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ABSTRACT

Genetic (co)variances between body condition score
(BCS), body weight (BW), milk yield, and fertility were
estimated using a random regression animal model
extended to multivariate analysis. The data analyzed
included 81,313 BCS observations, 91,937 BW obser-
vations, and 100,458 milk test-day yields from 8725
multiparous Holstein-Friesian cows. A cubic random
regression was sufficient to model the changing ge-
netic variances for BCS, BW, and milk across different
days in milk. The genetic correlations between BCS
and fertility changed little over the lactation; genetic
correlations between BCS and interval to first service
and between BCS and pregnancy rate to first service
varied from —-0.47 to —0.31, and from 0.15 to 0.38,
respectively. This suggests that maximum genetic
gain in fertility from indirect selection on BCS should
be based on measurements taken in midlactation
when the genetic variance for BCSis largest. Selection
for increased BW resulted in shorter intervals to first
service, but more services and poorer pregnancy rates;
genetic correlations between BW and pregnancy rate
to first service varied from —0.52 to —0.45. Genetic
selection for higher lactation milk yield alone through
selection on increased milk yield in early lactation is
likely to have a more deleterious effect on genetic
merit for fertility than selection on higher milk yield
in late lactation.
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ity, random regression)
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L0 = random regression model with only the linear
intercept term included, L1 = linear random regres-
sion model, L2 = quadratic random regression model,
L3 = cubic random regression model, NAHF = North
American Holstein Friesian, NS = number of services
per cow, PR63 = pregnant 63 d after the start of the
breeding season, PRF'S = pregnancy rate to first ser-
vice, RRM = random regression model.

INTRODUCTION

Fertility in dairy cattle is strongly influenced by
both the extent and duration of negative energy bal-
ance (Butler et al., 1981; Butler and Smith, 1989).
However, energy balance is difficult to measure in
large populations, leading to increased interest in
other traits (BCS, BW, and milk yield), which may be
indicators of energy balance (Coffey et al., 2001) and
may be subsequently related to the health and fertility
status of an animal. However, the genetic correlation
between an indicator trait and fertility may differ de-
pending on the stage of lactation when the indicator
trait is measured. This hypothesis can be tested by
treating indicator traits measured at different stages
of lactation as separate, yet not mutually exclusive
traits. Multivariate analyses and covariance functions
provide a method of treating longitudinal traits mea-
sured at different stages of lactation as separate traits
with a correlation structure between them.

Previous studies using multivariate analyses sug-
gest favorable genetic correlations between fertility
with BCS (Dechow et al., 2001; Pryce et al., 2001,
Royal et al., 2002; Berry et al., 2003) and antagonistic
genetic correlations between fertility and milk yield
(Hoekstra et al., 1994; Grosshans et al., 1997; Royal
et al., 2000; Pryce et al., 2001; Roxstrom et al., 2001;
Evans et al., 2002). Pryce et al. (2001) reported nega-
tive genetic correlations between average BCS and
calving interval (-0.36), days to first heat (-0.41), and
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days to first service (-0.54). Veerkamp et al. (2000)
reported that animals with a high genetic merit for
BW tended to commence luteal activity earlier. Ge-
netic correlations estimated between BW and other
fertility measures suggested that genetically heavier
cows had poorer pregnancy rates and required more
services (Berry et al., 2003). Many of the above studies
(Pryce et al., 2000; Veerkamp et al., 2000; Dechow et
al., 2001; Berry et al., 2003) showed correlations of
varying strength depending on when during lactation
the indicator trait was measured, although in most
cases the direction of the correlations remained rela-
tively constant.

Covariance functions provide alternatives to multi-
variate analyses and may be considered as infinite-
dimensional equivalents to covariance matrices for a
given number of traits across a continuous scale (e.g.,
lactation). Meyer (1998) showed that covariance func-
tions could readily be estimated with a random regres-
sion model incorporating orthogonal polynomials.
Random regression models have previously been ap-
plied to describe the (co)variances of BCS (Koenen and
Veerkamp, 1998; Jones et al., 1999; Veerkamp et al.,
2001), BW (Koenen and Veerkamp, 1998; Veerkamp
and Thompson, 1999), DMI (Koenen and Veerkamp,
1998; Veerkamp and Thompson, 1999), and milk yield
(Jamrozik and Schaeffer, 1997; Rekaya et al., 1999)
over a lactation. However, very few studies are avail-
able (Veerkamp et al., 2001) that estimate the genetic
correlations between a longitudinal trait (i.e., BCS,
BW, and milk) and fertility using a random regression
model extended to a multivariate analysis. The data-
set used in the present study is relatively unique in
that it contains a large number of animals with a
relatively large number of BCS and BW records per
animal across 2 yr. Hence, this dataset is particularly
suited to the estimation of correlations between fertil-
ity with BCS, BW, and milk yield treated as longitudi-
nal traits.

The objectives of the present study were to estimate
using random regression models the (co)variances of
BCS, BW, and milk yield over a lactation, and subse-
quently to estimate the genetic correlations between
each of the three longitudinal traits with fertility by
extending the random regression model to a multivari-
ate analysis. This will provide an indication of how the
genetic correlations between each of the longitudinal
traits and fertility may differ depending on the stage
of lactation when the longitudinal trait is measured.

MATERIALS AND METHODS

This study, carried out over 2 yr (1999 and 2000),
was composed of 78 spring-calving dairy herds (74
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Table 1. Number of records for BCS, BW, and milk yield at different
days of lactation (DIM).

DIM/Trait BCS BW Milk
1-50 23,161 25,745 13,195
51-100 18,569 21,207 20,126
101-150 13,674 16,579 20,262
151-200 9760 12,844 19,524
201-250 4441 6802 17,807
251-300 4789 3724 9544
301-350 6919 5036

Total 81,313 91,937 100,458

commercial and 4 research herds) in the south of Ire-
land with a potential 8928 spring-calving cows avail-
able for inclusion in the dataset. Herd size ranged
from 30 to 240 cows. All herds were incorporated into
the dairy management information system
(DairyMIS) run by Moorepark (Crosse, 1986). The
DairyMIS is a recorder-based computerized system
collecting detailed stock, farm inputs, production, and
reproduction information on a monthly basis.

Animal Traits

A total of 8499 cows from 76 herds had recorded
spring calving dates and one or more BCS (scale 1 to
5) or BW records, whereas 8767 cows from 78 herds
had recorded spring calving dates and one or more
milk records. Berry et al. (2002) explains the recording
of each trait in more detail. Trained Teagasc personnel
visited the farms up to 9 times per year. Visits were
carried out at two and a half to four weekly intervals,
with visits being more frequentin early lactation. Dur-
ing visits, all cows in the herd were recorded for BW
and BCS. Only records between calving and 350-d
postpartum were included in the analysis for BCS and
BW. Because the average lactation length in Ireland
is around 270 d (Irish cattle breeding statistics, 2002),
there were only 885 milk test-day records after 300 d
of lactation. It is for this reason that only records
between calving and 300-d postpartum were included
in the analysis for milk production. The total number
of test-day records included in the analysis were:
81,313 for BCS, 91,937 for BW, and 100,458 for milk
yield (Table 1).

Four fertility variables similar to those used inter-
nationally (Grosshans et al., 1997; Veerkamp et al.,
2001; Evans et al., 2002) were calculated: interval
to first service (IFS), pregnancy rate to first service
(PRFS), number of services per cow (NS), and preg-
nant 63 d after the start of the breeding season
(PR63). The start of the breeding season for each herd
was defined as the first service date recorded in that
herd; start of breeding dates were available for both
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years of the study. Pregnant 63 d after the start of
breeding was chosen to identify cows that conceived
relatively early in the breeding season, an attribute
conducive to a successful compact spring calving sys-
tem. We identified first service records for a total of
8315 cows. In Ireland, most farmers use artificial in-
semination for the first 6 wk of the breeding season
and natural mating thereafter. During the breeding
season, 92% of farmers observed cows more than twice
daily for estrus, whereas 99% of farmers used tail
paint and/or a vasectomized bull as an aid to estrous
detection. This facilitated accurate recording of all ser-
vices. Beginning 40 to 50 d after the start of the breed-
ing season, all herds were visited on three or four
occasions, at approximately 40-d intervals, to perform
pregnancy diagnosis by transrectal ultrasound im-
aging (Aloka 210D *II, 7.5 MH3, Aloka Co. Litd, Tokyo,
Japan). Cows inseminated for at least 28 d and subse-
quently not observed in estrus were scanned to confirm
pregnancy. Subsequently, all cows in the study were
determined to be pregnant or not by rectal palpation
of the entire herd at least 56 d after the end of the
defined breeding season. Hence, all cows were serviced
at least 56 d. No pregnancy diagnosis was carried out
thereafter as part of the study. Further losses beyond
this point were not considered.

The proportion of North American Holstein-
Friesian (NAHF) genetics for each sire/maternal
grand sire present in the dataset was calculated as
outlined by Berry et al. (2002). The percentage of
NAHF genes in the cows within the present study
varied from 0 to 75%; average NAHF percentage was
51%. Berry et al. (2002) explains the pedigree informa-
tion for the animals in the study in more detail. The
additive genetic relationship matrix consisted of
20,699 animals.

Data Analysis

(Co)variances within traits. Genetic (co)vari-
ances within each of the three longitudinal traits
(BCS, BW, and milk yield) were estimated using AS-
REML (Gilmour et al., 2003). The models used were
progressively built up from a univariate analysis
treating the longitudinal trait at different stages of
lactation as separate traits, to a multivariate analysis
and subsequently a random regression model. How-
ever, the univariate analysis within different lactation
stages compared poorly with the random regression
model analysis, and therefore only multivariate analy-
ses were subsequently performed.

The following linear animal model was used for the
multivariate analyses within traits:
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where:
Yiizmp = observation for trait p on ani-
mal i,
HYTD, = fixed effect of herd by year by
) test-day (j = 3168),
; = fixed effect of a quadratic poly-
2 b;Hol . .
nomial regression on the per-
centage of North American
Holstein-Friesian genes in ani-
mal i,
[10 ]: Fixed effect of parity by days
lk X

=1

Z b; DIM' | in milk interaction (& = 1, 2, 3,
I=1 4+),
10 = Fixed effect of parity by days
l, 2 b, CON™ | conceived interaction (k =1, 2,
m=1 3, 4+),
a; = random effect for an additive
genetic effect,

PEuwithin; = random effect for the within-
year permanent environment
of each cow,

PEbetween; = random effect for the between-
year permanent environment
of each cow, and

e;jkmp = random residual term.

The parity x DIM interaction included in the model
accounted for the significantly (P < 0.001) different
lactation curves for BCS, BW, and milk yield in the
different parities. Similarly, the parity x days con-
ceived interaction accounted for the significantly (P <
0.001) different effects of conception on BCS, BW, and
milk yield in different parities.

Prior to the multivariate analyses for BCS and BW,
the interval from calving to 350-d postpartum was
divided into seven blocks, each 50 d in length; for milk
yield, calving to 300-d postpartum was divided into
six blocks. Only records observed within the 50-d time
frame set for each block were considered for inclusion
in that block. Animals with no records within a block
had their value treated as missing. This analysis as-
sumed homogenous residual variances within block
but heterogeneous residual variances between blocks.
The number of records per block for BCS, BW, and
milk yield are summarized in Table 1.
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A 7 x 7 multivariate analysis for each trait resulted
in some parameters becoming bound at the ends of
the parameter space. It is for this reason that two
separate multivariate analyses were performed: all
even groups together in one analysis (3 x 3) and all
odd groups together in another analysis (a 4 x 4 for
BCS and BW and a 3 x 3 for milk yield). Residual
covariances between blocks were not estimated and
were assumed to be zero.

The random regression model applied to the same
data was similar to the model above except that the
additive genetic component and permanent environ-
mental component within years were both modeled
using a set of orthogonal polynomials across DIM. The
order of polynomial fitted was consistently the same
for both components. Similar to the multivariate anal-
yses, the residual variances were estimated within the
seven blocks (six blocks for milk yield), each 50 d in
length, from d 0 to 350 of lactation (d 0 to 300 for
milk yield). Residual covariances between blocks were
assumed to be zero and are therefore likely to have
entered the additive genetic and permanent environ-
mental components.

Parsimonious covariance function. A covari-
ance function with a lower-order polynomial (reduced
fit) for the additive genetic component or the perma-
nent environmental component may be consistent
with a full-order covariance function (equivalent to
a multivariate analysis with each DIM treated as a
separate trait), but require fewer parameters to be
estimated. The criteria set down to obtain the most
parsimonious covariance function were: 1) the likeli-
hood test of two nested models were compared using
the test-statistic = -2 x difference in the log-likelihood
between nested models assuming a x? distribution
with m degrees of freedom, where m is the difference
in the number of estimated covariance parameters
between the nested models (Wilks, 1938); 2) the eigen-
values of the additive genetic and permanent environ-
mental covariance matrix were calculated to deter-
mine the contribution of each extra term to the overall
variation in the curve; 3) the estimated variances from
the random regression model were visually compared
to the multivariate analyses; and 4) the residual vari-
ances estimated for each order were compared against
each other.

(Co)variances between traits. Each multivariate
and random regression model analysis within the lon-
gitudinal traits themselves was further extended to
include a fertility trait measured once a year; this
allowed the estimation of the genetic correlations be-
tween each of the longitudinal traits with each of the
fertility traits. Herd-year-season groups were formed.
Season was defined as month of calving. Herd-year-
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season groups with less than four cows had their re-
cords moved into an adjoining season group from the
same herd to facilitate a more accurate estimate. The
fertility trait was adjusted for herd-year-season of
calving and also a quadratic regression on calving to
the start of the breeding season and a quadratic re-
gression on calving to the end of the breeding season
as in Berry et al. (2003). Furthermore, the regressions
on DIM and days conceived, as well as the herd-year-
test-day interaction, were only applied to the longitu-
dinal trait.

It was only possible to estimate the between-year
permanent environmental variance for the fertility
trait while both the within-year and the between-year
permanent environmental variance was estimable for
the longitudinal trait in the multivariate and random
regression model analyses. To overcome this, the re-
sidual variance of the fertility trait was set to zero,
thus the residual variance of the fertility trait entered
the within-year permanent environmental compo-
nent; this facilitated a within-year permanent envi-
ronmental correlation structure between the fertility
trait and the longitudinal trait. Between-years perma-
nent environmental (co)variances were also es-
timated.

Extending the random regression model to a multi-
variate analysis facilitated the estimation of a new
covariance matrix, which included the variance of the
fertility trait, the covariance function of the longitudi-
nal trait, and the covariances between the fertility
trait and the covariance function. This new covariance
matrix was fitted to both the additive genetic compo-
nent and to the permanent environmental component
within-year. The orders of fit of the additive genetic
and permanent environmental effects were deter-
mined from the univariate random regression model.
Residual variances were again estimated within each
of the seven blocks for BCS and BW and within six
blocks for milk yield. The genetic correlations between
the covariance function and the fertility traits were
calculated as described by Veerkamp et al. (2001).

RESULTS

Table 2 presents the log-likelihoods and the eigen-
values of the additive genetic covariance function ob-
tained for the different order of fits for each of the
three longitudinal traits. Each increase in order fitted
the data significantly (P <0.001) better than the previ-
ous order. The intercept term accounted for over 68%
of the additive genetic variation for both BCS and BW
but tended to be slightly less important for milk yield,
where it accounted for over 57% of the additive genetic
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Table 2. Log-likelihoods and proportion of the additive genetic covariance function attributed to each
eigenvalue for the first four orders of BCS, BW, and milk yield.

Trait! Order Log-L Lo L1 L2 L3
BCS

Lo —287,948 1.000

L1 —285,495 0.970 0.030

L2 —283,501 0.711 0.276 0.013

L3 —283,184 0.683 0.237 0.078 0.002
BW

Lo —-328,460 1.000

L1 -324,044 0.959 0.041

L2 -321,805 0.828 0.159 0.013

L3 -320,958 0.831 0.119 0.048 0.002
Milk

Lo —-148,327 1.000

L1 —144,150 0.735 0.265

L2 —-143,077 0.640 0.246 0.114

L3 -142,631 0.573 0.221 0.124 0.082

1BCS = Body condition score;

BW = Body weight; LO = Random regression model with only the linear

intercept term included; L1 = Linear random regression model; L2 = Quadratic random regression model;

L3 = Cubic random regression model.

variation. The cubic term of the random regression
model for BCS, BW, and milk yield accounted for 0.2,
0.2, and 8.2% of the additive genetic variation, respec-
tively.

The reduction in residual variances as a conse-
quence of an increase in the order of the random re-
gression model tended to decline as the order of the
random regression increased and on average was re-
duced by 5, 8, and 6% when the order was increased
from a quadratic random regression model (L2) to cu-

bic random regression model (L3) for BCS, BW, and
milk yield, respectively.

Genetic Variances

Figures 1, 2, and 3 graphically illustrate the addi-
tive genetic variances estimated using the multivari-
ate and random regression model for BCS, BW, and
milk yield, respectively. The genetic variances esti-
mated with the random regression model were gener-
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Figure 1. Additive genetic variance for body condition score at different days in milk (DIM) using a multivariate analysis (® + 1 SE)
and the LO (W), L1 (@), L2 (A), and L3 (x) random regression models.
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Figure 2. Additive genetic variance for body weight at different DIM using a multivariate analysis (¢ + 1 SE) and the L0 (H), L1 (@),
L2 (A), and L3 (x) random regression models.

ally larger than those estimated with the multivari- whereas those estimated with the L3 random regres-
ate analyses. sion model varied from 346 to 530 BCS units (x100)?

The estimated genetic variance for BCS over the (Figure 1). Heritability estimates for BCS at different
lactation ranged from 263 BCS units (x100)? to 450 stages of lactation were smallest at d 0 of lactation
BCS units (x100)? using the multivariate model, (0.39) and largest at d 105 of lactation (0.51).

10
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o
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Figure 3. Additive genetic variance for milk test-day yield at different DIM using a multivariate analysis (¢ = 1 SE) and the L0 (H),
L1 (@), L2 (A), and L3 (x) random regression models.
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Figure 2 illustrates a continuous increase in genetic
variance for BW from d 63 of lactation as estimated
with the L3 random regression model. Heritability
estimates for BW ranged from 0.48 (d 0 of lactation)
to 0.61 (d 294 of lactation) when using the L3 random
regression model.

The genetic variances for milk yield estimated using
the L3 random regression model varied from 2.8 to
6.7 kg? (Figure 3); heritability estimates varied from
0.26 at d 0 of lactation to 0.44 at d 105 of lactation.
Both the genetic variance and the heritability for milk
yield tended to be largest in early lactation.

Genetic Correlations

Genetic correlations between BCS at calving and BCS
later in lactation decreased to 0.67 at d 147 of lactation
and increased thereafter. Genetic correlations between
BW at calving and BW in later lactation decreased to
0.85 at d 140 of lactation and increased thereafter. Ge-
netic correlations between milk yield at different stages
oflactation continually declined as the interval between
test days increased; the lowest genetic correlation (0.07)
was between milk test-day yield directly postpartum
and milk test-day yield at d 300 of lactation.

Figure 4 shows very close agreement between the
random regression model and the multivariate models
in the estimation of genetic correlations among BCS
with IFS, NS, and PR63. All genetic correlations esti-
mated with the L3 random regression model were
within one standard error of the genetic correlations
estimated with the multivariate model at the same
DIM. Genetic correlations estimated with the L3 ran-
dom regression model between BCS with IFS ranged
from —0.47 to —0.31 and between BCS with NS ranged
from —0.34 to—0.17. Genetic correlations estimated with
the L3 random regression model between BCS and
PR63 ranged from 0.15 to 0.40, while the genetic corre-
lations between BCS and PRFS ranged from 0.15 to
0.38 (results not shown). There was a tendency for BCS
in mid to late lactation to be more strongly correlated
with improved fertility than BCS in early lactation
across both the random regression model and the multi-
variate analyses.

The genetic correlations between BW and IFS were
all negative, between BW and NS were all positive, and
between BW and PR63 were all negative across both
the random regression model and multivariate models
fitted (Figure 5). The magnitude of the correlation esti-
mated with the L3 random regression model ranged
from —0.69 to —0.51 between BW with IFS and from
0.34 to 0.38 between BW and NS. Genetic correlations
estimated with the L3 random regression model be-
tween BW and PR63 varied from -0.22 to -0.12,
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whereas correlations between BW and PRFS ranged
from —0.52 to —0.45 (results not shown). Therefore al-
though heavier animals tend to be served sooner, they
have poorer overall pregnancy rates 63 d after the start
of the breeding season, which may be in part due to
their lower PRFS.

Genetic correlations between milk yield and fertility
(Figure 6) were generally antagonistic with the excep-
tion of milk test-day yield in early lactation with PR63
and IFS, which were both near zero. All genetic correla-
tions estimated with the random regression model were
within one standard error of the genetic correlations
estimated with the multivariate model at the same
DIM. The magnitude of the correlation estimated with
the L3 random regression model ranged from 0.08 to
0.35 between milk yield with IFS and from 0.28 to 0.58
between milk yield and NS. Genetic correlations esti-
mated with the L3 random regression model between
milk yield and PR63 varied from —0.30 to 0.09; the
correlations were all negative after d 7 of lactation.
Genetic correlations between milk yield and PRFS
ranged from —0.70 to —0.24 (results not shown).

DISCUSSION

The objectives of this study were to estimate, using
random regression models, the genetic (co)variances of
three longitudinal traits: BCS, BW, and milk yield at
different stages of lactation and subsequently to esti-
mate the genetic correlations between each of the longi-
tudinal traits and fertility. Indications were that a
third- order random regression model was most appro-
priate in modeling the change in genetic variance over
a lactation for BCS, BW, and milk yield. Genetic corre-
lations between BCS at different stages of lactation
with IFS, NS, PRFS, and PR63 were consistently favor-
able although the magnitude of the correlations
changed slightly over the lactation. Increases in BW
were associated with reduced IFS, increased NS, re-
duced PRFS, and reduced PR63. Genetic correlations
involving milk test-day yield and fertility were gener-
ally antagonistic.

Parsimonious Covariance Function

Methods of choosing the most parsimonious covari-
ance function for a dataset have been somewhat ambig-
uous in the literature. The likelihood ratio test has been
adopted in some studies (Kirkpatrick et al., 1990) with
its associated disadvantages outlined by Stram and Lee
(1994). Most studies, however, combine other tests in
association with the likelihood ratio test; Koenen and
Veerkamp (1998) used the Akaikes Information Crite-
rion (Akaike, 1973), whereas Veerkamp et al. (2001)
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Figure 4. Genetic correlations between BCS at different stages of lactation (DIM) with (a) interval to first service (® random regression
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calculated the eigenvalue associated with an increase
in order of the random regression. In the present study
other nonformal tests were also used simultaneously
with the likelihood ratio test to determine the most
parsimonious covariance function.

The significance of the log-likelihood ratio test de-
pends on the amount of data available (i.e., it tells us
if there is enough information in the data to fit a more
sophisticated model; Pool, 2000). In the present study,
a relatively large number of records were available for
a large number of animals resulting in the log-likeli-
hood of the fit significantly increasing as the order of
fit increased across all three longitudinal traits (Table
2). Across both BCS and BW the eigenvalues of the last
order of the L3 model accounted for 0.2% of the additive
genetic variation in those traits; hence, there is proba-
bly little difference in the estimated breeding value of
animals for BCS or BW going from an L2 to an L3.
Although the last order of the L3 random regression
model for milk test-day yield accounted for 8.2% of the
additive genetic variation, the genetic variances and
genetic correlations estimated between milk yield and
fertility with the quartic random regression model were
more extreme at the peripheries. Therefore, despite the
significance of the quartic random regression model
based on the log-likelihood ratio test, it was felt that
the L3 random regression model was most appropriate
for modeling milk test-day yield over a lactation.

Although more pronounced for milk yield, there was
a tendency for the genetic variances estimated with
the random regression model to be larger than those
estimated using the multivariate model. Pool (2000)
also reported lower genetic variances for milk yield esti-
mated with a series of bivariate analyses compared
with different orders of random regression models. The
difference in genetic variances estimated between the
models may be due to the multivariate model estimat-
ing the average covariance between the DIM within
each 50-d block, which is expected to be lower than
the genetic variance at any particular DIM within that
block. The random regression model which included
only the intercept term (L0) estimated the average ge-
netic covariance over all DIM and therefore, yielded a
lower genetic variance than most of the genetic vari-
ances estimated using the multivariate model. The un-
suitability of a univariate analysis within blocks agrees
with Veerkamp et al. (2001) who documented generally
lower genetic variances estimated with a univariate
model compared with both a multivariate and a random
regression model for BCS at different stages of lacta-
tion. Veerkamp et al. (2001) reported that the difference
in the estimated genetic variance between the models
was more pronounced at the end of lactation, agreeing
with the results from the present study.
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The large increase in the genetic variance for BCS
at both peripheries may be due to a combination of
both a paucity of data at those periods of lactation and
possibly because of the mathematical properties of a
polynomial which places relatively more weight on ob-
servations at each extremity (Meyer, 1998). Also there
is likely to be larger random variation around parturi-
tion because factors relating to parturition are likely
to effect BCS directly postpartum. It was hoped that
the inclusion of days conceived as a covariate in the
model would account for most of the effect of pregnancy
on BCS. Also, because the residual variation was as-
sumed to be homogenous within each block, some of
the changes in residual variation within blocks may
have entered the genetic component.

Nevertheless, the range of genetic variances esti-
mated for BCS in the present study were within the
range of those estimated by Koenen and Veerkamp
(1998) when both BCS measures were brought to the
same scale. Similarly, the genetic variance estimated
by L0 was close to previous estimates from multivariate
analyses converted to the same BCS scale (Gallo et al.,
2001; Pryce et al., 2001; Berry et al., 2003).

The heritability for BCS agrees with previous reports
from multivariate (Veerkamp and Brotherstone, 1997,
Gallo et al., 2001; Berry et al., 2003) and random regres-
sion model analyses (Koenen and Veerkamp, 1998). Be-
cause changes in a trait are the differential between
two measures, variances can be calculated using the
variances and covariance between the two measures.
By calculating both the phenotypic and genetic vari-
ances of the change in a trait, it is possible to calculate
the heritability for that trait. The heritability estimate
for BCS change from d 0 to 70 was 0.19, which is larger
than the 0.09 reported by Pryce et al. (2001) over a
similar time interval and also larger than that reported
by Berry et al. (2002) and Dechow et al. (2002) for
BCS change in early lactation. The larger heritability
estimate for BCS change in the present study may be
attributed to the larger genetic variances for BCS esti-
mated with the random regression model compared
with the multivariate estimates from the present study
and other previous multivariate estimates for the heri-
tability of BCS (Pryce et al., 2001; Berry et al., 2002).
The phenotypic and genetic SD for BCS change between
d 0 and 70 of lactation was 0.32 and 0.14 BCS units,
respectively, in the present study compared with 0.34
and 0.10 BCS units, respectively, reported by Pryce et
al. (2001).

The genetic correlations between BCS and fertility
suggest that BCS is a moderate to strong indicator of
fertility; BCS in mid to late lactation expressed the
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strongest genetic relationship with fertility. The corre-
lations suggest that increasing BCS levels will reduce
the IF'S, reduce NS, and increase both PRFS and PR63.
The signs of the correlations agree with previous stud-
ies that looked at the relationships between BCS and
IFS (Dechow et al., 2001; Pryce et al., 2001; Veerkamp
et al., 2001; Berry et al., 2003), conception rate to first
service (Veerkamp et al., 2001), PRFS (Berry et al.,
2003), and number of services (Berry et al., 2003). The
reduced IF'S in cows with higher genetic merit for BCS
agrees with Royal et al. (2002), who reported signifi-
cantly (P < 0.005) shorter intervals from parturition to
commencement of luteal activity in cows with higher
genetic merit for BCS. Therefore, BCS can serve as a
predictor for the estimated breeding value of fertility,
albeit, with an accuracy no greater than the genetic
correlation between BCS with the fertility trait. The
main advantage of including BCS in a selection index
as a predictor of fertility arises with small progeny
group sizes where the fertility data and BCS data can be
simultaneously included in the selection index (Berry et
al., 2003) or where the fertility data may only be avail-
able after the cow has had a subsequent calving (e.g.,
pregnancy related traits, calving interval).

Shorter intervals from calving to first service gener-
ally predispose animals to poorer pregnancy rates to
first service; the phenotypic and genetic correlations
between IFS and PRF'S estimated in the present study
were 0.06 (s.e. = 0.009) and 0.32 (s.e. = 0.274), respec-
tively. Therefore, the economic benefits of reduced in-
tervals to first service must be weighted against the
possible reduction in pregnancy rates to first service,
especially when expensive semen may be used. How-
ever, the common practice in seasonal calving herds in
Ireland is to service all cows once the breeding season
has begun since the risk of a reduction in pregnancy
rates is expected to be more than compensated by the
economic penalty of waiting for the cow’s next ovulation.

The changing genetic correlations throughout lacta-
tion between BCS and fertility is in contrast to that
reported by Veerkamp et al. (2001), who showed that
BCS in early lactation was more strongly correlated
with IFS and first-service conception rate. Similarly,
Pryce et al. (2000) reported a steady decrease in their
inferred genetic correlations between BCS and calving
interval as the lactation progressed. However, both
studies were based on primiparous cows, whereas the
present study was performed on multiparous cows; Cof-
fey et al. (2002) documented different BCS profiles and
energy balance profiles for cows of different parities.
Nevertheless, the differences in the strength of the ge-
netic correlations in the present study between the min-
imum and maximum correlation between BCS and fer-
tility were small (<0.24), which is expected due to the
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strong genetic correlations between BCS at different
stages of lactation. This would suggest that in order to
optimize genetic response in fertility through indirect
selection on BCS, progeny should be assessed for BCS
in midlactation, when the genetic variance and herita-
bility for BCS is largest.

Body Weight

The genetic variance for BW estimated with the ran-
dom regression model was slightly higher than previous
reports using random regression model (Koenen and
Veerkamp, 1998; Veerkamp and Thompson, 1999).
However, the studies of Koenen and Veerkamp (1998)
and Veerkamp and Thompson (1999) were both per-
formed on primiparous cows, whereas the present study
was performed on multiparous cows that may have
higher variances due to their expected higher means;
Coffey et al. (2002) reported an increase in mean live
weight as parity increased. Heritability estimates for
BW estimated with the L3 random regression model
agree with previous estimates from multivariate analy-
ses (Svendsen et al., 1994; Veerkamp et al., 2000;
Sgndergaard et al., 2002) and random regression model
analyses (Koenen and Veerkamp, 1998).

Genetic correlations estimated with the L3 random
regression model between BW with fertility indicate
that selection for genetically heavier animals without
any consideration for other traits will result in animals
having shorter intervals to first service, requiring more
services, and having lower pregnancy rates 63 d after
the start of breeding than animals selected for lighter
BW. The change in the trend of the correlations between
BW with IFS and the other the fertility traits may
be attributed in part to the already described lower
pregnancy rates with earlier service postpartum. All
correlations were in agreement with the genetic correla-
tions estimated between similar traits by Berry et al.
(2003) on a similar dataset after preadjusting the data
with smoothing splines. The correlations also agree
with another international study; Veerkamp et al.
(2000) reported negative genetic correlations between
BW in early (-0.11) and midlactation (-0.54) with com-
mencement of luteal activity. The trend of changing
correlations over the lactation observed by Veerkamp
et al. (2000) also agrees with the present study in that
the genetic correlations between BW and fertility
tended to be strongest in mid lactation. Similarly, Berry
et al. (2003) showed that BW in midlactation was more
strongly related to fertility that BW directly post calv-
ing. Nevertheless, in the present study the largest
range in genetic correlations between BW at different
DIM with fertility was small (<0.17).

Journal of Dairy Science Vol. 86, No. 11, 2003



3716

Although 12 to 45% of the genetic variation in BW
may be due to differences in BCS (Veerkamp and Broth-
erstone, 1997; Berry et al., 2002), the opposite signs of
the genetic correlations between BW and BCS with
most of the fertility traits indicate that other factors
responsible for differences in BW (e.g., size) may also
have large effects on the subsequent fertility of the
animal in predominantly grass-based systems. This
was investigated in the present study by adjusting BW
for differences in BCS by including BCS as a covariate
in the model. Correlations between adjusted BW with
NS, PRFS, and PR63 became slightly stronger (average
= 0.08), while correlations with IFS became slightly
weaker (average = 0.05) following adjustment for BCS.
This would indicate that independent of differences in
BCS, increases in BW within the Holstein-Friesian will
lead to reduced overall fertility performance if fertility
is not included in the breeding objective.

Milk Yield

The range of genetic variances for milk yield esti-
mated with the L3 random regression model are in
agreement with previous literature using random re-
gression models (Veerkamp and Thompson, 1999;
Pool, 2000).

The unfavorable genetic correlations estimated be-
tween milk yield and fertility are also in agreement
with most previous literature reports (Hoekstra et al.,
1994; Grosshans et al., 1997; Royal et al., 2000; Pryce
et al., 2001; Roxstrom et al., 2001; Evans et al., 2002).
The signs of the correlations agree well with those esti-
mated for a similar dataset (Berry et al., 2003), al-
though the correlations in the present study are some-
what stronger at the same DIM. However, the slightly
positive genetic correlation between milk yield in very
early lactation and PR63 may be an artifact of the ran-
dom regression model rather than a reflection of the
true correlation present.

The genetic correlations between fertility and milk
yield at different stages of lactation varied more than
observed for either of the other two longitudinal traits;
the genetic correlations between PRFS and milk yield
at different stages of lactation varied from —0.70 to
—0.24. This may be attributed to the weak genetic corre-
lations between milk yield at different stages of lacta-
tion estimated in the present study.

The trend of changing correlations with DIM sug-
gests that selection for higher milk yield in early lacta-
tion will have a more pronounced deleterious effect on
pregnancy rates than selection for higher milk yield
in late lactation. This may be attributed to a further
exacerbation of negative energy balance due to the in-
ability of feed intake to provide the total energy re-
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quired for each incremental increase in milk yield (Van
Arendonk et al., 1991), consequently resulting in poorer
fertility. Based on the genetic parameters in the present
study selection for increased milk yield at d 112 oflacta-
tion alone will reduce PRF'S by 3 percentage units more
than selection for increased milk yield at d 259 of lacta-
tion for each 10-kg increase in milk test-day yield.
Therefore, based on the genetic correlations with fertil-
ity reported in the present study, increases in overall
lactation yield should be sought through increases in
milk yield in late lactation rather than increases in
milk yield in early lactation, with fertility or other re-
lated traits also included in the breeding objective.

CONCLUSIONS

It can be concluded that a cubic random regression
model was most appropriate for modeling BCS, BW,
and milk yield over a lactation based on the data used
in the present study. Genetic variances and heritability
estimates for all traits agree with most other interna-
tional studies. The genetic correlations between BCS
at different stages of lactation and fertility were consis-
tently favorable, although the magnitude of the correla-
tions changed slightly over the lactation. Hence, maxi-
mum genetic gain in fertility from indirect selection
on BCS should be based on measurements taken in
midlactation, when the genetic variance for BCS is
largest. Increases in BW were associated with shorter
IF'S, increased NS, reduced PRFS, and reduced PR63.
Genetic correlations involving milk yield were generally
antagonistic. Genetic selection for higher lactation milk
yield alone through selection on increased milk yield
in early lactation is likely to have a more deleterious
effect on genetic merit for fertility that selection on
higher milk yield in late lactation.
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