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ABSTRACT

The objectives of the current study were to investi-
gate the relationship between body condition score
(BCS) and dairy form and changes in genetic parame-
ters for BCS and dairy form within and across lactations
and age. Body condition score and dairy form were ob-
tained from the Holstein Association USA, Inc. Records
were edited to include those cows classified between 24
and 60 mo of age and between 0 and 335 d in milk
(DIM). A minimum of 20 daughters per sire and 15
cows per herd-classification visit were required. The
dataset consisted of 135,178 records from 119,215 cows.
Repeatability, multiple trait, and random regression
models were used to analyze the data. All models in-
cluded fixed effects for herd-classification visit, age
within lactations 1, 2, and 3 or higher, and 5th-order
polynomials for DIM. Random effects included sire and
permanent environment for all models. Random regres-
sion models included age at classification nested within
sire or DIM and lactation number nested within sire.
Genetic variance for both BCS and dairy form was low-
est in early lactation and highest in midlactation. Ge-
netic correlations within and across lactations were
high. The genetic correlation between DIM 0 in lacta-
tion 1 and DIM 305 in lactation 3 was estimated to
be 0.77 for BCS and 0.60 for dairy form. The genetic
correlation estimate between 30 mo of age at classifica-
tion and 50 mo of age at classification was 0.94 for both
dairy form and BCS. The repeatability models appeared
to generate accurate evaluations for BCS or dairy form
at all ages and stages of lactation.

(Key words: body condition score, dairy form, ran-
dom regression)

Abbreviation key: BCS = body condition score,
BCS,; =BCS on DIM X, BCHx_y = BCS on DIM X minus
BCS on DIM Y, BCHpp = BCS on DIM 0 in lactation
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2 — DIM 305 in lactation 1, DFx = dairy form on DIM
X, DCHx_y = dairy form on DIM X minus dairy form
on DIM Y, HEV = heterogeneous residual variance,
HOV = homogeneous residual variance, L = lactation
number, LG = lactation group, LG1 = lactation group
1, LG2 = lactation group 2, LG3 = lactation group 3,
LP = Legendre polynomial, LPO = intercept, LP1 =
linear Legendre polynomial, LP2 = quadratic Legendre
polynomial, MDRR = multidimensional random re-
gression, MT = multiple trait, PE = permanent environ-
ment, RPT = repeatability, RRA = random regression
on age.

INTRODUCTION

Body condition score and dairy form are genetically
similar traits that are related to production, cow health,
and reproductive performance. The genetic correlation
between BCS and dairy form score in the United States
has been estimated to be —0.72 (Dechow et al., 2003).

Body condition score is favorably correlated geneti-
cally with days to first heat, days to first service, concep-
tion rates, and calving intervals (Dechow et al., 2001;
Pryce et al., 2001; Veerkamp et al., 2001). Higher levels
of BCS are also genetically correlated with lower milk
yield in the above studies, but the genetic relationship
between BCS and reproductive performance exists after
adjustment for yield. Higher BCS loss during early lac-
tation is also related to higher production and poorer
reproductive performance (Pryce et al., 2001; Dechow
et al., 2002).

Dairy form has been genetically correlated with in-
creased disease incidence after adjustment for milk
yield (Rogers et al., 1999; Hansen et al., 2002). Despite
the antagonistic relationship between dairy form and
measures of cow health, selection has been practiced
for higher dairy form in the United States because of
a favorable relationship with production. The genetic
correlation between dairy form and milk yield was re-
ported to be 0.52 (Short and Lawlor, 1992).

Random regression models have been used to analyze
BCS in first lactation in Europe (Jones et al., 1999;
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Veerkamp et al., 2001). Random regression models have
also been used to analyze changes in genetic parame-
ters for selected linear type traits and final score with
age and to investigate changes in genetic parameters
over time in the United States (Uribe et al., 2000; Tsur-
uta et al., 2002a, 2002b).

Random regression models have not been used to
analyze changes in BCS or dairy form within lactation
in the United States. Moreover, changes in BCS or dairy
form with age or lactation number have not been inves-
tigated. Multidimensional random regression models
allow investigation of changes both within lactation and
across lactation number or age simultaneously (Jen-
sen, 2001).

The objectives of the current study were to: 1) investi-
gate changes in genetic parameters for BCS and dairy
form within and across lactations using multidimen-
sional random regression models, 2) investigate
changes in genetic parameters with age for BCS and
dairy form using random regression models, and 3) fur-
ther investigate the relationship between BCS and
dairy form.

MATERIALS AND METHODS
Data

Body condition and dairy form scores were obtained
from the Holstein Association USA, Inc. (Brattleboro,
VT). The initial dataset included 728,597 records on
613,338 cows that were recorded from October of 1997
through June of 2000. Body condition score is recorded
on a scale of 1 (thin) to 50 (fat). Body condition score was
a new trait for classifiers and BCS were not distributed
normally for many classifiers. Therefore, records from
classifiers that assigned BCS abnormally were elimi-
nated with the same procedures used in Dechow et
al. (2003).

Cows that were classified before 24 mo of age or later
than 60 mo of age were eliminated to be consistent
with the data editing procedures used for the national
genetic evaluations. Classification scores do not decline
for cows greater than 60 mo of age in the United States.
Cows that were more than 335 DIM were eliminated.
Additional data edits included a requirement of 20
daughters per sire and 15 cows for each herd-classifica-
tion visit. Edits for a minimum number of daughters
per sire and cows per herd-classification visit were nec-
essary to make parameter estimation computationally
feasible. However, there is no minimum number of
daughters required for the national genetic evaluations,
and all cows from contemporary groups of two or more
are retained.

The final dataset included 135,178 records from
119,215 cows. There were 80,967 first-lactation records,
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40,468 second-lactation records, and 13,743 records
from third to fifth lactations. Within a given lactation,
4768 cows had two records and 26 cows had 3 records.
Across lactations, 10,301 cows had records in two lacta-
tions, whereas 421 cows had records in 3 lactations.

The cows were sired by 827 bulls and were evaluated
in 4726 herd-classification visits. Three generations of
sires and dams were traced for each sire resulting in a
pedigree file that included 1654 animals.

Analyses

Sire models for BCS or dairy form were performed
with ASREML (Gilmour et al., 2002). Several models
described below were used to analyze the data. Likeli-
hood ratio tests were used to test the significance of
random effects in random regression models (Gilmour
et al., 2002).

Repeatability models (RPT). Body condition and
dairy form scores on the same cow at different DIM
and in different lactations were considered repeated
observations of the same trait. The statistical model is
described below:

Vijkim = hd_cl; + by+age(LG;) (1]
6
+ 2 ka*DIMkil(LGJ) + Sirel + PEm + Eijkim,
k=2

where yijim = BCS or dairy form. Fixed effects were:
hd_cl; = herd-classification visit i, b; = a regression coef-
ficient on age at calving nested within lactation group
J, bij = regression coefficients on DIM of order 1 to 5
nested within lactation group j, and LG; were lactation
groups consisting of first-lactation cows (L(G1), second-
lactation cows (LG2) and third- through fifth-lactation
cows (LG3). Random effects included: Sire; = effect of
sire 1, PE,, = permanent environmental effect for cow
m, and €jju, = random error.

Random regression on age at classification mod-
els (RRA). Changes in random genetic and permanent
environment effects were considered a function of age
at classification with the model described below:

6
Yijklmnp = hd_Cli + bl*age(LGj) + 2 bkj*DIMkil(LGj) +
k=2
1 1

Z Sirep+by,*age,” + Z PE#bmn*age,” + €ijkimnp, [2]
n=0 n=0

where yijximnp = BCS or dairy form, and the fixed effects
are the same as described for model 1, except age at
calving is replaced with age at classification, by, = ran-
dom regression coefficients of order 0 to 1 on age at
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classification p for sire 1, b,, = random regression coef-
ficients of order 0 to 1 on age at classification p for the
permanent environmental effects of cow m, and &;jiimnp =
random error.

Convergence was not obtained for BCS or dairy form
models that included random regression coefficients for
age,”. Random error variance was allowed to vary for
the following age at classification groups: 24 to 30, 31
to 35, 36 to 40, 41 to 45, 46 to 50, 51 to 55, and 56 to
60 mo.

This model allows generation of sire transmitting
abilities for any age at classification. Additionally, sire
transmitting abilities for change in daughter BCS or
dairy form as they mature can be calculated.

Multidimensional random regression on DIM
and lactation number models (MDRR). Changes
in random genetic and permanent environment effects
were considered a function of DIM and lactation num-
ber and are described by the model below:

2
Vijkmnpq = fixed effects; + z Sirej, ¢pk + Sirejy, L
p=0

+ Sirejlm d’l Lm + z PEnq quk (3]

q=0

+ PEnm Lm + €ijkmnpq»

where Yijkmnpg = BCS or dairy form, fixed effects; are
the ith fixed effects and are identical to those described
for model 1, Sire;, = random regression coefficient for
sire j on a Legendre polynomial (LP) for DIM of order
P, ¢pk = LP of order p (LPO = intercept, LP1 = linear and
LP2 = quadratic) for DIM k, Sire;;,, = random regression
coefficient for sire j on lactation number m (L,,), Sir-
ej1m = random regression coefficient for sire j on LP1 x
Ly, PE,q = random regression coefficient for permanent
environmental effect of cow n on LP for DIM of order
g, ¢qx = LP of order q for DIM k, x = 1 for BCS and 0
for dairy form, and €jjxmnpq = random error.

Legendre polynomials are orthogonal and can be used
with random regression models to model smooth curves
and growth trajectories (Kirkpatrick et al., 1990). Leg-
endre polynomials are standardized to range from —1
(d 0) to 1 (d 335). An LPO is a constant and for these
analyses was set to 1. Cubic LP for sire effects would not
converge for BCS and did not improve the log-likelihood
(P = 0.52) for dairy form.

Initial analyses attempted to fit sire and PE effects
to identical order of LP. However, analyses of BCS in-
cluding PE+«LP2 would not converge so only PE+LP1
was fit. For analyses of dairy form, models including
PE+LP1 or PE+«LP2 would not converge.

A lack of cows with multiple records within lactation
may have limited successful modeling of higher order

719

LP for PE. Only 4768 cows had 2 observations within
a single lactation, and very few (26) cows had 3 observa-
tions within a single lactation.

Including Sirej;,, ¢1 Ly, improved the log likelihood
significantly for dairy form (P < 0.001) and was included
in the analysis of dairy form, but Sirej;,, ¢1 Ly, was not
included in analysis of BCS (P = 0.75).

Two types of residual error structures were com-
pared. Residual variance was assumed to remain con-
stant across DIM and lactation for the first analyses.
This first model assumed homogeneous residual vari-
ance (HOV). Residual variance was allowed to vary
by month within LG for the second set of analyses.
Consecutive months with similar residual variance
were then grouped, resulting in the following 5 residual
variance groups for each LG: mo 1, 2, 3 through 8, 9,
and 10, and 11. In LG3, only 266 records were available
for mo 11, so mo 11 was grouped with mo 9 and 10.
This second model assumed heterogeneous residual
variance (HEV).

The above models will allow the generation of sire
transmitting abilities for any DIM between 0 and 335
in any lactation 1 through 3 (there were only 163 obser-
vations in lactations 4 and 5). Moreover, sire-transmit-
ting abilities can be generated for change in BCS or
dairy form between any two DIM in any lactation. Sire
transmitting abilities for daughter change in BCS or
dairy form as lactations progress could be generated.

Random regression model assumptions. Models
2 and 3 can be written in matrix notation as

y = X0 + Zia + Zsp + e,

where y = a vector of BCS or dairy form, X is an inci-
dence matrix for fixed effects, 3 is a vector of fixed
effects, Z; is an incidence matrix for sire effects, a is a
vector of random regression coefficients for sire effects,
Z5 is an incidence matrix for permanent environmental
effects, p is a vector of random regression coefficients
for permanent environmental effects, e is a vector of
residual effects. It was assumed that

a

P |~ N(©O,V)
e

and

G®A 0 O
V: 0 P®110
0 0 R
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where G and P are the covariance matrices of random
regression coefficients for sire and permanent environ-
mental effects, respectively, and are assumed to be the
same for all sires, A is the additive genetic relationship
among sires, ® is the direct product, I is an identity
matrix with order equal to the number of cows, and R
is a diagonal matrix of residual variances for models
that assume HEV, or residual variance for models that
assume HOV.
For analysis of dairy form using model 3,

’
G =V (a0, as1, as2, arL, ar«p1)-

Multiple-trait models (MT). Body condition score
and dairy form were analyzed with two types of MT
models. First, MT models with either BCS or dairy form
in LG1, LG2, and LG3 treated as different traits were
compared. A three-trait model was used for analysis of
BCS. However, a three-trait model would not converge
with dairy form because of genetic correlation estimates
near the boundary of the parameter space. Therefore,
3 bivariate analyses were performed for dairy form to
generate correlations among LG1, LG2, and LG3.

A second set of MT models were used to estimate
correlations between BCS and dairy form at different
lactation stages. The traits analyzed were BCS or dairy
form in the following five lactation periods: mo 1
through 2, 3 through 4, 5 through 6, 7 through 8, and
9 through 11.

The statistical model is as follows:

6
y = by+age + hd_ecl + be [4]
m=2

*DIM™! + Sire + PE + ¢,

where y = a vector of length 3 for BCS with LG1, LG2,
and LG3 treated as separate traits, a vector of length
2 with dairy form from 2 LG, or a vector of length 2 with
BCS and dairy form from the same lactation period,
b; = a vector regression coefficients on age at calving,
hd_cl = vector of fixed effects for herd-classification
visit, by = a vector of regression coefficients on DIM
polynomials of order 1 through 5, Sire = a vector of
random effects for sire, PE = a vector of random perma-
nent environmental effects for cow, and € = random
error.

Heritabilities, correlations, and PTA generated with
the MT models were used to help assess the accuracy
and fit of RPT and random regression models for a given
lactation. The MT models for lactation period will also
help assess the relationship between BCS and dairy
form at different stages of lactation.
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Variance Derivation

The matrix of random regression coefficients for sire
with MDRR (model 3) is as follows for analysis of
dairy form:

2
O'@‘()
2
040,01 041
2
CS = | 040,42 01,42 092

2

O¢0,L 01,1 02,1, oL,
2

| T90,¢1+L T¢1,015L 0¢2,61+L OL,p1+L OLxg1 |

The last row and column would not be included in
Cg for BCS. The coefficient matrix for PE* effects (Cpg.)
will have the same general form as the coefficient ma-
trix for sire effects. Because a sire model was used for
this study, % of the genetic variance is associated with
the PE variance estimate. Therefore, PE* variance will
refer to PE variance + % of the genetic variance, and
PE variance to actual PE variance. The Cpg+ for BCS
will not contain the third and last rows and columns,
whereas Cpg- for dairy form would only contain the first
and fourth rows and columns.

The design matrix for random sire effects for DIM w
and x in lactations y and z for dairy form is:

D - 1 ¢lw ¢2w Ly (blw*Ly
ey 1 ¢1x ¢2x Lz (blx*Lz

The design matrix for BCS sire effects will not have
the last column, whereas the design matrix for BCS PE
effects will not have the third and last columns and the
design matrix for dairy form PE effects will have only
the first and fourth columns.

The sire variance/covariance matrix for DIM w and
x in lactations y and z would then be: cr%ire,wx,yz = Dyxyz
Cs Dyxy, . Likewise, the PE* variance/covariance ma-
trix for DIM w and x in lactations y and z would be:
UI%E*,wx,yz = Dwx,yz CPE* Dwx,yz,-

To determine sire or PE variance for change in BCS
or dairy form from day x to y, the design matrix coeffi-
cients for day y are subtracted from the design matrix
coefficients for x. For example, to determine the sire
variance/covariance among BCS on DIM 0 and 70, and
change in BCS from DIM 0 to 70 in first lactation, the
following design matrix would be used.

1-1.225 1.580 1
Doz = |1 -0.713 0.013 1
0 -0.512 1.567 0
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The variance/covariance matrix among BCS on d 0
and 70, and change in BCS from d 0 to 70 in first
lactation is then derived as: Dy 79 Cs Do70".

Genetic variance on day x in lactation y (ai,xy) was
calculated as 4*a%ire,xy. The PE variance on day x in
lactation y can be calculated as CT}%E,Xy = O’%E*,xy — 3%
(o %ire,xy-

The phenotypic variance was calculated as 03 ,, =
0% xy + OPExy + 02, Where day x in lactation y was in-
cluded in residual group z. Heritability (h?(y) was
(0% xy/0% xy- The phenotypic covariance between day w
and x in lactation y and z was calculated as opyxy, =
OAwxyz + OPEwxyz. Phenotypic variance for the change
in BCS or dairy form from day w to x in lactations y
and z could then be calculated as: J%’Wx,yz = J%,Wy +
O'%’,xz - Z*UP,WX,yZ'

Generating variances with model 2 (RRA) is similar
to model 3 (MDRR). Days in milk is not included in the
model so the size of the coefficient and design matrices
are smaller. Lactation number is replaced with age at
classification and the procedures used to calculate vari-
ances and variance ratios for MDRR are used.

Predicted Transmitting Abilities

Sire predicted transmitting abilities for BCS and
dairy form from model 4 (MT) and model 1 (RPT) were
obtained from ASREML output. Average PTA for lacta-
tions 1, 2, and 3 were generated from model 3 (MDRR).
Additionally, PTA for 30 and 50 mo of age at classifica-
tion were generated from model 2 (RRA).

Correlations were generated among all of the PTA.
Low correlation estimates between PTA from the RPT
models and PTA from random regression models could
indicate ill-fitted random regression models or that RPT
models are inadequate for certain DIM or ages. Correla-
tions among specific lactation PTA from MT and MDRR
models that were higher than correlations between MT
and RPT PTA would indicate that MDRR models are
more accurate for specific lactations than RPT models.
These correlations can also help determine at what age
or lactation number national genetic evaluations are
most accurate.

RESULTS AND DISCUSSION
RPT Models

Generalized least square solutions from RPT models
for BCS and dairy form across LG1, LG2, and LG3 are
shown in Figure 1. The solutions represent average
BCS or dairy form on an average herd-classification
visit for a cow that calved at an average age for each
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Figure 1. Generalize least squares solutions for BCS (——) and
dairy form (——) in lcatation 1 ({J), lactation 2 (A), and lactations 3
and higher (x).

LG (26.7 in LG1, 40.5 for LG2, and 51.2 for LG3). Nadir
BCS was attained at DIM 80, 62, and 68 for LG1, LG2,
and LG3, respectively. Dairy form increased in early
lactation, and maximum dairy form was attained at
DIM 113 in LG1, DIM 70 in LG2, and DIM 73 in LG3.

In general, dairy form is increasing as BCS decreases.
Dairy form peaks 33 d after minimum BCS in first
lactation, and the shape of the dairy form curve is differ-
ent in first lactation than second or third lactation.
Dairy form increases with lactation number more than
average BCS declines. A different phenotypic relation-
ship between dairy form and stage of lactation in first
lactation compared to later lactations may have re-
sulted in a significant interaction between DIM and
lactation number with model 3 (MDRR).

The heritability of BCS was estimated to be 0.20,
whereas the repeatability estimate was 0.32. The heri-
tability and repeatability estimates for dairy form were
0.26 and 0.61, respectively.

RRA Models

Heritabilities and correlations were derived from
model 2 (RRA) for BCS at 30 mo of age (BCS3q), 50 mo
of age (BCS;¢), and change in BCS from 50 — 30 mo
of age (BCHj;¢_39). The heritability estimate changed
minimally from 30 (0.21) to 50 mo (0.20). The genetic
correlation between BCS3y and BCS5, was high (0.94),
but the phenotypic correlation estimate was only 0.27.

The heritability estimate for BCHjyo_30 was 0.03.
When the genetic correlation between BCS at two DIM
is high, then genetic variation for change between those
two DIM must be low. The phenotypic correlation was
not high, indicating that there is appreciable pheno-
typic variation for change in BCS.

Heritabilities and correlations were derived from the
RRA model among dairy form at 30 (DF3), 50 (DF50)
and 50 to 30 mo of age (DCHj;¢_39). The heritability
estimate for DF3y (0.28) was similar to that of DFjy,
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(0.27). As with BCS, the genetic correlation between
DF3y and DF;5, was 0.94, but the phenotypic correlation
estimate was higher (0.56) for dairy form. The heritabil-
ity estimate for DCHjy_30 was 0.05.

Random regression models have been used to de-
scribe genetic changes in final score with age at classi-
fication (Tsuruta et al., 2002a). Tsuruta et al. (2002a)
assumed a constant residual variance across ages and
fitted quadratic polynomials for random effects. Ran-
dom quadratic effects for age at calving would not con-
verge for BCS or dairy form in this study. Average-
information REML was used here, whereas Tsuruta et
al. (2002a) used REMLF90, which uses an expectation
maximization-REML algorithm and can be more stable
but takes longer to converge (Misztal et al., 2000). Con-
vergence was not attained because of limited variation
for a quadratic effect of sire on age and would change
our results minimally.

Results from random regression on age at classifica-
tion for stature, rump angle, thurl width, rear leg set,
rear udder width, rear udder height, udder depth, and
fore udder attachment were reported by Uribe et al.
(2000). In general, traits related to body structure (stat-
ure, rump angle, and thurl width) were similar traits
genetically across ages, whereas EBV for rear leg set
and udder traits tended to change with age. Dairy form
is related to body structure and appears to change mini-
mally with age genetically, as does BCS.

MDRR Models

Multidimensional random regression models (model
3) were successfully fit for both BCS and dairy form.
The advantage of such a model over a multiple trait
random regression model with each LG treated as a
separate trait is that the number of parameters to be
estimated is greatly reduced (Jensen, 2001). A three-
trait model with sire interacted with LPO, LP1, and
LP2 and nested within LG would require estimation of
45 (co)variance parameters for the sire effect alone.
The current model for BCS required estimation of 10
(co)variance parameters for sire, whereas the model
for dairy form required 15 (co)variance parameters be
estimated. Separate breeding values for each lactation
can still be generated, however.

BCS. The estimated heritability curves for BCS in
lactations 1, 2, and 3 are shown in Figure 2. Heritability
estimates for lactations 1 are from both HEV and HOV
models. Heritability estimates for lactation 2 and 3 are
from HEV models only.

Heritability estimates peak in midlactation for all
lactations. Heritability estimates are highest across
first lactation and increase from 0.15 at DIM 0 to 0.24
at DIM 200. The curve of heritability estimates ob-
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Figure 2. Heritability of BCS in lactation 1 (——), lactation 2
(———-), lactation 3 (——) assuming heterogeneous residual vari-
ance. Heritability of BCS in lactation 1 (—A—-) assuming homogeneous
residual variance.

tained from the HOV model is nearly identical to the
curve obtained from the HEV model.

Variance component estimates for lactation 1 from
HOV and HEV models are shown in Figure 3. The esti-
mate of genetic variance is nearly identical for both
models. Residual variance was estimated to be lower
in first lactation and during early lactation for the HEV
model. This appears to have resulted in a lower PE
variance estimate across lactation 1, especially in early
lactation, for the HOV model. Likewise, residual vari-
ance is estimated to be somewhat higher in late lacta-
tion with the HEV model, corresponding to a higher
estimate of PE variance with the HOV model. The end
result is a heritability estimate that is nearly identical
for both models.

Cubic LP for DIM were used by both Jones et al.
(1999) and Veerkamp et al. (2001) to model genetic
variation for BCS across the lactation. Attempts to fit
cubic LP did not converge in this study. The sire vari-
ance reported in this study displays a similar trend to

25.00

20.00

15.00

10.00

0.00

0 30 60 90 120 150 180 210 240 270 300 330
DIM

Figure 3. Genetic variation estimate (A), permanent environmen-
tal variation estimate ( ), and residual variation estimate (—[J—,
gray scale) for BCS in lactation 1 assuming heterogeneous residual
variance. Genetic variation estimate (M), permanent environmental
variation estimate (- ———), and residual variation estimate (-[1-)
for BCS in lactation 1 assuming homogeneous residual variance.
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Table 1. Heritabilities (diagonal), genetic (below diagonal), and phenotypic (above diagonal) correlations estimates among BCS at DIM 0,
70, and 305 in lactations 1, 2, and 3, loss in BCS from d 0 to 70 (0-70), gain in BCS from d 70 to 305 (305-70) and change during the first

dry period (Dry, DIM 0 in lactation 2 — DIM 305 in lactation 1).

1 2 3 BCS Change

Lactation DIM 70 305 0 70 305 0 70 305 0-70 305-70 Dry
1 0 0.15 0.41 0.31 0.34 0.32 0.20 0.21 0.21 0.09 0.02 -0.08 0.01
70 0.99 0.19 0.32 0.33 0.31 0.23 0.22 0.23 0.14 0.01 -0.05 -0.01
305 0.90 0.96 0.19 0.29 0.31 0.32 0.26 0.30 0.29 -0.02 0.04 -0.07
2 0 0.97 0.96 0.90 0.14 0.31 0.26 0.27 0.29 0.22 0.00 -0.02 0.00
70 0.96 0.98 0.96 0.99 0.19 0.29 0.29 0.32 0.27 -0.01 0.00 -0.02
305 0.85 0.92 0.98 0.90 0.96 0.17 0.30 0.36 0.39 -0.04 0.09 -0.07
3 0 0.88 0.88 0.84 0.97 0.95 0.89 0.12 0.35 0.32 -0.02 0.03 0.00
70 0.89 0.91 0.91 0.96 0.98 0.96 0.98 0.19 0.40 -0.03 0.06 -0.03
305 0.77 0.83 0.92 0.86 0.92 0.98 0.90 0.96 0.15 -0.05 0.13 -0.07
BCS Change 0-70 -0.60 -0.72 -0.88 -0.60 -0.73 -0.87 -0.57 -0.71 -0.84 0.01 -0.02 0.02
305-70 -0.21 -0.06 0.22 -0.14 0.01 0.30 -0.06 0.08 0.36 -0.62 0.01 -0.05
Dry -0.29 -0.43 -0.63 -023 -0.39 -059 -0.16 -0.32 -0.52 0.89 -0.75 0.03

the genetic variance estimated from a quadratic LP by
Veerkamp et al. (2001). Genetic variance was reported
to be highest in midlactation and lower at the beginning
and end of lactation. The estimate of genetic variance
increased near the end of lactation when cubic LP were
fit, but the cubic term explained only 0.016% of the
genetic variation (Veerkamp et al., 2001).

Heritabilities, genetic, and phenotypic correlation es-
timates among BCS at DIM 0, 70, and 305 in first,
second, and third lactation are given in Table 1. Addi-
tionally, heritability and correlation estimates among
BCS and change in BCS from DIM 0 to 70 (BCH,.
70), 305 to 70 (BCH3g5_70), and change from DIM 0 in
lactation 2 — DIM 305 in lactation 1 (BCHpp) are also
given in Table 1. Correlations among the above traits
and DIM 305 — 178 (BCHggs-178) and DIM 178 — 70
(BCH,73_70) were calculated but not shown.

These points were chosen to represent BCS at calving
(DIM 0), nadir BCS (DIM 70), and BCS at the end of
lactation (DIM 305). A high PTA for BCH_7¢ indicates
that daughters of that sire lose more body condition
than average from DIM 0 to 70, whereas a high PTA
for BCH3¢5_79 indicates that daughters of that sire gain
more body condition than average from DIM 70 to 305.
A high value for BCHpp indicates that daughters of
that sire gain more body condition during the dry period
than average.

Genetic correlation estimates among BCS at DIM 0,
70, and 305 in lactation 1 through 3 range from 0.77
(between DIM 0 in lactation 1 and DIM 305 in lactation
3) to 0.99. Genetic correlation estimates within a lacta-
tion are 0.90 and above, whereas genetic correlation
estimates at the same DIM in different lactations are
0.88 and above. Several authors have found high ge-
netic correlations between BCS at different DIM and
in different lactations using both random regression

models and multiple-trait models where BCS from dif-
ferent stages of lactation were considered different
traits (Jones et al., 1999; Dechow et al., 2001; Gallo et
al., 2001; Koenen et al., 2001).

Phenotypic correlation estimates are lower than the
genetic correlation estimates, ranging from 0.09 to 0.41.
It may be possible that PE covariances, and thus pheno-
typic correlations, were underestimated. Few cows
would have BCS observations at or near two particular
DIM and only LP1 could be fit for PE effects. Thus, the
PE estimate for a particular cow on a given DIM is based
on a straight line with only one to three observations
available to estimate that line. If PE covariance is un-
derestimated, the estimated residual variance for
change in BCS would be overestimated, and heritability
underestimated. The heritability of BCHg_;, and
BCHj5_7¢ were estimated to be 0.01, whereas the heri-
tability estimate of BCHpp was 0.03. Other estimates
of the heritability of BCS loss in the first 2 to 3 mo of
lactation range from 0.01 to 0.09 (Pryce et al., 2001;
Berry et al., 2002; Dechow et al., 2002). Whereas the
heritability of BCS change could be underestimated
here, it seems clear that the genetic correlation among
BCS at different stages of lactation and across lacta-
tions are high, and that the heritability of BCS change
is much less than the heritability of the level of BCS.

The heritability estimates of BCS change are low
and genetic correlations among levels of BCS and BCS
change should be interpreted with caution. Correlations
among levels of BCS and BCS change do appear to be
consistent with other reports, however. Genetic correla-
tion estimates between BCH,_;o and the level of BCS
range from —0.60 to —0.87 (Table 1). Genetic correlations
are stronger (negative) between BCH(_;y and the level
of BCS at DIM 70 and 305 than at DIM 0. Dechow et
al. (2002) reported that BCS loss during the first third
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of lactation was genetically correlated more strongly
with postpartum BCS (range —0.56 to —0.99) than with
BCS at calving (range —0.11 to —0.48). It appears that
cows genetically inclined to have higher BCS at calving
lose less body condition during the first months of lacta-
tion and have higher BCS later in lactation.

Early lactation cows are in negative energy balance
and must mobilize body condition to support early lacta-
tion production (Bauman and Currie, 1980). There is
variation on the severity and duration of negative en-
ergy balance. Cows genetically inclined to have higher
levels of BCS appear to lose less BCS, and thus have
less severe negative energy balance, in early lactation.
Additionally, selection that increases negative energy
balance in early lactation would do so by lowering BCS
during the lactation more than BCS at calving.

The genetic correlation between BCHg_;p and
BCHj3p5_70 was —0.62. Cows genetically inclined to lose
more body condition than average from DIM 0 to 70
appear to gain less BCS from DIM 70 to 305. However,
the genetic correlation between BCHg_;, and BCS
change from BCHj35_175 is 0 and the genetic correlation
estimate between BCH(_7o and BCH;75 7 is —0.95 (not
shown). Body condition score gain from any DIM after
178 to 305 is positively correlated with BCH,_7o. Genetic
correlation estimates between BCHpp and BCS at DIM
0, 70, and 305 were negative, ranging from —0.16 to
—0.63, whereas the genetic correlation estimate be-
tween BCHpp and BCH,_;, was 0.89.

This appears to agree with observations of Berry et
al. (2002). They reported a genetic correlation between
BCS at DIM 5 to 60 and BCS at DIM 180 to 120 of
—0.26 (the authors used DIM 60 to 5 so the signs have
been reversed here). The genetic correlation between
BCS at DIM 5 to 60 and DIM 240 to 180 was reported
to be 0.37.

Cows genetically inclined to have a high level of BCS
at calving (DIM 0) appear inclined to lose less body
condition from DIM 0 to 70, and gain less BCS during
the dry period. Cows genetically inclined to lose more
BCS from DIM 0 to 70 appear to gain less body condition
through midlactation and then gain more body condi-
tion than average in late lactation and the dry period.

The relationship between the level of BCS and
changes in BCS may be due, in part, to their relation-
ship with milk production. While slightly positive ge-
netic correlation estimates between BCS at calving and
production have been reported, genetic correlation esti-
mates for BCS during the lactation and milk, fat, or
protein production are moderately negative (Dechow et
al., 2001; Gallo et al., 2001; Veerkamp et al., 2001;
Berry et al., 2002). Genetic correlation estimates be-
tween BCS loss in early lactation and total lactation
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Figure 4. Heritability of dairy form in lactation 1 (——), 2
(———-), lactation 3 (——) assuming heterogeneous residual vari-

ance. Heritability of dairy form in lactation 1 (—A-) assuming homoge-
neous residual variance.

milk production range from 0.09 to 0.50 (Pryce et al.,
2001; Dechow et al., 2002).

Genetic correlation estimates between BCS and pro-
duction are not constant across the lactation, however.
When BCS at different stages of lactation are treated as
separate traits, genetic correlation estimates between
production and BCS were reported range from 0.22 to
—0.27 at or near calving, —0.06 to —0.43 in midlactation,
and from 0.07 to —0.31 in late lactation (Dechow et al.,
2001). Veerkamp et al. (2001) reported that genetic
correlations between BCS and production became
stronger (negative) as the lactation progressed using
random regression models.

Cows genetically inclined to produce higher levels of
milk tend to have lower levels of BCS, lose more BCS in
early lactation, and have more severe negative energy
balance in early lactation. Higher-producing cows likely
partition more nutrients toward production and less
toward replenishing body condition during mid- to late
lactation, and then recover body condition at a more
rapid rate in late lactation and the dry period.

Dairy form. The estimated heritability curve of
dairy form across lactations one, two, and three is given
in Figure 4. From the HEV model, heritability esti-
mates for lactation 1 are highest at the beginning of
lactation (0.31), but early lactation heritability esti-
mates are lowest for lactation 2 and 3. The heritability
estimate for first lactation is lowest at the beginning
of the lactation if homogeneous residual variance is
assumed. The heritability estimate for second lactation
peaks at DIM 240 (0.30). In lactation 3, heritability
increased across the lactation and was highest (0.36)
at DIM 240 and 335.

The estimated variance components for lactation 1
from HEV and HOV models are given in Figure 5. Ge-
netic variance estimates from both models are nearly
identical. As with BCS, residual variance in first lacta-
tion was lower than average residual variance in second
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residual variance. Genetic variation estimate (M), permanent envi-
ronmental variation estimate (————), and residual variation esti-
mate (—[J-) for BCS in lactation 1 assuming homogeneous residual
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and third lactations, resulting in a lower PE variance
when residual variance was held constant. Because
models that included PE interacted with LP did not
converge, PE variance estimates did not compensate
for lower early lactation residual variance, resulting in
lower heritability estimates for dairy form with the
HOV model at DIM 0 for lactations 1 (7% lower), 2 (3%
lower), and 3 (4% lower).

Residual variance was particularly low in the first
month of lactation 1, resulting in a high heritability
estimate in the first month of lactation 1 with the HEV
model. This is likely an effect of type appraisal proce-
dures for early first lactation cows. Classifiers have the
option of not classifying early-lactation cows if they feel
that a cow has not had time to recover from the stress
of calving and is not in proper condition. Cows that are
scored in that first month are therefore a select group.
Early first-lactation cows that are in condition to be
classified and that producers would like to have scored
are likely to be above average for type, which could bias
variance estimates in early lactation. The average final
score of first-lactation cows evaluated during the first
month of lactation was 79.4 in this dataset, whereas
the average final score of cows evaluated after the first
month of first lactation was 76.5.

Many random regression models have displayed a
rapid increase in heritability estimates at the ends of
the measured time scale, which is usually DIM (Misztal
et al., 2000). This increase is likely an artifact of the
random regression model. Stages of lactation where
observations are abundant may be modeled well,
whereas the beginning and end of lactations, which
typically contain fewer observations, are modeled
poorly (Misztal et al., 2000). The increasing heritability
estimate across third lactation is likely an artifact of
the model used here. Lactation 3 in late lactation is
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near the end of the observation for two time scales
(lactation number and DIM), and there were only 266
observations in mo 11 for lactations 3 and higher.

Genetic correlation estimates among dairy form
scores at DIM 0, 70, and 305 and in lactations 1 through
3 (not shown) ranged from 0.60 to 0.98. The heritability
estimates of change in dairy form scores in lactation
1 from DIM 0 to 70 (DCHgy_79) was 0.05, as was the
heritability estimate for change in dairy form from DIM
305 to 70.

Because an interaction between DIM and lactation
effects was fitted, change in dairy form in one lactation
was not necessarily the same in other lactations. The
genetic correlation estimate for DCH(_;, among lacta-
tions 1, 2, and 3 ranged from 0.43 (between lactations
1 and 3) to 0.88 (between lactations 2 and 3).

The genetic correlation estimates between the level
of dairy form and DCH,_7o in the corresponding lacta-
tion was 0.08 at DIM 0 in lactation 1 and negative
elsewhere (range —0.23 to —0.90). A negative value for
DCH,_rq represents an increase in dairy form from DIM
0 to 70. It appears that cows with a high level of dairy
form tended to increase in dairy form in early lactation,
especially later lactations. Genetic correlation esti-
mates tended to be strongest between DCH,_;o and DIM
305 (range —0.55 to —0.90).

MT and MDRR Models

Genetic parameter estimates obtained from MDRR
(model 3) for lactations 1, 2, and 3 were similar to those
obtained from MT (model 4). Genetic correlation esti-
mates obtained from MT models among BCS in LG 1,
LG 2, and LG 3 ranged from 0.94 to 0.98, whereas
genetic correlation estimates obtained from MDRR
models among first, second, and third lactations ranged
from 0.92 to 0.98. Standard errors of the genetic correla-
tions for the MT model ranged from 0.02 to 0.03. The
heritability estimates from the MT model ranged from
0.20 (lactation 2 and 3) to 0.22 (lactation 1), whereas
heritability estimates for the MDRR model ranged from
0.18 (lactation 3) to 0.21 (lactation 1).

Genetic correlation estimates ranged from 0.96 to
1.01 among LG 1, LG 2, and LG3 for dairy form for the
MT model. Standard errors for the genetic correlations
ranged from 0.01 to 0.02. The 2-trait model with dairy
form in LG2 and L.G3 failed to remain positive definite.
If the genetic correlation between two traits is near 1,
a genetic correlation greater than 1 may be within the
sampling error. Rather than bending covariance matri-
ces to remain positive definite, the covariance estimate
is left as sampled by ASREML.

Genetic correlation estimates ranged from 0.92 to
0.98 for lactations 1, 2, and 3 from the MDRR model.
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Table 2. Genetic correlation (ry) estimates and phenotypic correlation
(rp) estimates BCS and dairy form in the following months of lactation:
1 through 2 (P1), 3 through 4 (P2), 5 through 6 (P3), 7 through 8
(P4) and 9 through 11 (P5).!

Lactation

stage Ty Ty

P1 -0.63 -0.38
P2 -0.67 -0.42
P3 -0.72 -0.45
P4 -0.69 -0.46
P5 -0.61 -0.45

IStandard errors for the genetic correlations ranged from 0.04 to
0.08 and standard errors for the phenotypic correlations were 0.01.

Heritability estimates ranged from 0.24 (lactation 2) to
0.28 (lactation 1) with the MT model, whereas they
ranged from 0.26 (lactation 2) to 0.28 (lactation 3) with
the MDRR model.

BCS and Dairy Form

Correlation estimates among BCS and dairy form in
different lactation periods are given in Table 2. Pheno-
typic correlations are moderate, ranging from —0.38 to
—0.46. It is possible to have an open ribbed cow that
has a high level of BCS, or a tight ribbed cow with low
BCS at the phenotypic level.

Genetic correlation estimates are stronger (range
—0.61 to —0.72) than the phenotypic correlation esti-
mates. Bulls that sire daughters high in dairy form
also tend to sire daughters that have lower BCS than
average. Genetic parameters for BCS and dairy form
change in a similar manner across the lactation as well.
Genetic variance estimates (Figures 2 and 4) tend to
be lowest in early lactation, highest in the middle of
lactation, and decline toward late lactation. The genetic
correlation estimates between BCS and dairy form tend
to be strongest when the genetic variances for both
traits are the highest.

Whereas BCS and dairy form are not the same traits
phenotypically, both contribute to angularity and have
a moderate to strong genetic relationship. A cow with
high angularity is open ribbed (or has a high dairy
form), is free of excess fleshing, and has a flat, clean
bone structure (Interbull, 2003b). The genetic correla-
tion between dairy form in the United States and angu-
larity in the United Kingdom is 0.89 (Interbull, 2003a).
Correlations between BCS and angularity were re-
ported to range from —0.47 to —0.77 in a research herd
from the United Kingdom (Veerkamp and Broth-
erstone, 1997).

Bone quality is measured on Canadian Holsteins and
contributes positively to dairy character scores (Hol-
stein Canada, 2003). The genetic correlation between
dairy character in Canada and dairy form in the US is

Journal of Dairy Science Vol. 87, No. 3, 2004

DECHOW ET AL.

reported to be 0.86 (Interbull, 2003a). A genetic correla-
tion estimate between BCS and bone quality was re-
ported to be —0.44 in a pilot study in Canada (van Dorp
and Boettcher, 1999). Cows with low BCS likely have
less tissue surrounding the cannon bone, thus ap-
pearing to have a more refined or “flatter” bone struc-
ture in their rear legs.

Bulls that sire daughters high in dairy form tend to
have daughters that are open ribbed, low in BCS, and
flat boned, thus appearing to be more angular. There
are some differences between BCS and dairy form ge-
netically. Body condition score was reported to be
strongly correlated with strength (0.69), whereas dairy
form was not (-0.11) (Dechow et al., 2003). Despite the
negative genetic correlation between them, both BCS
and dairy form were reported to be positively correlated
with stature and frame in the same study (range 0.20
to 0.27).

The increase in dairy form with lactation number
(Figure 1) could be due to an increase in size as cows
mature. As a cow grows and become longer, space be-
tween ribs may increase, resulting in a higher dairy
form. Growth in stature and frame during first lactation
could also be responsible for the general increase in
dairy form across first lactation that was not observed
across other lactations. Increased size with maturity
does not appear to have a large impact on BCS,
however.

Predicted Transmitting Abilities

Correlations among PTA for BCS and dairy form in
different lactations and from various models are given
in Table 3. Correlations among PTA from all models
were high, indicating that all models performed consis-
tently. Correlations among PTA from the RPT model
and all other models were 0.983 and higher for BCS,
and 0.95 and higher for dairy form.

In first and second lactation, PTA from MT models
are more highly correlated with PTA generated with
MDRR models for the corresponding lactation than
with PTA generated with RPT models. This may indi-
cate that MDRR PTA are slightly more accurate for
lactations 1 and 2 than the RPT models. That was not
true for third lactation, and MDRR models may not
have fit third lactation as well as lactations 1 and 2.

Predicted transmitting abilities at 30 mo of age from
RRA models were more highly correlated with PTA for
first lactation from MT and MDRR models than second
or third lactations. Predicted transmitting abilities at
50 mo of age from RRA models were most highly corre-
lated with second lactation PTA from MT and MDRR
models. It would be expected that PTA for younger ages
(30 mo) be closer to PTA from first lactation, whereas
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Table 3. Correlations among sire PTA from repeatability (RPT) models, PTA from lactations 1 (MT1), 2
(MT2) and 3 and higher (MT3) from multiple trait models, lactation 1 (RR1), lactation 2 (RR2), and lactation
3 (RR3) from random regression models on DIM and lactation number, and 30 (RR30), and 50 mo (RR50)
from random regression models on age at classification for BCS (below diagonal) and dairy form (above

diagonal).

RPT MT1 MT2 MT3 RR1 RR2 RR3 RR30 RR50
RPT 0.978 0.979 0.950 0.996 0.997 0.986 0.994 0.994
MT1 0.984 0.994 0.947 0.984 0.975 0.955 0.984 0.969
MT2 0.983 0.988 0.944 0.979 0.981 0.970 0.977 0.978
MT3 0.988 0.987 0.998 0.948 0.950 0.940 0.950 0.946
RR1 0.997 0.989 0.979 0.976 0.993 0.975 0.998 0.987
RR2 0.998 0.980 0.985 0.984 0.995 0.994 0.989 0.998
RR3 0.988 0.963 0.982 0.982 0.980 0.995 0.968 0.995
RR30 0.995 0.987 0.975 0.973 0.997 0.991 0.974 0.983
RR50 0.994 0.975 0.986 0.984 0.989 0.997 0.996 0.983

PTA for older ages (50 mo) would be closer to PTA from
lactations 2 and 3 if the RRA model fit well.

Predicted transmitting abilities between DIM 0, 70,
and 305 in lactations 1, 2, and 3 from MDRR models
were also generated and correlated with PTA from RPT
models (not shown). Correlations ranged from 0.977 to
0.997 for BCS and from 0.948 to 0.996 for dairy form.
The RPT models also appear to be accurate for any DIM
for both BCS and dairy form.

CONCLUSIONS

Previously reported relationships among BCS, dairy
form, reproductive performance, and cow health indi-
cate that selection for higher BCS or lower dairy form
may improve reproductive performance and cow health.
National genetic evaluations for BCS are not currently
available, but could be generated. Body condition score
has a strong genetic correlation with dairy form and
BCS evaluations would only be necessary if selection
for BCS is shown to improve cow health or reproductive
performance beyond what is possible with selection for
dairy form.

Selection in the United States has been for cows with
higher dairy form, and thus lower BCS, because dairy
form is favorably correlated with yield. When analyzing
the merit of cows in the absence of production records, at
cattle shows or during linear classification for example,
some preference to those cows with higher dairy form
may be justified. However, reported correlations be-
tween dairy form and production are moderate and pref-
erence for thin cows that otherwise appear equal in
production to other cows should be discouraged. Prefer-
ence for higher dairy form as an indicator of production
is not necessary when reliable production records are
available and genetic selection should be for those bulls
that sire daughters high in production but low in
dairy form.

Random regression models for BCS or dairy form
could be used to generate PTA for an age or DIM when

heritability was highest, or be used to generate PTA for
change in BCS or dairy form. Evaluations from random
regression models may be of value if a strong association
were found between change in BCS or dairy form and
an economically important trait, such as reproductive
performance. If correlations of BCS or dairy form with
an important trait changed across the lactation, then
evaluations from random regression models for DIM
when the relationship is strongest might be of value.
However, genetic correlations between BCS or dairy
form at different DIM, lactations, and ages are high
and change in BCS and dairy form is not as heritable
as thelevel of BCS or dairy form. Large daughter groups
would be necessary to estimate accurate evaluations
for change in BCS or dairy form.

The repeatability models used currently in national
genetic evaluation programs in the United States would
appear to generate accurate PTA for BCS or dairy form
at any age or stage of lactation.
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