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ABSTRACT. Random regression models have been widely used to estimate 
genetic parameters that influence milk production in Bos taurus breeds, and 
more recently in B. indicus breeds. With the aim of finding appropriate 
random regression model to analyze milk yield, different parametric 
functions were compared, applied to 20,524 test-day milk yield records of 
2816 first-lactation Guzerat (B. indicus) cows in Brazilian herds. The records 
were analyzed by random regression models whose random effects were 
additive genetic, permanent environmental and residual, and whose fixed 
effects were contemporary group, the covariable cow age at calving (linear 
and quadratic effects), and the herd lactation curve. The additive genetic and 
permanent environmental effects were modeled by the Wilmink function, a 
modified Wilmink function (with the second term divided by 100), a function 
that combined third-order Legendre polynomials with the last term of the 
Wilmink function, and the Ali and Schaeffer function. The residual variances 
were modeled by means of 1, 4, 6, or 10 heterogeneous classes, with the 
exception of the last term of the Wilmink function, for which there were 1, 
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3, 6, or 10 classes. The models gave similar hereditability estimates, ranging 
from 0.20 to 0.33. Genetic correlations between adjacent records were high 
values (0.83-0.99), but they declined when the interval between the test-day 
records increased, and were negative between the first and last records. The 
model employing the Ali and Schaeffer function with six residual variance 
classes was the most suitable for fitting the data.

Key words: Covariance function; Parametric functions;
Test-day milk yield; Zebu

INTRODUCTION

Random regression models (RRMs) have been widely used for analysis of traits whose 
measures are obtained sequentially over time (longitudinal data), such as milk production. Accord-
ing to Meyer and Hill (1997), RRMs are equivalent to covariance functions, described initially by 
Kirkpatrick et al. (1990). Covariance functions permit description of the changes in covariance be-
tween measures that occur over time, and can predict the variances for points of the trajectory with 
little or no information. They are obtained in RRMs by means of the co(variance) matrix between 
the random regression coefficients (Meyer, 1999).

There are different functions that can be used to fit the yield trajectory. Among those 
used in random regression, the ones most often used are parametric functions and Legendre 
orthogonal polynomials. Legendre polynomials are flexible, enabling fitting curves indepen-
dently of the trait of interest. In turn, parametric functions are based on components of the 
typical curve and tend to impose a particular shape, which can result in satisfactory fits when 
the data take this form but unsatisfactory fits when the trait’s data follow a different path.

Among the parametric functions used in RRMs to study test-day milk yield (TMDY), 
the exponential function of Wilmink and the logarithmic one of Ali and Schaeffer are more 
prominent (López-Romero and Carabaño, 2003; de Melo et al., 2007; Herrera et al., 2008; 
Pereira et al., 2010). Modifications of the Wilmink function have been proposed with the 
intention of improving the adjustment of curves to the data. In this respect, Jakcbosen et al. 
(2002) proposed dividing the second term by 100 to reduce the amplitude of the covariable, 
with the aim of improving the model’s numerical properties. Brotherstone et al. (2000) altered 
the value of the parameter a3, comparing the standard value (-0.05) with -0.068 and -0.10, and 
concluded that the value -0.068 provided the best fit for Dutch breeds. They also obtained a 
higher value for the maximum log-likelihood and lower incidence of negative correlations 
between the initial and final test-day records. Freitas (2003), who studied the Gyrolando breed, 
tested the same values and concluded that -0.05 was the best. Lindauer and Mäntysaari (1999) 
proposed a function formed by a combination of the Wilmink and third-order Legendre or-
thogonal polynomials for better description of the lactation curve.

For an adequate partition of the total variance, studies with RRMs have concluded that 
heterogeneous residual variances must be considered (El Faro and Albuquerque, 2003; Bignardi 
et al., 2009; Takma and Akbas, 2009). RRMs that consider heterogeneous residual variances are 
more suitable for fitting the data than are models that consider the residual variance as being ho-
mogeneous, since these tend to overestimate the additive variance (Jamrozik and Schaeffer, 1997).

The aim of this study was to compare RRMs with different residual variance structures to ana-
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lyze milk yield from first lactations of Guzerat cows by using the parametric functions of Wilmink and 
Ali and Schaeffer and a combination of third-order Legendre polynomials and the Wilmink function.

MATERIAL AND METHODS

The data used consisted of the TDMY records from the first lactation of Guzerat cows 
(Table 1), with calving recorded between 1987 and 2009 and ages between 23 and 65 months. 
The average milk production for the TDMY records was 6.72 ± 2.45 kg. The pedigree file 
contained 10,753 animals. The data were obtained from the National Breeding Program for 
Guzerat Dairy Cattle Improvement, coordinated by the Embrapa Dairy Cattle Research Unit 
(Embrapa Dado de Leite) in partnership with the Brazilian Center for Guzerat Breeding and 
the Brazilian Zebu Breeders Association.

Description of data Number of records
Number of test-day records 20,524
Number of recorded animals   2,816
Number of sires      371
Number of dams   1,774
Number of herds       28
Number of contemporary groups       401

Table 1. Description of data used in this study.

We considered TDMY records from the 6th to 305th days of lactation. The records 
were divided into 10 monthly classes, and only data from cows with at least 4 records were 
kept in the data set.

The contemporary groups were formed by herd, year, and test-day season, which was 
divided into the dry season (April to September) and the rainy season (October to March). 
Contemporary groups were maintained, provided they contained at least 3 animals. The data 
are described in Table 1.

The analyses were performed using a single-trait RRM. This model included the di-
rect additive genetic, permanent environmental, and residual effects as the random effects and 
the contemporary group, average herd lactation curve, and linear and quadratic effects of the 
covariable cow age at calving as the fixed effects. The variance components were estimated 
using the restricted maximum likelihood method with the Wombat program (Meyer, 2006).

The lactation curve was fitted by the logarithmic function of Ali and Schaeffer (AS;  
1987), the exponential function of Wilmink (Wl; 1987), a modified Wilmink function (Wlm) 
with the second term divided by 100 (Jakcbosen et al., 2002), and a combination of the Wilm-
ink function with third-order Legendre polynomials (LM; Lindauer and Mäntysaari, 1999). The 
mean herd curve and the random regressions for the additive genetic and permanent environ-
mental effects were modeled according to the function used.

For the residual variances, both homogeneous and heterogeneous structures were con-
sidered, with different numbers of classes. The model with 10 classes considered each month as a 
different class, while the models with fewer classes were grouped according to the similarity of the 
variances. Therefore, the model adjusted by the AS considered 6 residual variance classes, grouped 
in the following form: 1, 2, 3-5, 6-7, 8-9, 10; while the grouping with 4 classes was 1, 2, 3-9, 10. 
The model adjusted by the Wl and Wlm considered 6 residual variance classes, grouped: as 1, 2-3, 
4, 5-8, 9, 10, or 4 classes, grouped as 1, 2-8, 9, 10. The model adjusted by LM included 6 residual 
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variance classes, grouped 1-2, 3, 4-5, 6-7, 8-9, 10, or 3 classes, grouped as 1-2, 3-9, 10.
In the Wl given by y = a0 + a1t + a2exp(a3t), where t is the number of days in lacta-

tion and the parameter a3 is related to the curve’s shape and peak lactation moment. This was 
considered as a constant, to reduce the number of parameters to be estimated by the models. 
To estimate the value of the maximum log-likelihood function, the following values of a3 were 
evaluated: -0.06; -0.05 (standard); -0.04; -0.03; -0.025; -0.02; -0.015, and -0.01. 

The random regression model used can be represented mathematically as follows:

y = Xb + Za +Wap + e

where y is the vector of the N observations measured in Na animals; b is the fixed effect vector, 
including the solutions for contemporary group and the covariable age at calving (linear and 
quadratic regressions); a is the vector of solutions for the coefficients of the additive genetic 
random effects; ap is the vector of solutions for the coefficients of the permanent environmen-
tal random effects; e is the vector of the N different residuals, and X, Z, W are incidence matri-
ces for the fixed and direct random genetic and permanent environmental effects, respectively.

The assumptions about the components of the model are as follows:

where KA and KAP are the co(variance) matrices between the random regression coefficients of the 
additive genetic and permanent environmental effects, respectively; A is the pedigree matrix among 
the individuals; INd is an identity matrix; R represents a matrix containing the residual variances.

The models’ performances were compared using the Akaike information criterion 
(AIC) and the Bayesian information criterion (BIC) of Schwarz (1978), according to which 
lower values indicate a better model (Wolfinger, 1993).

The information criteria can be represented as follows:

AIC = -2logL + 2p,
BIC = -2logL + plog(N - r)

where p is the number of model parameters, N is the total number of records, r is the rank of 
the fixed effect incidence matrix in the model, and log L is the natural logarithm of the likeli-
hood function. 

RESULTS AND DISCUSSION

Table 2 contains the results of the maximum log-likelihood function for the models 
that considered homogeneous variances, fitted by the Wl with different values of the 
parameter a3. The best value of this parameter among these models was -0.025, because it 
obtained the highest log-likelihood value. A similar result was found by Pereira et al. (2010), 
who evaluated working with data on the Gyr breed. In Wl, the parameter a3 is related to 



147

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 12 (1): 143-153 (2013)

Random regression models for milk production in Guzerat cows

the peak milk production, and the standard value of this parameter is -0.05, obtained from 
fitting lactation curves mainly of Bos taurus breeds (Wilmink, 1987), for which this peak is 
frequently reached on the 60th lactation day. In Zebu breeds, however, the peak milk yield 
occurs closer to the start of lactation, with a short ascension period to the peak, probably 
explaining the better fit with a lower value for this parameter (Cobuci et al., 2000).

Table 3 shows the values of the log-likelihood function (logL), the AIC, and BIC.

a3 logL

-0.06 -16.323
-0.05 -16.308
-0.04 -16.291
-0.03 -16.276
-0.025 -16.273
-0.02 -16.276
-0.015 -16.292
-0.01 -16.327

Table 2. Value of the maximum log-likelihood function (logL) for the models considering homogeneous 
variances, fitted by the Wilmink exponential function (Wl) with different values of the parameter a3.

Value in bold indicates the best model based on logL.

Model e P logL AIC BIC

Wilmink
   Wl-1   1 13 -16.273 32.572 32.675
   Wl-4   4 16 -16.264 32.561 32.687
   Wl-6   6 18 -16.243 32.522 32.664
   Wl-10 10 22 -16.217 32.479 32.653
Wilmink modified
   Wlm-1   1 13 -16.268 32.563 32.666
   Wlm-4   4 16 -16.260 32.552 32.678
   Wlm-6   6 18 -16.238 32.513 32.655
   Wlm-10 10 22 -16.213 32.470 32.644
Legendre + Wilmink
   LM-1   1 21 -16.023 32.089 32.256
   LM-3   3 23 -15.999 32.045 32.227
   LM-6   6 26 -15.976 32.005 32.211
   LM-10 10 30 -15.975 32.011 32.249
Ali and Schaeffer
   AS-1   1 31 -15.925 31.912 32.157
   AS-4   4 34 -15.916 31.901 32.170
   AS-6   6 36 -15.900 31.873 32.157
   AS-10 10 40 -15.899 31.879 32.196

Table 3. Number of classes of residual variance (e), number of parameters (P), value of log likelihood function 
(logL), Akaike’s information criterion (AIC) and Schwarz’s Bayesian information criterion (BIC) for the 
random regression models using parametric functions Wilmink, Wilmink modified by the combination of the 
Legendre polynomials with the Wilmink function and for Ali and Schaeffer function.

Values in bold indicate the lowest values for AIC and BIC.

In the present study, the logL values improved with an increasing number of param-
eters. The values of the AIC and BIC tests to compare the models showed that the models 
considering homogeneous residual variances fit the data worse than those considering het-
erogeneous variances, irrespective of the function employed. However, two of the models 
adjusted by the Ali and Schaeffer function (AS-1 and AS-6), which considered homogeneous 
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variances, presented the best BIC values, and the second of these obtained better logL and AIC 
values than the first. These results thus indicate that the residual variance behaves differently 
during lactation, as also observed by Costa et al. (2005), Herrera et al. (2008), and Pereira et 
al. (2010), studying parametric functions for milk production by the Zebu Gyr breed. 

The Wilmink function obtained worse values for logL, AIC, and BIC than the 
modified Wilmink function, both with the same number of parameters. The best results for 
the Wilmink function were obtained by the modified function with 10 residual variance 
classes (Wlm-10), according to both AIC and BIC. The best model combining LM with 
the Wilmink function was that with 6 residual variance classes. For AS the model with 6 
residual variance classes (AS-6) obtained the lowest values for both AIC and BIC and was 
therefore considered the best model. BIC is more rigorous than AIC and tends to indicate 
more parsimonious models, so we used the model that considered homogeneous variances 
(AS-1) in the subsequent analyses because it had the same BIC value as model AS-6 but a 
smaller number of parameters.

The models fitted by a combination of LM and the Wilmink function obtained better 
results than those using only the Wilmink function, in either its original or modified specifica-
tion. AS was thus better than the other parametric functions, according to the criteria evalu-
ated, and was consistent with the results of most studies conducted with other breeds in Brazil 
(de Melo et al., 2007; Herrera et al., 2008; Pereira et al., 2010).

The models fitted by AS function obtained the highest magnitudes for the covariances 
and random regression coefficients (Table 4). The covariances of the modified Wilmink function 
involving the parameter a1 of the additive genetic and permanent environmental coefficients 
were 100 times larger than those of the WI10 function (data not shown), and the variance 
was 10,000 times larger, making the values of the covariance matrix more regular without 
altering the correlations between these coefficients. However, the modification of the Wilmink 

    Additive genetic effect     Permanent environment effect

 a0 a1 a2 a3 a4 a0 a1 a2 a3 a4

                           Wlm-10
a0  3.18 -1.13   -2.36 - -  3.92 -0.98        -2.68 - -
a1 -0.88  0.51    0.75 - - -0.73  0.46         0.92 - -
a2 -0.67  0.53    3.83 - - -0.57  0.58         5.54 - -
λ	 	6.19	 	1.24	 			0.09	 -	 -	 	7.88	 	1.80	 								0.19	 -	 -
                           LM-6
a0  2.02 -0.70    0.10   -2.01 -  3.79 -0.77         0.25      -2.55 -
a1 -0.57  0.74   -0.03    0.80 - -0.35  1.24        -0.63       3.57 -
a2  0.27 -0.13    0.07   -0.06 -  0.15 -0.64         0.79      -2.80 -
a3 -0.83  0.55   -0.14    2.89 - -0.34  0.82        -0.80    15.3 -
λ	 	4.79	 	0.48	 			0.38	 			0.06	 -	 17.17	 	3.29	 								0.38	 							0.25	 -
                           AS-6
a0 93.56 -131.95  41.71 -56.41    9.27 1148.6 -1787.4     656.85  -673.91   104.52
a1 -0.99 189.81 -62.74   79.76 -13.24 -0.99 2820.60 -1063.40 1042.70  -160.87
a2  0.88 -0.93  23.87 -25.26    4.26  0.94 -0.97     421.66  -377.98     57.66
a3 -0.98  0.97     -0.871  35.27   -5.87 -0.97  0.98        -0.92   398.42    -62.06
a4  0.96 -0.97      0.877   -0.99    0.98  0.99 -0.97         0.90      -0.99       9.69
λ	 	337.25	 	4.88	 				1.07	 			0.30	 			0.00	 4751.92	 45.10	 								1.27	 						0.71	 						0.00

Table 4. Estimates of variances (diagonal), covariance (above the diagonal) and correlations (below the 
diagonal) between random regression coefficients and eigenvalues (λ) of the coefficients matrix for additive 
genetic effect and permanent environment effect for the best models of each function. 

Values in bold indicate the eigenvalues in which to base the discussion of the results showed in this table.
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function increased the explanatory power of the third eigenvalue from 0 to 1.25 and 1.88% for 
the additive genetic and permanent environmental effects, respectively. The last eigenvalue 
of the models fitted by the AS explained 0% of the total variation in the additive genetic and 
permanent environmental effects. This indicates that these models were overparameterized, 
despite adequately fitting the data. 

The first eigenvalue of the covariance matrix between the regression coeffi-
cients explained a higher proportion of the total variation in the models adjusted by 
the AS (more than 96%), both for the genetic effect and the permanent environmental 
effect. For the other models, the first eigenvalue was responsible for up to 78% of the 
total variation.

The phenotypic and additive genetic variances estimated by the Wlm-10, LM-6, AS-
1, and AS-6 models showed similar tendencies and coincided at many points (Figure 1). There 
was no coincidence of points when using the Wlm-10 model only for the last 2 months, with 
the difficulty of fitting the data attributed to the end of lactation. With respect to the permanent 
environmental variance, the tendencies among the models were also similar. However, esti-
mate of the permanent environmental variance for the first lactation month obtained with the 
AS-6 model was lower than those obtained with the other models. 

The residual variances presented a similar and constant tendency from the 3rd to 
the 9th lactation month. López-Romero and Carabaño (2003) reported that for the interval 
between 75 and 275 days in milk, the residual variances can be assumed to be homo-
geneous. This can explain the adequate fit produced by model AS-1, which considered 
constant variance, and the value near those obtained by the other models for this interval. 
In model AS-6, the residual variance estimates were greater in the first month and smaller 
in the second and last months than those of the other models, this being the model that 
obtained the largest magnitude of differences between the estimates. The Wlm-10 and 
LM-6 models tended to produce the highest estimates for the second month, but diverged 
in the last month of lactation, where model Wlm-10 presented a higher residual variance 
estimate than LM-6.

The heritability estimates produced by models Wlm-10, LM-6, AS-1, and AS-6 be-
haved similarly (Figure 2), except for the second and last months, where model Wlm-10 pro-
duced smaller estimates than the others. The amplitudes of variation in the heritability esti-
mates of the models ranged from 0.20 to 0.33, with the lowest heritability estimates obtained 
for TDMY in the eighth month and the highest in the second or third month. Freitas et al. 
(2010), who also evaluated data on the Guzerat breed, found similar results but observed the 
highest heritability values at the start of lactation. Hereditability estimates similar to those in 
the present study, obtained using Wilmink and AS functions, were reported by Herrera et al. 
(2008) and Pereira et al. (2010), with values varying from 0.15 to 0.33 for TDMY of Gyr cows. 
Araújo et al. (2006), who studied the Dutch breed, also found heritability estimates with this 
amplitude by using the same functions.

The estimates of the genetic and phenotypic correlations of the records, obtained by 
models Wlm-10, LM-6, and AS-6, are presented in Tables 5, 6, and 7, respectively. The ge-
netic correlations were high (near 1) between the yields of adjacent records and declined as 
the interval between the increased records. This result is similar to those found by Bignardi 
et al. (2009) for the Dutch breed and by Kettunen et al. (2000) for the Ayrshire breed; RRMs 
were used in both studies.
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Figure 1. Phenotypic (σ2p), genetic (σ2a), permanent environmental (σ2ep), and residual (σ2e) variances estimated 
for monthly milk yield obtained with the Wlm-10, LM-6, AS-1, and AS-6 random regression models.
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Figure 2. Heritability estimates (h2) for monthly milk yield obtained with the Wlm-10, LM-6, AS-1, and AS-6 
random regression models.

Month 1 2 3 4 5 6 7 8 9 10

  1 - 0.83 0.68 0.57 0.49 0.39 0.27 0.13 -0.02 -0.15
  2 0.68 - 0.97 0.92 0.86 0.77 0.63 0.44 0.23 0.02
  3 0.59 0.76 - 0.99 0.95 0.88 0.76 0.58 0.37 0.14
  4 0.52 0.72 0.80 - 0.99 0.94 0.84 0.68 0.48 0.27
  5 0.48 0.68 0.77 0.78 - 0.98 0.91 0.79 0.61 0.41
  6 0.44 0.64 0.73 0.76 0.77 - 0.97 0.89 0.75 0.58
  7 0.39 0.58 0.67 0.71 0.74 0.76 - 0.97 0.88 0.75
  8 0.33 0.49 0.58 0.63 0.67 0.72 0.75 - 0.97 0.89
  9 0.27 0.40 0.48 0.54 0.60 0.66 0.72 0.74 - 0.97
10 0.20 0.28 0.35 0.42 0.49 0.57 0.64 0.69 0.73 -

Table 5. Phenotypic (below diagonal) and genetic (above diagonal) correlation estimates between monthly 
milk yield obtained with the Wlm-10 random regression model.

Month 1 2 3 4 5 6 7 8 9 10

1   -   0.87   0.73   0.62   0.51 0.39 0.26   0.13   0.01 -0.06
2   0.68   -   0.97   0.92   0.85 0.76 0.63   0.47 0.3 0.13
3   0.61   0.79   -   0.99   0.95 0.88 0.77   0.62   0.42 0.22
4   0.54   0.73 0.8   -   0.99 0.94 0.86   0.71   0.52         0.3
5   0.48   0.66   0.75   0.78   - 0.98 0.92 0.8   0.62 0.4
6   0.44   0.59 0.7   0.76 0.8 - 0.98   0.89   0.73 0.52
7 0.4   0.53   0.63   0.71   0.76 0.81 -   0.97   0.86 0.68
8   0.35   0.45   0.55   0.62   0.68 0.74 0.76   -   0.96 0.84
9 0.3 0.4   0.48  0.53   0.58 0.64 0.69   0.72   - 0.96
10   0.25   0.34   0.38 0.4   0.43 0.48 0.55   0.63   0.74 -

Month 1 2 3 4 5 6 7 8 9 10

  1 -   0.84   0.74   0.62   0.51   0.38 0.26 0.13 0.03 -0.03
  2 0.69   -   0.97 0.9   0.83   0.74 0.62 0.47 0.28 0.1
  3 0.61 0.8   -   0.98   0.94   0.88 0.77 0.62 0.42 0.21
  4 0.54   0.72 0.8   -   0.99   0.95 0.86 0.72 0.52 0.3
  5 0.47   0.65   0.75   0.79   -  0.99 0.93 0.81 0.62 0.4
  6 0.43   0.59   0.69   0.76 0.8   - 0.98 0.89 0.74 0.53
  7 0.38   0.53   0.62   0.69   0.75 0.8 - 0.97 0.86 0.68
  8 0.32   0.47   0.53 0.6   0.67   0.73 0.77 - 0.96 0.84
  9 0.28 0.4   0.46   0.51   0.57   0.64 0.69 0.73 - 0.96
10 0.22   0.32   0.38    0.41   0.43   0.48 0.55 0.63 0.76 -

Table 6. Phenotypic (below diagonal) and genetic (above diagonal) correlation estimates between monthly 
milk yield obtained with the LM-6 random regression model.

Table 7. Phenotypic (below diagonal) and genetic (above diagonal) correlation estimates between monthly 
milk yield obtained with the AS-6 random regression model.
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All the models presented negative correlations between milk production in the first and 
last lactation months, with model Wlm-10 producing the lowest correlation and also a negative 
correlation between the first and ninth month. Negative estimates for genetic correlations by using 
RRMs adjusted by parametric functions were also found by Brotherstone et al. (2000), López-
Romero and Carabaño (2003), and de Melo et al. (2007) for the Dutch breed; by Kettunen et al. 
(2000) for the Ayrshire breed, and by Costa et al. (2005) and Pereira et al. (2010) for the Gyr breed. 
However, Cobuci et al. (2005), who used the Wilmink function, and Herrera et al. (2008), who used 
the Wilmink and AS functions to fit the additive genetic and permanent environmental effects, did 
not observe a negative correlation with data for the Dutch and Gyr breeds, respectively. The nega-
tive correlations obtained in this study were possibly attributable to the difficulty of using RRMs 
to model the start and end of lactation, since there are fewer records in these periods, particularly at 
the end of lactation, because of the high frequency of short lactation periods in the Guzerat breed.

For model AS-1 (data not shown), the estimates of the genetic correlations were 
slightly lower than those produced by model AS-6, while the estimates of the phenotypic cor-
relations were slightly higher. Models Wlm-10 and Wl-10 did not present relevant differences 
between the genetic and phenotypic correlations. 

According to the statistical criteria and estimates of the genetic parameters considered 
(mainly genetic correlation), the Wilmink function produced the worst fits, making it less 
recommended for describing the milk yield curve for the Guzerat breed. The combination of 
the LM and the Wilmink function produced genetic parameter estimates similar to those of the 
other models, but with a smaller number of parameters than model AS-6. Therefore, the com-
bination of the LM and the Wilmink function can be used to fit the lactation curve for genetic 
evaluation of the breed, despite having produced an inferior result according to the statistical 
criteria adopted (AIC and BIC). The models adjusted by AS produced the best fits, with the 
model with 6 residual variance classes being the best. The model fitted by the AS with homo-
geneous residual variance presented estimates of the genetic parameters and residual variances 
near those obtained by the best model (AS-6) during most of the lactation period, so it can be 
used as an alternative, more parsimonious, model for fitting the data.

CONCLUSIONS

The results obtained by this study indicate the need to consider heterogeneous residual 
variances when using the Wilmink functions and the function that combines LM with the Wilmink 
function. AS produced the best fit for the functions evaluated, and the models adjusted by it were 
adequate for the data in the present study, irrespective of the residual variance structure.
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