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Genetic parameters for serial, automatically recorded milkability
and its relationship to udder health in dairy cattle
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Serial measurements of three milkability traits from two commercial dairy farms in Germany were used to estimate heritabilities
and breeding values (BVs). Overall, 6352 cows in first, second and third lactations supplied 2 188 810 records based on daily
values recorded from 1998 to 2003. Only the records between day 8 and day 305 after calving were considered. The estimated
genetic correlations between different parities within the three milkability traits ranged from ry = 0.88 to 0.98, i.e. they were
sufficiently high to warrant a repeatability model. The resulting estimated heritability coefficients were h? = 0.42 for average
milk flow, h? = 0.56 for maximum milk flow and h? = 0.38 for milking time. We analysed the genetic correlation between
milkability and somatic cell score (SCS) and between milkability and the liability to mastitis, respectively, as the optimum milk
flow for udder health is not well defined. There were 66 146 records with information on somatic cell count. Furthermore,
23488 days of medical treatment for udder diseases were available, resulting in 2 600 302 days of observation in total.
Heritabilities for the liability to mastitis, estimated with a test-day threshold model, were h? = 0.19 and h? = 0.13, depending
on the data-recording period (first 50 days of lactation and first 305 days of lactation, respectively). With respect to the
relationship between milkability and udder health, the results indicated a slight and linear correlation insofar as one can
assume: the higher the milk flow, the worse the udder health. For this reason, bulls and cows with high BVs for milk flow
should be excluded from breeding to avoid a deterioration of udder health. The establishment of a special data-recording
scheme for functional traits such as milkability and mastitis on commercial dairy farms may be possible according to these

results.
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Introduction

Although production traits are of primary economic impor-
tance, functional, cost-saving traits such as milkability and
udder health are of increasing interest to producers to
improve herd profitability (Groen et al,, 1997). At the same
time, the database for functional traits is currently scarce
(Rensing, 2005). One of the functional traits, milkability, is
of interest because of the interrelation to both labour
efficiency and udder health (Pérez-Guzman, 1984; Goft et
al., 1994). Increased milk flow and decreased milking time,
respectively, mean a decrease in labour required for milking,
and labour accounts for a large fraction of the total cost of
milk production (Lind, 2006). Lind (2006) calculated a mean
economic value for milkability of 2.42 Euro per genetic
standard deviation in German Holsteins. But a higher milk
flow is also associated with an increase in problems in
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terms of udder health (Grindal and Hillerton, 1991;
Boettcher et al,, 1998; Zwald et al., 2005). However, during
selection on milkability the known relationship to udder
health is often disregarded. The relationship between
milkability and udder health is comprehensible because
both trait complexes are linked to the anatomy of the teat
canal. Animals with a wider teat canal and sphincter on
average show a higher milk flow, but teat canals with a
greater diameter simultaneously facilitate access by
pathogens (Persson Waller et al., 2003). Other studies have
shown indications of the existence of a non-linear rela-
tionship between milking speed and udder diseases, insofar
as a medium milk flow is optimal with respect to sus-
ceptibility to mastitis (Luttinen and Juga, 1997; Roth et al.,
1998; Zwald et al, 2005). An increased incidence of
mastitis in slow-milking cows could be due to incomplete
milk-out or irritated teat ends because of extended milking
time. Thus, pooling the results of the literature, milkability
may have an intermediate optimum, because cows that
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milk too slowly will disrupt parlour flow and reduce milking
efficiency, but cows that milk too quickly may be at a higher
risk for mastitis.

Milkability is sufficiently heritable so as to make selective
breeding sensible. In the literature, heritabilities range
from h*=0.21 to h* =0.36 for average milk flow, from
K =021 to K =0.48 for maximum milk flow, from
K =0.16 to #* = 0.35 for milking time and from h* = 0.15
to i = 0.24 for subjectively scored milkability (Trede, 1987;
Goft et al, 1994; Bahr et al, 1995; Duda, 1995; Luttinen
and Juga, 1997; Boettcher et al., 1998; Santus and Bagnato,
1998; Rupp and Boichard, 1999). Interpreting the genetic
parameters from the literature, it is worth noting that the
data obtained for the respective estimations consisted of
singular measurements, i.e. the milkability was recorded
only once per animal and moreover, often subjectively.

In contrast, today some farms offer the possibility of
automatic recording of milk yield and thus provide serial
data on milkability traits such as milk flow and milking
time. Therefore, an uninterrupted milkability test over the
course of lactation is possible, meaning that there is
information concerning every day and every parity. In
previous studies, heritabilities were estimated for milkability
traits based on serial data ranging from K =0.003
to W =0.55 (Zwald et al, 2005, Gade et al, 2006;
Karacaoren et al., 2006).

The objective of this study was to examine the possibility
of using serial, automatically recorded milkability data from
commercial dairy farms for performance tests and sub-
sequent selection. Thus, estimations of variance compo-
nents and breeding values (BVs) were carried out using
data from two commercial dairy farms as an example. Three
milkability traits were evaluated. These were the average
milk flow rate, the maximum milk flow rate and the milking
time. A further objective was to assess the genetic corre-
lation between serially recorded milkability and udder
health traits such as monthly recorded somatic cell count
(SCC) and daily recorded mastitis to help define the
optimum range for milkability.

Material and methods

Data
Data were recorded on two large commercial dairy farms
with an overall number of 2000 milking German Holstein
cows. The farms were involved in a project to develop a
new data-recording scheme, with special focus on the
recording of functional traits. Data were collected from
February 1998 until September 2002 (farm 1) and from
February 1998 until December 2003 (farm 2), respectively.
Summarising the number of all dairy cows which pro-
vided the data over the years of recording, there were 6352
cows from 476 sires (Table 1); that is, an average of 13.3
daughters per sire. About 50% of the sires had 2 to 10
daughters and about 10% of them had 11 or more female
progeny. Pedigree information contained sires and dams as
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Table 1 Distribution of cows and sires of cows by lactation number

No. of cows No. of sires
Lactation 1 5277 321
Lactation 2 3557 358
Lactation 3 2357 384
Total 6352 476

far as three generations back, so in total, 10440 animals
were in the pedigree file.

Trait definition

Milkability. \nformation was available on three milkability
traits: average milk flow rate (kg/min), maximum milk
flow rate (kg/min) and total milking time (min). On farm
1, all cows were milked twice a day and traits were
recorded at every milking using automated units by
ALPRO-De Laval. On farm 2, a proportion of the cows
were milked thrice, the others were milked twice resulting
in two or three records per day from every cow and
the three milkability traits were also recorded at
every milking using automated units by METATRON-
WestfaliaSurge. In the present study, the milkability data
were recorded by two different milking equipment
manufacturers but were treated as the same trait.

Milkability traits per milking were pooled into daily
values for several reasons. One of them was the
reduction of the amount of data. In addition, in Germany,
the BV estimation for other traits, such as milk yield, fat,
protein and SCC, also uses daily values as an observation
unit. Genetic correlations to other important traits are
needed in the case of the inclusion of milkability in a
total merit index. Difficulties in the handling of the data
may appear during estimation of genetic correlations if
milkability information is available for every single milking
while data from other traits such as milk yield or SCC are
provided as daily averages.

The daily values with respect to milking time resulted
from summing the milking times from the single milkings
each day. The daily value for maximum milk flow rate
corresponded to the highest value for this trait recorded
during a single day. This decision was made because the
trait was used to characterise the maximum milk flow
that was achieved during the whole milking, and the
daily value for this trait had to be at least as high as that
in the single milkings of the day. The daily value for
average milk flow was attained by weighting the several
values per day with the respective milk yields.

The resulting dataset consisted of 2188810 daily
values for each trait. Only the records between day 8 and
day 305 after calving from first to third parity were
considered. Information on SCC was available monthly for
every cow. Original data from milk recording was cells
per ml milk and had to be transformed to get a standard
normal distribution. This logarithmic transformation to
the somatic cell score (SCS) was done according to the
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Table 2 Means and standard deviations (s.d.) of the three milkability
traits average milk flow, maximum milk flow and milking time and of
somatic cell score (SCS) in the study population

n Mean s.d.
Average milk flow (kg/min) 2188810 2.3 0.6
Maximum milk flow (kg/min) 2188810 4.0 13
Milking time (min) 2188810 12.9 4.1
SCS 66 146 3.0 1.6

international standard. Summary statistics of the dataset
are given in Table 2.

Mastitis. Medical treatments with respect to mastitis
were undertaken and recorded by veterinarians or farm
staff. The period of lactation was considered to have
started on the date of calving and ended after 305 days
of lactation, and again data were considered from first to
third parity. The mastitis data were obtained from the
same cows that provided the milkability data. Overall,
2600302 records were available; one observation per day
for each cow. Each observation was allocated a mastitis
code. If a treatment was recorded, the day of treatment
and the following 5 days were coded with ‘1. All other
days were coded with ‘0. The 5-day period was chosen
because it was the average time in which milk had to be
discarded.

Information on medical treatments of the cows was
used to define two different mastitis traits; namely
mastitis occurring between day 1 and day 50 of lactation
(mastitis 50d) and mastitis occurring between day 1 and
day 305 of lactation (mastitis 305d).

The estimation of the variance components and BVs
was carried out for both mastitis traits. Mastitis 50d was
chosen as most cases of mastitis occurred in the first 50
days of lactation (Figure 1) and to reduce the amount of
data and thus the computation time. The data-collecting
period for the second dataset ended at 305 days of
lactation, corresponding to the period during which
milkability was recorded.

The frequencies of days with treatments were between
0.7% and 1.2% for the first three lactations during the
first 305 days in milk, i.e. treatment days were between
0.7% and 1.2% of the test-days in the respective data-
recording period. Further summary statistics of the
mastitis dataset are given in Table 3.

Statistical analysis

Milkability. The significance of fixed effects on the
milkability traits was calculated by using the Mixed
Procedure (Statistical Analysis Systems Institute, 2000).
The following effects were tested for significance: parity,
day of lactation and herd test-day. Additionally, we tested
the effect of age at calving, as recommended by Hinrichs
et al. (2005). The effect of age at calving in our study
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Figure 1 Distribution of mastitis days in the first 305 days of lactation,
based on the first three lactations of 6352 cows.

Table 3 Mastitis prevalence in the first three lactations between the
day of calving and day 305 of lactation

Lactation
1. 2. 3.

Observation days 1195822 860749 543731
Treatment days

Absolute 8515 8489 6484

Relative 0.7% 1.0% 1.2%
Mastitis days

Absolute 20867 20094 15352

Relative 1.7% 2.3% 2.8%

was examined by subdividing each parity and including
the lactation number, with lactation numbers 1 and 2
each divided into three different classes: 1 (20 to 25
months), 2 (26 to 28 months), 3 (29 to 40 months) for
lactation 1, and 4 (30 to 39 months), 5 (40 to 43
months), and 6 (44 to 56 months) for lactation 2,
respectively. Age at calving class 7 (45 to 75 months)
corresponded with lactation 3. Variance components were
estimated by REML using the VCE 4 package (Neumaier
and Groeneveld, 1998). The variance component esti-
mations were performed within every milkability trait due
to the large amount of data and associated problems
with computation time.

In a first step, within every milkability trait the
following multitrait animal model was used, with the
milkability data from different parities assumed to be
different traits:

Yiim = K+ Dy +b1(D/c)+ ba(D/c)* + b3In(c/D)

+ ba[In(c/D)* + a + pe; + €m, M

where yjm = average milk flow rate from parities 1 to 3,
maximum milk flow rate from parities 1 to 3 and milking
time from parities 1 to 3, respectively, « = mean,
D;=effect of herd test-day (j=1-5388), a,=random

additive genetic effect (k=1-10440), pe,=random
permanent environmental effect to account for repeated
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measures within cow (/=1-6352) and ey, = random
error. Following Ali and Schaeffer (1987), the stage of
lactation was considered as a regression with four
coefficients. by and b, are regression coefficients on the
linear and quadratic effect of the ratio D/c, in which D is
the day in lactation and c is a constant, in this case
c=325. b; and b, are regression coefficients on the
linear and quadratic effect of In(c/D). The effect of the
herd test-day is a multicode of the test-day, the farm and
the milking frequency to consider the environmental
effect of the farm on each day. Cows milked thrice a day
within farm 2 were allocated another herd test-day
compared with the cows milked only twice a day.

In a second step, the following animal repeatability
model was applied assuming that milkability was equally
genetically determined in different parities:

Yigim = 1+ Lj + D; + bjs(D /) +bia(D/¢)* + bz In(c/D)
+ biln(c/D)F + a + pe + €jim, (2)

where yjim = average or maximum milk flow rate (kg/
min) or milking time (min), «=mean, L;=effect of
parity (i=1-3), D;= effect of herd test-day (j= 1-5388),
ar=random additive genetic effect (k= 1-10440),
pe;= random permanent environmental effect to account
for repeated measures within cow (/=1-6352) and
ejikim = random error. Following Ali and Schaeffer (1987),
the stage of lactation was considered as a regression
with four coefficients within parity. b; and b, are
regression coefficients on the linear and quadratic effect
of the ratio D/, in which D is the day in lactation and ¢
is a constant, in this case ¢=325. bz and by are
regression coefficients on the linear and quadratic effect
of In(¢/D). The fixed effects included in the models 1 and
2 were chosen in reference to a previous study (Gade et
al, 2006) and because they were significant in the
analysis of variance. For the SCS, model 2 was applied
with 165 herd test-days (j=1 to 165), 10009 additive
genetic effect levels and 5909 permanent environmental
effect levels.

The genetic correlations between the milkability traits
and between the milkability traits and SCC were
estimated bivariately.

BVs for the milkability traits were estimated by using the
PEST software package (Groeneveld, 1990) with model 2.

Mastitis. ~ Variance components for mastitis were
analysed univariately using a threshold animal model. In
the model, an unobservable normally distributed variable
(liability) is assumed for each observation. When the
liability exceeds a certain threshold, the outcome of the
trait falls into the next category (Falconer and Mackay,
1996). It was assumed that mastitis was the same trait
each day of lactation in all lactations, and following
Hinrichs et al. (2005) the animal repeatability test-day
model given below was chosen:

Liim = Hi + P + fjomy + pc + a + Ejiim
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where A jum = the unobservable liability to mastitis of the
respective observation, H;=the fixed effect of the ith
herd test-week of observation, P;= the fixed effect of the
Jth parity, fipoimy = the lactation curve nested within parity
J, Px = the random permanent environmental effect of the
kth cow, a,=the random effect of the /th animal and
ejiim = the residual effect. fipy) is a fixed effect for the
first 7 days of lactation. After the seventh day of
lactation fipw) is identical to the function used by Ali and
Schaeffer (1987). Similar to the model for the milkability
traits, the herd test-week was included instead of the
herd test-day. Due to the large average herd size,
the fixed effect of herd test-week of observation had no
extreme categories, i.e. fixed effect levels with no
variation with respect to mastitis.

The Bayesian posterior distributions of the permanent
environmental variance and the additive genetic variance
of the liabilities for the different traits were determined
through Gibbs sampling as implemented in the program
LMMG_MTH (Reinsch, 1996). The liability values were
generated by data augmentation, as described by
Sorensen et al. (1995), drawing random variables from
truncated normal distributions, which are conditional upon
the other fixed and random effects in the model.

The Gibbs sampler was run in a single, long-chain
scheme. The sampler ran 100000 rounds. Convergence
was determined by visual inspection. The results of the
first 30000 iterations were discarded (burn-in), and
the remaining iterations were used to estimate the
variance components. The posterior mean of the additive
genetic variance and the permanent environmental
variance were estimated as the mean of all iteration
estimates, following Sorensen et al. (1995). For the
estimation of BLUP BVs, the same Gibbs sampling
algorithm was used a second time, but the variance
components were kept fixed at their estimated values.
The posterior mean of the random animal effects
provided estimates of BVs on the liability scale. The
reliabilities for the BVs (R) were estimated by

R =1—PEV,;/d?,
where PEV;=the predicted error variance of animal |,
which was approximated by the variance of the estimated
iteration animal effects and o?, = the posterior mean of
the additive genetic variance. The BVs on the underlying
liability scale were transformed to the phenotypic scale
using

pi = @ (u+ BV,

where p; = the probability that animal i shows mastitis at
day x, @ (.) = the cumulative probability function of the
standard normal distribution, = the probit function
corresponding to the mean liability of mastitis and
BV;= the predicted BV on the liability scale for mastitis
of animal i. BV for mastitis and SCS were multiplied by
(—1) such that higher breeding would represent better
udder health.
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The relative breeding values (RBVs) with a mean of
100 and a true standard deviation of 12 for all traits for
animal 7/ were calculated with the following formula:

RBV; = breeding value; /a2 x 12 + 100.

The reference population for standardisation of BVs were
the base animals of the pedigree.

Correlation between milkability and mastitis

Pearson correlation coefficients were calculated between
the respective BVs of the sires for average milk flow and
mastitis 50d and mastitis 305d. Product-moment correla-
tions between BVs are strongly influenced by reliability. This
kind of correlation is likely to be lower in magnitude than
directly estimated genetic correlations. Therefore, the esti-
mated Pearson correlation coefficients were approximated
to genetic correlations by considering the reliabilities of the
BVs as proposed by Blanchard et al. (1983):

J(Em) (o)

rg12 = n
(Z R1iR2i>

i=1

X I,

where n was the number of sires with observations, and R,
and R, were the reliabilities of the BV of the respective
milkability trait and the respective mastitis trait, and r, ,
was the Pearson correlation between the BVs.

Furthermore, the predicted BV for average milk flow
and SCS (Figure 2) and for average milk flow and mastitis
(Figure 3), respectively, were illustrated graphically. Addition-
ally, the milk flow BVs of the sires were divided into four
dlasses and the corresponding mean BVs for SCS and mastitis
were calculated. Both were supposed to give information
about a potential non-linearity between the functional traits
milk flow and udder health.

Results

Choice of the model
Milkability. We tested the effect of age of calving. As the
different ages of calving within parity did not show an
influence on the milkability traits (Figure 4), the model was
simplified and therefore only included the effect of parity
instead of the effect of age at calving. According to the
lactation curves for milkability, an interaction between parity
and stage of lactation was observed. The lactation curves
for the milk flow (Figure 4) were almost constant in the hei-
fers and decreasing in the cows of second and third parity.
An intersection of curves of heifers and cows appeared.
Therefore, the interaction between the stage of lactation and
cow parity should be considered in models for genetic
analysis of milkability traits. Vicario et al. (2006) showed
similar lactation curves for first parities v. other parities.
Applying a multiple trait model within the three
milkability traits (model 1) resulted in genetic correlations
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Figure 2 Breeding values for average milk flow and somatic cell score
(SCS) (all sires: n= 465).
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Figure 3 Breeding values for average milk flow and mastitis 50 days (all
sires: n=419).

between different parities of r;=0.88 to 0.98. These
genetic correlations were sufficiently high to warrant a
repeatability model (Table 4).

Variance components

Milkability. The computed heritabilities (Table 5) were at
a high level with H* =042 for average milk flow,
K =056 for maximum milk flow and h*=0.38 for
milking time. The genetic correlation coefficients between
the milkability traits (Table 5) were r,=0.91 bet-
ween average and maximum milk flow, r,=—0.77
between average milk flow and milking time and r,=
—0.84 between maximum milk flow and milking time.

Mastitis. The estimated additive genetic variance and
heritability from the 305 test-day model were lower
compared with the estimates from the 50 test-day model
(Table 6). The respective heritability estimates were
K =0.13 and 0.19.

Breeding values

The mean RBV for the milk flow traits (average and maxi-
mum milk flow) of the sires were greater than 100, and the
RBV for the udder health traits (SCS, mastitis 50d and
mastitis 305d) were lower than the mean RBV of the base
animals (Table 7).
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Figure 4 Development of the average milk flow (kg/min) for the different calving age classes, with classes 1 to 3 corresponding to first parity, classes 4 to

6 corresponding to second parity and class 7 corresponding to third parity.

Table 4 Genetic correlations (with standard errors in parentheses)
between the three milkability traits (average milk flow, maximum
milk flow and milking time) in the first three lactations in 6 352
German Holstein cows

Average Maximum

milk flow milk flow Milking time
Lactation 1-2 0.91 (0.01) 0.97 (0.00) 0.93 (0.01)
Lactation 1-3 0.88 (0.01) 0.93 (0.01) 0.92 (0.01)
Lactation 2-3 0.95 (0.01) 0.98 (0.01) 0.97 (0.01)

Another possibility is to express the BVs on the pheno-
typic scale. These can give an idea of the scope for genetic
improvement by selection. An RBV for example of 100 for
mastitis 50d corresponds to a BV of 4.9% on the phenotypic
scale . This expected value means that 4.9% of all days in
milk of the respective animal could be coded as mastitis-
positive according to our definition of mastitis. Figure 5
illustrates the variation of the sires’ predicted BVs on the
phenotypic scale for mastitis 50d. They vary from 0% for
the best sire to up to 43% for the worst.

Relationship between milkability and udder health
The genetic correlation coefficients were r, = 0.35, 0.38 and
—0.24, respectively, between SCS and the milkability traits
average milk flow, maximum milk flow and milking time
(Table 5), indicating that cows which milk more quickly also
tend to show higher SCS. The approximated genetic corre-
lation coefficients between the three milkability traits and
mastitis 50d and mastitis 305d (Table 8) indicated that a
higher milk flow and a shorter milking duration, respectively,
are associated with an increased susceptibility to mastitis.
Figure 6 presents the corresponding mean BVs for SCS,
mastitis 50d and mastitis 305d in the various categories of
average milk flow BVs. The mean BVs for all three udder-
health traits decreased with increasing milk flow.
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Discussion

Choice of the model

Milkability. Because existing  milkability  information
generally only consists of singularly recorded milkability
from the first parity, to our knowledge, little is known in
the literature about the genetic correlation between
milkability in different parities. That is why applying a
multiple trait model (model 1) was performed to test
whether the milkability should be considered as different
traits in different parities. The genetic correlations
between different parities within the three milkability
traits were shown to be sufficiently high to warrant a
repeatability model (Table 4). Therefore, when estimating
BVs for milkability, using the information out of first
parity only may be sufficient, thus resulting in a shorter
generation interval.

Longitudinal data as in the present study consist of
repeated observations across time and allow the investi-
gation of time-dependent fixed and random effects.
Analysing test-day yields by random regression metho-
dology results in stage-of-lactation-specific heritabilities
and genetic correlations and it is intended that these
results will be published at a later date.

Mastitis. It is of interest to study whether mastitis can
be considered to be the same trait in first and later
lactations. Genetic correlations much lower than 1
indicate that mastitis cannot be regarded as the same
trait in different stages of lactation or in different
lactations. This implies that a multivariate threshold
model treating mastitis in different stages of lactation as
different traits may be required for genetic evaluation.
Few estimates of genetic correlations between
susceptibility to mastitis in different lactations have been
reported (Heringstad et al, 2004) and these estimates
differ from each other. Some studies have found high
genetic correlations among parities, implying the use of a
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Table 5 Heritabilities (on the diagonal), permanent environmental correlations (above the diagonal) and genetic correlations (below the diagonal)
with their standard errors in parentheses for the three milkability traits average milk flow, maximum milk flow and milking time and for somatic

cell score (SCS) in 6352 German Holstein cows

m @ ®3) (4)
(1) Average milk flow (kg/min) 0.42 (0.02) 0.82 (0.01) —0.51 (0.02) —0.17 (0.03)
(2) Maximum milk flow (kg/min) 0.91 (0.01) 0.56 (0.02) —0.35 (0.01) —0.03 (0.02)
(3) Milking time (min) —0.77 (0.02) —0.84 (0.02) 0.38 (0.05) 0.01 (0.03)
(4) SCS 0.35 (0.05) 0.38 (0.05) —0.24 (0.05) 0.11 (0.01)

Table 6 Posterior means (standard deviations in parentheses) of
additive genetic (o%,) and permanent environmental variance (o*zpe),
heritabilities (h?) and repeatabilities (w) of mastitis based on 50 and
305 days of lactation

o, P pe H wh
Mastitis 50d*  0.93 (0.14) 2.98 (0.16) 0.19 (0.03) 0.80 (0.01)
Mastitis 305d* 0.33 (0.05) 1.25 (0.06) 0.13 (0.02) 0.61 (0.01)

W= (02t P (0P gt P pet %), 0P Was set 1o 1.
*Mastitis until day 50 (50d); mastitis until day 350 (305d).

Table 7 Relative breeding values (RBV) of sires and corresponding
reliabilities for the three milkability traits average milk flow, maximum
milk flow and milking time, for somatic cell score (SCS) and for
mastitis until day 50 (mastitis 50d) and day 305 of lactation (mastitis
305d)

Mean

Trait n Mean sd. Min. Max. reliability (%)

Average milk flow 476 108.6 8.2 80.0 1373 54.3
Maximum milk flow 476 101.4 8.1 71.3 1275 58.5

Milking time 476 989 7.7 78.1 152.6 53.1
SCS 465 988 7.0 73.0 1283 39.0
Mastitis 50d 419 996 7.0 81.1 125.1 343
Mastitis 305d 472 95.8 125 55.6 1495 345

0.50
0.45
0.40
0.35 s
L4

0.30 .

L4
0.25 ;
0.20
0.15
0.10
0.05
0.00

Breeding value mastitis 50 d

0 50 100 150 200 250
Number of sire

Figure 5 Predicted breeding values for mastitis until day 50 of lactation
(mastitis 50d) expressed on the phenotypic scale for sires with at least five
daughters (n = 249).

repeatability model, and others have obtained estimates
suggesting interval-specific genetic control of resistance
to mastitis. Nielsen et al. (1999) estimated genetic
correlations between mastitis in the first three lactations
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Table 8 Pearson correlation coefficients (rgy) and approximated
genetic correlations (ty) between relative breeding values (RBV) for
the three milkability traits average milk flow, maximum milk flow and
milking time and for mastitis until day 50 (mastitis 50d) and day 305
of lactation (mastitis 305d)

Sires with at least 10 daughters

Mastitis Mastitis
50d (143 sires) 305d (154 sires)
I'gy rgf I'gy rgf
Average milk flow —0.08 —-0.15 —0.16 —0.30
Maximum milk flow -0.23 -0.33 —-0.21 -0.29
Milking time 0.18 0.26 0.15 0.21

*Corrected for reliabilities according to Blanchard et al. (1983).

8 106 W Mastitis 50 d
g
= 104 ENe
B O Mastitis 305 d
g 102
3 I
S 100
8
3 98 —
=
-
o0 96
=
5
8 94
=)
(5]
zZ 92
=
A
S 90
g
= 88
<100 100-108 108-116 >116
(n=47 sires) (n=147 sires) (n=141 sires) (n=84 sires)

Relative breeding value for average milk flow

Figure 6 Mean relative breeding value (RBV) for the three udder-health
traits somatic cell score (SCS), mastitis until day 50 of lactation (mastitis
50d) and mastitis until day 305 of lactation (mastitis 305d) by the
category of RBVs for average milk flow in all sires (n = 419).

in Danish Holsteins to be between 0.85 and 0.98. P§so
and Mantysaari (1996) found genetic correlations ranging
from 0.67 to 0.90 between mastitis in the first three
lactations in Finnish Ayrshire. Lund et al. (1999) found
genetic correlations of 0.89, 0.80 and 0.67 between
clinical mastitis in early lactation (=10 to 50 days after
first calving) and in the periods 50 to 180 days, 180 to
350 days and 50 to 350 days after first calving,
respectively.

Heringstad et al (2004) found genetic correlations of
liability to mastitis between intervals ranging between 0.24
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and 0.73 and Zwald et al (2006) estimated genetic
correlations between mastitis resistance in the first three
lactations ranging from 0.42 to 0.49, indicating that mastitis
resistance may be a genetically different trait in the first
lactation vs. later lactations or at different intervals.
Following Hinrichs et al (2005) and a large part of
the literature, a repeatability model was chosen in the
present study, meaning mastitis was assumed to be the
same trait at each day of lactation and in all lactations.

Variance components

Milkability. The computed heritabilities (Table 5) were at
a high level for average milk flow, maximum milk flow
and milking time. Selection for good milkability thus
seems to have promise. In a previous study (Gade et al.,
2006), the heritabilities estimated based on daily values
for serial milkability from an automatic milking system
were W =055 for average milk flow, h>=0.55 for
maximum milk flow and A = 0.39 for milking time, thus
being similar to the respective estimates from the present
study. In contrast, estimates for serially recorded milking
speed from Karacadren et al. (2006) using daily test-day
random regression methodology were considerably lower
varying from H* = 0.003 to h?: 0.098 for day 1 to day
305 of lactation. However, the sample size was low
(n=320 cows). Zwald et al. (2005) estimated a
heritability of #*=0.17 for serially recorded milking
duration. In the present study, the higher heritabilities can
be explained by more standardised environmental
conditions existing on the farms. The genetic correlation
coefficients between the milkability traits (Table 5) were
similar to the respective estimates from the study of
Gade et al. (2006) (r,=0.97, —0.90 and —0.85,
respectively). The correlation coefficients were close to
unity and indicated that selection based on one of the
three milkability traits may be sufficient.

Mastitis. The estimated additive genetic variances and
heritabilities from the 50 and the 305 test-day models
suggested that mastitis in earlier stages of lactation when
the cows are facing high physiological demands was
more related to the cows’ genetic character, whereas
mastitis in the later phases of lactation was more
affected by random, genetically unrelated events. In
consequence, it may be recommendable to consider the
information on mastitis in the first 50 days of lactation, in
order to select cows with lower susceptibility to mastitis.
The first 50 days of lactation have the advantage that
most cases of mastitis occur in this stage of lactation
(Figure 1). Additionally, the BVs for mastitis in early
lactation will be available earlier than those for mastitis
in the whole lactation.

Breeding values
The average BV at the base of the population is equal to
zero and the corresponding RBV is 100. By looking at the
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mean BVs of the sires, it is possible to discover a positive or
negative selection gain. For the milkability traits, the mean
BVs of the sires indicated a selection gain insofar as the
bulls showed the genetic disposition for higher milk flow
and shorter milking duration. The higher milk flow could be
partly a result of selection for a higher milk yield as the
genetic correlation between milk yield and average milk
flow is positive (Trede, 1987; Bahr et al., 1995; Santus and
Bagnato, 1998). We estimated a distinct positive genetic
correlation between milk yield and average milk flow of
r,=0.51 in a previous study (Géade et al., 2006). Accord-
ingly, Vicario et al. (2006) observed a genetic improvement
of milkability that amounted to about half a standard
deviation in 10 years in Italian Simmentals. In contrast, the
mean RBV of lower than 100 for the udder health traits SCS,
mastitis 50d and mastitis 305d in Table 7 indicated a
slightly negative selection progress; that is, the daughters
of the bulls may exhibit an udder health below the base
population mean. This supports the importance of con-
sidering udder health to a greater extent in selection
processes. In a study by Heringstad et al. (2004) with
Norwegian dairy cattle, a genetic improvement in resistance
to mastitis after 1986 was shown as a result of taking into
account mastitis resistance in Nordic breeding programmes
in Norway, Sweden, Finland and Denmark for many years.

The variation of the sires’ predicted BVs on the pheno-
typic scale for mastitis 50d in Figure 5 gives an impression
of the scope for genetic improvement by selection. Figure 5
indicated that there is a considerable scope for selection on
mastitis.

Relationship between milkability and udder health
Looking at the genetic correlation coefficients between SCS
and the three milkability traits in Table 5 and the approxi-
mated genetic correlation coefficients between the three
milkability traits and mastitis 50d/305d in Table 8, a higher
milk flow and a shorter milking duration, respectively, seem
to be associated both with increased SCCs and with
increased susceptibility to mastitis.

In case of the existence of a non-linear relationship
between milkability and udder health, the correlation
coefficient may not be capable of reflecting the relationship
satisfactorily (Roth et al, 1998). Therefore, the respective
predicted BVs were illustrated graphically. The graphic
illustration of the distribution of the predicted BVs for
average milk flow and SCS (Figure 2) and of the predicted
BVs for average milk flow and mastitis 50d (Figure 3)
suggested a linear relationship between milkability and
udder health.

The classes of average milk flow BVs in Figure 6 did not
have 100 as their mean, which may appear confusing. This
came about because we considered the increased mean of
the sires’ BVs for average milk flow (Table 7). The bar graph
in Figure 6 also demonstrated a linear relationship between
milkability and udder health, indicating that the higher the
BVs for milk flow, the lower the BVs for SCS, mastitis 50d
and mastitis 305d. Roth et al. (1998) divided the milk flow
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traits into classes also and the respective least-square
means for the udder-health traits SCC and bacteriological
diagnosis were assigned to the milk flow classes. The
authors obtained an indication of the existence of a cow-
specific optimal range of milkability, highlighting a non-
linear relationship between milkability and udder health.
Zwald et al. (2005) divided sires into three groups based on
the predicted transmitting abilities (PTA) for milking dura-
tion and found that sires transmitting shorter milking
duration tended to transmit higher SCS. With respect to
mastitis, the authors found a non-linear relationship
because the probability of clinical mastitis among daughters
was slightly higher for sires that transmitted extremely fast-
or slow-milking speeds, but the relationship was not sig-
nificant. In agreement with the present study, Rensing and
Ruten (2005) showed an unfavourable genetic correlation
between the RBV for milking speed and SCS, with an
approximated genetic correlation of 0.23, and over the
whole range of classes of relative BVs, RBV for milking
speed and SCS were almost linearly correlated.

Because of the positive genetic correlation between milk
yield and average milk flow (Gade et al, 2006) and the
generally accepted unfavourable genetic correlation between
milk yield and mastitis (Hinrichs et al, 2005), further selec-
tion for higher milk yield may be accompanied by an increase
in milk flow and a deterioration in udder health. The average
RBV of the sires in the present study, showing a higher milk
flow and poorer udder health compared with the population
mean, may be in line with the issue described.

So far, the main objective of the genetic evaluation of
milkability has been to improve labour efficiency (Dodenhoff
et al, 1999) since more than half of the work in milk pro-
duction is needed for milking. But in view of the relationship
to udder health and the increasing focus on functional traits,
the future main objective of the genetic evaluation of milk-
ability may be to contribute to an improvement in udder
health, by avoiding excessively high milk flow rates. A
medium milk flow rate may be favoured, which means that
neither slow- nor very fast-milking cows are wanted. It is
suggested that animals with a high milkability should be
excluded from breeding in order to prevent a probable
genetic deterioration in udder health.

The results show that the establishment of a special data-
recording scheme for functional traits such as milkability
and mastitis may be possible on commercial dairy farms.
Such data-recording would lead to large field datasets that
could be used for the estimation of genetic parameters and
BVs. The establishment of data-recording schemes should
proceed stepwise. In a first step, potential data-recording
farms would have to be selected. These farms would have
to fulfil several requirements. They ought to be as large as
possible, and farm management, farm staff, and veterinar-
ians would have to be interested in the data-recording
scheme. Furthermore, all farms would require computer-
based herd management programs. The same bulls should
be used for artificial insemination across the data-recording
farms to ensure a genetic connection between the farms. In
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line with this, Zwald et al. (2006) demonstrated the
potential usefulness of farmer-recorded clinical mastitis
data in selection programmes. In the near future, an indi-
vidual breeding company may be able to collect mastitis
data from a subset of large herds that have the appropriate
software and tend to record clinical mastitis cases diligently.
This kind of performance test presents a future solution for
the handling of functional traits in breeding, such as milk-
ability and mastitis. Such testing allows additional traits to
be recorded on large farms according to the future pro-
duction environment and offers a good return on the input
of supervision for information gained.

Methods for recording and storing the milkability data
can differ between different milking equipment companies
and different herd management software programs, thus
creating inconsistencies in the type of the data that are
available from different herds. If the genetic correlations are
sufficiently high, differently recorded milkability information
may be treated as the same trait. In the present study, the
milkability data from the two farms were recorded from two
different milking equipment manufacturers and were
equivalently used for trait definition. In case of low genetic
correlations, the serial milkability that is collected by dif-
ferent techniques and diverse manufacturers must be
treated as different traits in a multitrait model. The chal-
lenge is to implement new standards for data-recording and
exchange. To establish new standards, great efforts will be
needed on behalf of the breeding organisations because
neither the management software suppliers nor the milk
recording organisations are currently interested in investing
in this field (Rensing, 2005). Following the approval of
devices for milk yield recording by ICAR, it may be desirable
to introduce an adequate approval of equipment for milk-
ability recording.

Conclusions
The database used in this study was large and of high quality.
A comparable investigation with this kind of database has
not, to our knowledge, been previously performed. Serial
information was available for every cow and for every day
from multiple years on milkability and additionally on mas-
titis. The information came from practical farms with a genetic
connection since the bulls had been used on both farms.

The high heritabilities for the milkability traits confirmed
the outcome of a recent study (Gade et al, 2006) that
inclusion of milkability in breeding schemes may be
advantageous. Because of the relationship with labour
efficiency and udder health, it may be recommendable to
consider milkability in breeding decisions. An attempt
should be made to exclude those cows with low or high
milk flow from breeding to achieve a more uniform milking
duration among the cows and simultaneously to avoid
deterioration in udder health. Thus, milkability has an
intermediate optimum.

Concerning the question of whether the milkability
information recorded by different milking equipment
companies and different herd management software
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programs can be treated as the same trait, it may be
desirable to introduce an adequate approval of equipment
for milkability recording by ICAR, in the same manner as the
approval of devices for milk-yield recording.

The results show that the establishment of a special
data-recording scheme for functional traits such as milk-
ability and mastitis on commercial dairy farms may be
possible.
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