010

Initial motility (%) 127.2 20.46 106.7 0.16 ± 0.016

Total motile sperms (109/ejaculate) 4.51 0.99 3.51 0.22 ± 0.020

Post-thaw motility (%) 19.86 2.33 17.52 0.12 ± 0.013

Total sperms after thawing (109/ejaculate) 2.21 0.52 1.68 0.24 ± 0.021

Theoretical number of semen doses produced 22,052.7 5239.8 16,812.9 0.24 ± 0.021
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desired profit. A measure such that the theoretical number
of semen doses produced per ejaculate (TNSDP) can help
to summarize the overall impact of the different semen
traits on overall semen output and to objectively compare
bulls’ performance.
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