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ABSTRACT

Body weight (BW) observations on dairy cattle taken
on average 35 times between birth and 1,000 d of life
were used to estimate daily heritabilities and predict
daily breeding values for both pregnancy-adjusted BW
(PABW) and growth rate. Daily heritabilities for PABW
were moderate to high, ranging from 0.41 (±0.027) to
0.82 (±0.041). Daily heritabilities for growth rate were
high (>0.68 ± 0.034). The genetic association between
various health events, including mastitis and lameness,
and weight and growth was investigated by regressing
the incidence of health events on breeding values for
weight at birth, weaning, calving, and growth rate at
56 d after calving, growth rate at 110 d after calving,
and maximum growth rate. Growth at weaning was the
only BW measure to significantly affect mastitis (rg =
0.24), indicating that cows growing faster at weaning
are more prone to mastitis. Increased weight (rg = 0.65)
and growth rate at weaning (rg = 0.38) and increased
maximum growth rate (rg = 0.71) all contributed to
increased feet disorders. The only significant negative
genetic association was obtained between reproduction
and weight at calving (rg = −0.61).
Key words: body weight, growth rate, health event

INTRODUCTION

Reduced feed and housing costs for smaller, lighter
cows result in them being more profitable than larger,
heavier cows at equal production level and ignoring any
other associations between size and profitability. This
is recognized by a number of countries throughout the
world that include body size, with a negative weighting,
in their national selection index for Holsteins (Miglior
et al., 2005). Visscher et al. (1994) also derived a nega-
tive economic value for mature BW in pasture-based
systems and concluded that the inclusion of BW in the
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breeding goal could prevent BW from increasing as pro-
duction increases.

In general, researchers have derived a negative ge-
netic correlation between BW and milk production
(Veerkamp and Thompson, 1999; Abdallah and McDan-
iel, 2000; Veerkamp et al., 2000), although both positive
and negative correlations have been estimated. In a
review of research into feed intake and utilization,
Veerkamp (1998) quoted genetic correlations between
live weight and milk yield ranging from −0.41 to +0.45.
He suggested that the change in correlation is related
to the time of weighing (or definition of the weight trait)
and reflects the mobilization of body tissue to meet
the demands of increased yield. The genetic correlation
between BW change and yield was, however, found to
be high and negative in all studies reviewed (Veerkamp,
1998). That review also presented estimates of the heri-
tability of BW obtained from a number of studies but
pointed out that generally these estimates are subject
to large sampling errors.

A study by Hansen et al. (1999) found that cows in
a small (body size) line required fewer services to con-
ception during first lactation than did cows in a large
(body size) line. Berry et al. (2003) estimated the genetic
correlation between BW at a number of days during
first lactation and various fertility measures and
showed that although genetically heavier cows are
served sooner, they require more services and have a
longer interval from first service to conception.

Veerkamp (1998) concluded that although there ap-
pears to be great potential to improve economic effi-
ciency by selecting for feed intake and BW, there is
uncertainty about genetic associations with traits re-
lated to health and reproduction. These associations are
required if BW is to be included in an index containing
production measures and traits related to longevity
and health.

In addition to BW at specific points in a cow’s life,
her growth rate during early life may have a significant
impact on her health in later life. Research has demon-
strated the economic benefits of calving dairy heifers
for the first time at 24 mo of age (Hoffman and Funk,
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1992; Mourits et al., 1997) but dairy cows are not ma-
ture at this age and continue to grow throughout first
lactation. Coffey et al. (2006) concluded that cows se-
lected to be of high genetic merit for milk production
grew faster in early life than those of average genetic
merit, whereas the growth rate of the average genetic
merit cows was higher during first lactation. Mänty-
saari et al. (2002) also found that genetic selection for
milk yield leads to higher genetic potential for growth.
They suggest that this needs to be accounted for in
recommendations of acceptable daily gains for young
heifers.

The objectives of this work were (1) to estimate daily
heritabilities and breeding values for BW, (2) to calcu-
late heritabilities and breeding values for growth rate
from the relevant values for BW, and (3) to investigate
any genetic associations between BW and growth rate
at various points in a cow’s early life and health events
during first lactation.

MATERIALS AND METHODS

BW Data

Data comprised 21,763 BW records taken from birth
to 1,000 d of life, on 625 cows. These cows were part of
the Langhill herd, which comprises a control line of
cows of average genetic merit and a select line of cows
of high genetic merit, with approximately equal num-
bers in each group. The animals were reared from birth
to first calving as a single management group and at
first calving, half of each group was assigned to a high
concentrate feed group and the rest to a low concentrate
feed group. Weights were taken at birth, weaning
(mean age at weaning was 48.9 d with a standard devia-
tion of 6.35 d), first winter, spring turnout, mid summer
and subsequent housing, then second winter, turnout,
and summer. After first calving, cows were weighed
weekly. Depending on time of birth, young stock may
not have all weight records but on average there were
35 records per cow.

Before analysis, all BW records of pregnant heifers
were adjusted for the predicted weight of the conceptus
and gravid uterus (Coffey et al., 2006). Throughout this
article, PABW refers to pregnancy-adjusted live
weight. The relevant pedigree file of 5,393 animals was
also extracted from the Langhill database.

Analysis of BW Data

Pregnancy-adjusted BW was analyzed using the fol-
lowing random regression animal model:
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ylm = ywi + gj + fk + (gf)jk + ∑
2

n=1

anagen [1]

+ ∑
5

n=0

bjnmn + ∑
3

n=0

clnmn + ∑
1

n=0

dlnmn + elm

where Ylm = PABW record of cow l recorded on day of
life m, ywi = fixed effect of year-week of measurement
i, gj = fixed effect of selection line j, fk = fixed effect of
feeding group k, (gf)jk = interaction between genetic line
and feed group, an = regression coefficient on age at
calving (age), bjn = fixed regression coefficient associ-
ated with the overall PABW curve for cows in genetic
line j; that is, a separate overall trend curve was fitted
for each genetic line, cln = random regression coefficient
associated with the additive genetic effect of cow l, dln =
random regression coefficients associated with the per-
manent environment effect of cow l, and elm = random
residual term. The degree of the fixed regression was
based on the significance of the regression coefficients,
whereas the degree of the random genetic regression
was based on likelihood ratio tests. The random perma-
nent environmental effect was modeled as a linear re-
gression because models with higher order regressions
failed to converge. Thirteen measurement error classes
were defined based on Coffey et al. (2006). Error vari-
ance was assumed to be homogeneous within classes
and heterogeneous between classes.

The analysis of PABW provides all the parameters
needed to estimate daily heritability of PABW, but to
estimate daily heritability for growth rate, an estimate
of the genetic and phenotypic variance of growth rate
is needed. The latter comprises genetic plus permanent
environmental variance plus an estimate of measure-
ment error variance.

Let c = [1 m m2 m3] represent the vector of base
functions (as above, m is days of life) and G represent
the 4 by 4 matrix of (co)variances between the random
coefficients of PABW. The genetic variance of PABW
for each day of life can then be estimated as c G c′
(Kirkpatrick et al., 1990), where c′ is the transpose of c.

If growth rate is considered as the change in PABW
from day m to day (m+1), then divided differences can
be used to estimate the genetic variance for each day.
The live weight of cow l at day m is cl0 + cl1m + cl2m2

+ cl3m3 and her live weight at day (m+1) is cl0 + cl1(m+1)
+ cl2(m+1)2 + cl3(m+1)3. Growth rate is the difference
between live weight at day (m+1) and live weight at
day m and is therefore equal to cl1+ (1 + 2m)cl2 + (1+
3m + 3m2)cl3. If c* = [0 1 1 + 2m 1 + 3m + 3m2] then
the genetic variance of growth rate for each day of life
can be estimated as c*Gc*′, where c*′ is the transpose
of c*. Similarly, the contribution of the permanent envi-
ronmental variance to the phenotypic variance is



BROTHERSTONE ET AL.446

merely the variance of the slope d1. Because measure-
ments were taken 1 d apart, the contribution of the
measurement error variance to the phenotypic variance
of growth rate was 2*σ2

e, where σ2
e is the appropriate

measurement error variance (see Results section for
further details on estimating the measurement error
variance).

The analysis of PABW data yielded a cubic genetic
PABW curve and a quadratic genetic growth rate curve
for each cow, both expressed as deviations from overall
trend curves. For each cow, breeding values for birth,
weaning and calving weights, rate of growth at wean-
ing, first calving, 56 d after first calving (approximately
peak yield), 110 d after first calving (average day at
pregnancy), and maximum growth rate were cal-
culated.

Health Data

Because this investigation concentrated on growth
from birth to d 1,000 (i.e., approximate end of first lacta-
tion), only first-lactation health events were considered.
Health events were well recorded on these cows by tech-
nical staff trained in animal recording, and veterinary
staff. Health events considered were mastitis, other
teat and udder problems (e.g., teat blockage, difficult
milking), reproductive disorders (e.g., ruptured uterus,
retained placenta), metabolic disorders including gas-
trointestinal infection, ketosis, and Salmonella, foul
feet (also known as foot rot), lameness, and other feet
problems (e.g., digital dermatitis, sole lesion). Each cat-
egory of health event was analyzed separately.

The base data set was taken as those 625 cows with
PABW records. Cows culled during first lactation have
a reduced opportunity to experience health events. We
therefore deleted cows that survived less than 927 d
(the average age at first calving of 727 d plus 200 d,
which is the minimum lactation length that qualifies
for official publication), and also deleted 2 cows with
missing birth weights. The final data set comprised 513
cows. Of these, 459 experienced at least one incidence
of a health event during first lactation.

Analysis of Health Data

The model used was:

yi = gj + fk + (gf)jk + ybl + ∑
2

n=1

anagen [2]

+ bmwm + ei

where yi is the count of the number of health events in
each category experienced by cow i during first lacta-
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tion, gj is the fixed effect of selection line j, fk is the
fixed effect of feeding group k and ybl is the fixed effect
of year of birth l, a1 and a2 are regression coefficients
on age at calving (age) and age squared, and bm (m =
1 to 8) are the linear regression coefficients of each
health event on breeding values (wm) for birth weight,
weaning weight, calving weight, growth rate at wean-
ing, growth rate at calving, growth rate 56 d after calv-
ing, growth rate at 110 d after calving and maximum
growth rate, fitted one at a time (m runs) so that b1 to
b8 were not expressed relative to other measures of
weight or growth coefficients. The random residual
term is represented by ei. All analyses were performed
1) with a linear model assuming normally distributed
health traits, 2) with a log link function assuming a
Poisson distribution, and 3) using a square root trans-
formation.

Regressing phenotypic health observations on ge-
netic merit for weight and growth traits gives approxi-
mate genetic regressions (Brotherstone and Hill, 1991;
Pryce et al., 2000). These can be expressed as genetic
correlations as follows:

rG = b�
σ1

σ2

where rG = the estimated genetic correlation, b = each of
the regression coefficients (b1, b2,...bm) calculated from
model 2, and σ1 and σ2 = the genetic standard deviation
estimates for the relevant weight trait and health trait.
Genetic standard deviations for the weight traits and
phenotypic variances for the health traits were taken
from this analysis. The heritabilities for mastitis and
reproductive disorders were estimated from a genetic
analysis of these data, but as the genetic variance for
other feet disorders was not significantly different from
zero, an average literature value for the heritability
was used. The incidence of metabolic disorders was so
low that results for this trait are not presented.

RESULTS AND DISCUSSION

Summary statistics for the PABW data have been
given by Coffey et al. (2006) but for completeness, the
number of records, means and standard deviations for
each measurement error class, together with residual
error variances are in Table 1. Mean PABW increased
throughout the period under investigation with the
highest residual error variance, and poorest fit of the
model to the data, taking place in the 200-d period
before first calving (days of life 500 to 729). This is in
agreement with previous analyses of these data (Coffey
et al., 2006) and could be due to the fact that measure-
ment error variances before and around first calving
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Table 1. Number of records in each of the 13 residual error classes
and the corresponding phenotypic mean (kg), standard deviation
(SD), and residual error variances (REV) for pregnancy-adjusted BW
for all cows for days of life 0 through 1,000

Mean REV
Records (kg) SD (kg2)

Birth to d 36 622 43.4 4.93 8.20
Weaning (d 36 to 69) 625 69.8 8.38 36.5
d 100 to 199 300 188.8 24.45 195.4
d 200 to 299 672 240.4 31.75 120.3
d 300 to 399 490 329.0 37.74 172.3
d 400 to 499 588 398.3 40.66 332.4
d 500 to 729 2,023 496.2 49.17 669.3
d 730 to 739 442 519.1 43.48 512.7
d 740 to 749 531 520.9 45.10 473.6
d 750 to 759 563 522.7 43.39 334.8
d 760 to 789 1,872 528.5 44.31 250.4
d 790 to 889 6,497 545.8 48.87 135.6
d 890 to 1,000 6,538 554.2 54.18 204.1

are based on the estimated pregnancy-adjusted live
weight of both pregnant and nonpregnant cows.

Figure 1 gives the overall trend curves for PABW for
the select and control lines. These curves are based on
the solutions for the fixed curves from model 1 and
hence are adjusted for all other effects in the model. As
found by Coffey et al. (2006), select cows are signifi-
cantly heavier than control cows from shortly after birth
until around the time of first calving. From about d 730
(first calving) onward, control cows are heavier than
select cows and have a higher growth rate (Figure 2).
This is consistent with the work of Abdallah and Mc-
Daniel (2000), who found that genetically, higher pro-
ducing cows had lower breeding values than lower pro-
ducing cows for predicted BW after calving, and with
the results of Coffey et al. (2004), who reported that the
select cows in this data set lost more PABW after first
calving than their control line herdmates.

Variances of the variance components and covari-
ances between them were used to estimate the standard

Figure 1. Pregnancy-adjusted BW (kg) for each day of life from
birth to d 1,000 for select (�) and control (▲) cows.
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Figure 2. Growth rate for pregnancy-adjusted BW (kg/d) for each
day of life from birth to d 1,000 for select (�) and control (▲) cows.

errors of the heritabilities for PABW and growth rate
at selected days of life. These are given in Table 2 and
for clarity the heritabilities are plotted in Figure 3.
Precalving, the heritability of PABW ranged from 0.41
to 0.59. After first calving, heritability was even
higher—ranging from 0.74 to 0.82—but high heritabil-
ities are expected from the analysis of an experimental
herd in which data were well recorded and management
was uniform. Coffey et al. (2001) analyzed a subset of
the same data and estimated a heritability for PABW
during first lactation ranging from 0.56 at 7 DIM to
0.83 around 200 DIM. Coffey et al. (2006) used a multi-
variate analysis to estimate the heritability of birth
weight, weaning weight, and calving weight. Their esti-
mates (0.53, 0.45, and 0.75 respectively) are consistent
with those reported here. Berry et al. (2003) analyzed
the BW of first-lactation cows at 60, 120, and 180 DIM
and estimated heritabilities of around 0.50. van Elzak-
ker and van Arendonk (1993) also estimated high heri-
tabilities for BW during first lactation (0.75 to 0.86)
and Groen and Vos (1995), in an analysis of BW of

Table 2. Heritabilities (h2) plus standard errors (SE) at selected days
of life for pregnancy-adjusted BW and growth rate

BW Growth rate
Day
of life h2 SE h2 SE

0 0.58 0.078 0.80 0.052
50 0.59 0.040 0.79 0.042
100 0.41 0.027 0.68 0.034
200 0.66 0.032 0.78 0.030
300 0.63 0.040 0.73 0.031
400 0.56 0.042 0.69 0.026
500 0.50 0.040 0.75 0.017
600 0.56 0.043 0.88 0.0084
700 0.59 0.047 0.95 0.0041
800 0.74 0.060 0.99 0.0010
900 0.74 0.058 0.99 0.0006
1,000 0.82 0.041 1.00 0.0004
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Figure 3. Daily heritability estimates for pregnancy-adjusted BW
(▲) and growth rate (�).

Dutch black and white cattle from birth to first calving,
reported heritabilities ranging from 0.41 to 0.64.

Assuming growth is approximately linear across
daily measurements of BW, growth rate can be mea-
sured as (w2 − w1)/(t2 − t1), where w = weight and t =
time. The contribution of the measurement error to the
phenotypic variance is 2 σ2

e/(t2 − t1)2, where σ2
e is the

measurement error variance. This varies from 2 σ2
e

when t2 − t1 = 1, to something negligible when t2 − t1
is large, resulting in very different heritabilities de-
pending on how the trait is measured. In the present
study, the calculation of growth rate assumed that BW
measurements (daily solutions from model 1) were
taken 1 d apart. However, other studies have made
different assumptions, making comparison of results
difficult.

As expected, the heritability of growth rate follows a
similar pattern over time to that of PABW, but our
estimate is higher than most other estimates in the
literature. Berry et al. (2003) reported heritability for
BW change between test days of 0.06. van Elzakker
and van Arendonk (1993) looked at the average weight
gain during early lactation and estimated a heritability

Table 3. Genetic correlations (above diagonal) between pregnancy-adjusted BW on selected days of life and
their standard errors (below diagonal)

Day 0 50 100 200 300 400 500 600 700 800 900

0 0.60 0.45 0.44 0.50 0.54 0.53 0.50 0.46 0.41 0.30
50 0.062 0.98 0.93 0.82 0.60 0.38 0.21 0.12 0.10 0.14
100 0.074 0.004 0.97 0.85 0.62 0.38 0.20 0.09 0.06 0.11
200 0.080 0.012 0.004 0.94 0.77 0.55 0.37 0.25 0.19 0.16
300 0.081 0.027 0.018 0.007 0.93 0.79 0.64 0.52 0.41 0.27
400 0.083 0.049 0.041 0.026 0.008 0.95 0.87 0.77 0.63 0.40
500 0.086 0.066 0.060 0.047 0.026 0.006 0.97 0.91 0.78 0.51
600 0.089 0.076 0.071 0.062 0.042 0.018 0.004 0.98 0.88 0.62
700 0.095 0.083 0.078 0.071 0.055 0.030 0.012 0.003 0.96 0.75
800 0.103 0.088 0.082 0.078 0.067 0.047 0.030 0.017 0.006 0.91
900 0.109 0.085 0.080 0.080 0.079 0.071 0.061 0.049 0.034 0.013
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of 0.26 for this trait. Groen and Vos (1995) analyzed
average daily gain from birth to 50 wk of age and during
pregnancy and estimated heritabilities of 0.48 and
0.19, respectively.

Our estimated heritabilities are very high from
around d 600 onwards, with suspiciously low standard
errors. Initially, we attempted to model the permanent
environment with the same order of orthogonal polyno-
mial as was used to model the genetic effect (a cubic
polynomial). Unfortunately, we experienced problems
with convergence and so were forced to use a lower order
(linear) polynomial. This results in the contribution of
the permanent environment to the phenotypic variance
of growth rate being a constant value. If we had been
able to model the permanent environment with a higher
order polynomial, then this term would have increased
with increasing days of life, yielding lower herita-
bilities.

Table 3 has genetic correlations among PABW on
selected days of life and the standard errors of these
correlations. Correlations were positive, decreasing as
the distance between days increased. From first calving
onwards, correlations were high. Coffey et al. (2001)
also estimated high genetic correlations between
PABW on different days of first lactation, the majority
of which were greater than 0.90. Correlations between
weights taken before and after first calving were gener-
ally low. Genetic correlations of birth weight with
weights at other days of life ranged from 0.30 (with d
900) to 0.60 (d 50). These results suggest that birth
weight is a genetically different trait to weight at all
other days, and weight before first calving is a different
trait to weight after first calving. This may be due to
the additional effect of body lipid mobilization after
calving to the cow’s overall BW.

Table 4 shows the number of cows that experienced
one or more than one incident of a health disorder, and
the overall mean incidence of each disorder. Reproduc-
tive disorders and other feet problems were experienced
by the majority of cows, whereas very few cows were
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Table 4. Mean incidence and the number of cows with 0, 1, or >1
incident of each of the health events1

Frequency

Health event Mean 0 1 >1

1. Mastitis 0.090 474 34 5
2. Other teat 0.019 504 8 1
3. Reproductive 0.78 294 130 89
4. Metabolic 0.10 508 5 0
5. Foul feet 0.035 495 18 0
6. Lameness 0.033 499 11 3
7. Other feet 2.60 73 65 375

1Total number of cows is 513.

diagnosed with a metabolic disorder or teat problems
other than mastitis.

A comparison of the results of the different methods
of modeling the health disorders showed that the weight
and growth measures that explained a significant
amount of variation were entirely consistent across
models. Therefore, for simplicity, the results of the lin-
ear model are presented here.

Table 5 gives heritabilities for the health traits and
approximate genetic correlations between health and
growth in which the regression coefficient of health on
growth was significantly different from zero (P < 0.01).
Due to the low incidence of metabolic disorders, results
for this trait, although significant for birth weight and
maximum growth rate, were not included in the table.
The correlations presented in Table 5 are functions of
the genetic standard deviations of the health events
and would be overestimated if the genetic standard
deviations were overestimated. Note that a (genetic)
regression coefficient that is significantly different from
zero translates into a (genetic) correlation coefficient
that is significantly different from zero. It therefore
seems reasonable to assume that the approximate ge-
netic correlations presented here are significantly dif-
ferent from zero.

All weight traits are expressed in kilograms and all
growth rate traits in kilograms per day. Growth at
weaning was the only PABW measure to significantly
affect mastitis (regression coefficient = 0.512, SE =
0.193). The positive genetic association indicated that
cows growing faster at weaning were more prone to

Table 5. Heritabilities of health events and approximate genetic correlations (from statistically significant
genetic regression coefficients, P < 0.01) between health events and weaning and calving weights, growth
at weaning, and maximum growth rate

Weaning Calving Growth Maximum
Health event h2 weight weight weaning growth

Mastitis 0.15 — — 0.237 —
Reproduction 0.11 — −0.610 — —
Other feet 0.10 0.651 — 0.377 0.711
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mastitis. Increased weight (regression = 0.0183, SE =
0.0053) and growth rate (regression = 1.36, SE = 0.394)
at weaning and increased maximum growth rate (re-
gression = 2.061, SE = 0.689) all contributed to in-
creased feet disorders. There are no similar studies with
which to compare these results, but Rauw et al. (1998),
in a review on the undesirable effects of selection for
high production in farm animals, reported that selec-
tion for high BW in broilers has resulted in a correlated
negative immune performance. In addition, broilers se-
lected for high BW had a higher mortality (7.4%) than
broilers selected for low feed conversion (2%). They also
discuss responses in health traits in pigs and report
that boars selected for high lean tissue growth rate
show significantly more leg weaknesses than nonse-
lected boars.

The only significant negative correlation with health
is obtained between weight at calving and reproduction
(regression coefficient = −0.00631, SE = 0.00189). Re-
sults from this study indicated that cows that were
heavier at calving suffered fewer reproductive problems
during first lactation. Abdallah and McDaniel (2000)
also found that larger cows are more fertile, requiring
less time from calving to conception. Conversely, Han-
sen et al. (1999) and Berry et al. (2003) concluded that
heavier cows suffer additional reproductive disorders.
Note, though, that the analysis of Hansen et al. (1999)
was a phenotypic analysis of a small number of heifers.

Body weight is not routinely collected on the national
dairy population and therefore there are few estimates
of the heritability of BW at strategic points before and
during first lactation. However, research indicates that
there is little loss in accuracy if BW is predicted from
conformation traits (Koenen and Groen, 1998; Coffey
et al., 2003). Coffey et al. (2003) estimated that the
correlation between actual and predicted live weight is
0.92, suggesting that it is entirely feasible to accurately
estimate the BW of type-classified heifers at some point
during first lactation. Wall et al. (2005) did this and
compared sire profiles for BW across the first lactation.
They showed differences between sires in BW changes,
which may reflect differential rates of maturing.

Tsuruta et al. (2004) showed that genetic parameters
for random regressions could be estimated with a ran-
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dom regression model using a single observation per
animal, with no serious bias. Either BW at a specific
day of lactation or growth rate at a specific point during
the lactation could therefore be estimated for all ani-
mals (cows as well as sires) and included in a selection
index both as a trait in its own right and as a predictor
of body energy. It is unlikely that routine weighing (or
type classification) of young stock would be imple-
mented in the national population due to both the cost
and the practical problems associated with such a pro-
cess. However, these results indicate that there is an
association between BW and growth of young stock and
health disorders in first lactation. This needs to be con-
sidered in the light of current management practices
that favor animals that grow faster and mature earlier.

CONCLUSIONS

This analysis has shown that daily PABW and daily
growth rate from birth to the end of first lactation were
moderately to highly heritable. Weight at weaning and
calving, growth at weaning, and maximum growth rate
were genetically correlated with health problems in the
first lactation.
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