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Abstract

Random regression models (RRM) differ in terms of the functions used to describe the shape of lactation curves.
The aim was to compare random regression models under different functions to describe the lactation curves
from Holstein cows in herds of the state of Minas Gerais. A database of 28,118 production records was analyzed
using the test-day records of 4,230 first parity cows from five herds. The Wilmink, Ali & Schaeffer and Legendre
polynomial (orders 4, 5 and 6) functions were adjusted in RRM to model the mean production trend (fixed) and
genetic and permanent environmental (random) effects. The residual variances were assumed to be constant
throughout lactation. Analyses were performed using the AIREMLF90 program. Except for the model with the
polynomial function of order 5, all models converged. The Wilmink function showed lower values for criteria
based on the -2log (L), AIC and BIC. The model with the Legendre polynomial of order 6 showed lower residual
variance. Heritability estimates were similar between functions, ranging from 0.07 to 0.18 and were higher from
215 days of lactation. From 155 days of lactation, genetic and permanent environmental correlations between
successive controls are of high magnitude. The Wilmink function is the most suitable for the study of milk yields
from primiparous Holstein cows. The selection of animals is possible from 155 days of lactation on. Permanent
environmental effects have greater influence on the milk production at the end of lactation of primiparous cows
and should be considered since they are important and may be cumulative throughout lactation.

Keywords: dairy cattle, heritability, models comparison, permanent environmental effects, random regression
model

1. Introduction

The Holstein breed has the largest number of individuals in the world and has been, and still is, the target of an
intensive genetic selection, which has turned it into an extremely productive animal.

According to the Foreign Agricultural Service of the US Department of Agriculture (USDA) December 2012
report on milk yield, Brazil was ranked third in the world. Minas Gerais is the Brazilian State with the highest
annual milk production, with over 27% of the total production (Poll, 2013).

Each country and breed association defines a method for evaluating phenotypic and genetic traits of economic
interest that usually are selected simultaneously, but with different weights, within selection indices.

Among the different milk yield analysis approaches throughout lactation, Random Regression Models (RRM)
have numerous advantages in the genetic evaluation of dairy cattle.

In RRM, by the use of functions that define the production on day “t” as a linear function of time or of a
logarithmic or exponential function of time, an adjustment of one global mean curve for the population is sought.
Specific curves for each animal coincide, deviating in either direction from the overall curve, as the parameters
of the individual curves are positioned, distributively, around the curve of the global parameters. Thus, through
RRM, the genetic merit of each individual can be obtained at any point of lactation. In addition, the accuracies
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for the RRM predicted values may be higher than those obtained by models of multiple traits (Meyer, 2001). The
genetic and residual variances, estimated by multiple trait analyses are obtained for each trait. In RRM
covariance functions (CF) are used to estimate them.

The random regression models differ from each other by means of the function used to describe the lactation
curve shape. Several functions have been proposed in order to model biologically milk production throughout
lactation, e.g., Brody, Ragsdale and Turner (1923) functions, Wood (1967), Ali and Schaeffer (1987), Wilmink
(1987), Legendre polynomials (Kirkpatrick, Lofsvold, & Bulmer, 1990) and the reparameterized
Michaellis-Menthen function (Rebougas et al., 2008).

Methodologies that allow genetic parameters estimation more accurately can help to increase genetic gains
obtained by selection. In this context, RRMs have been recognized as the most appropriate for longitudinal data
analysis in animal breeding research.

Considering the Holstein breed in Brazil, heritability estimates for the test-day milk yield, adjusted with the
Legendre polynomials, Wilmink, Ali & Schaeffer under RRM range from .11 to .31 (Cobuci et al., 2004; Cobuci
et al., 2006; Aragjo et al., 2006; Costa et al., 2008; Biassus, Cobuci, & Costa, 2011). These results are in
agreement with heritability results observed in studies with Holsteins from other countries, ranging from 0.08 to
0.23 (Hahammi et al., 2008; Silvestre, Petim-Batista, & Colago, 2006; Strabel & Misztal, 1999). A most realistic
heritability curve is characterized by higher values inmiddle lactation and lower values at the beginning and at
the end of lactation, since it is similar to the results obtained by multitraits models (Hahammi et al., 2008).

The functions used to describe the shape of the lactation curve, may contain in their formula an excess or fewer
parameters to be estimated, leaving up to the researcher to decide which model and respective function is more
appropriate to describe the test-day yield during the lactation.

For the choice of more parsimonious models, Burnham and Anderson (2004) emphasize the importance of
selecting models based on scientific principles. Most studies that compare alternative regression submodels use
the maximum likelihood values and the likelihood ratio test for nested models as quality information criteria for
the selection of the most suitable models. The complexity is usually measured by counting the number of
parameters included in the model. In addition to these criteria, the residual variance and the curve of the
estimates of variance obtained for each control throughout lactation and correlations between the different
periods of lactation have also been considered (Mazerolle, 2004; Lopez-Romero & Carabaiio, 2000).

Thus, it is imperative that the focus of the Brazilian research must also be set onto the choice of methodologies
that best fit the data of the various milk producing regions, so that greater accuracy of genetic evaluations may
be achieved. The final productivity gain obtained with the accuracy of the estimates of the breeding values,
warrants further scientific research and the development of new technologies.

The objective was to compare random regression models which differ by the function used to describe the
lactation curve of Holstein cows in herds of the state of the Minas Gerais, Brazil.

2. Method
2.1 Animals and Data File

Data were provided by a company specialized in software for agricultural management, from Belo Horizonte,
MG, Brazil. The information belongs to Holstein cows from five herds reared in the State of Minas Gerais,
Brazil.

Monthly test day milk yield data were considered, from primiparous cows, controlled from 5 to 305 days of
lactation considering parturition as day 0. In order to be considered, total daily yield should add to at least 3.0 kg
to a maximum of 99.9 kg (ICAR, 2012).

The minimum age at birth for the first lactation order was 18 months. Milk records without dates in which they
were performed and without the calving dates were discharded. For lactations with more than one monthly
control record, only the first record was considered.

For the structuring of the pedigree file and construction of the relationship matrix, no restrictions were applied to
animals without known parents.

Initial data on age at calving (AC) and test day milk yield (TDY) were submitted to normality distribution tests.

An outlier detection analysis was performed for AC and TDY. Classes of animals were created to detect possible
outliers: for age at calving, animals from the same herd were considered; for the test day milk yield, besides
animals from the same herd, the day of the monthly milk record was also considered. The standard deviation



jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 2; 2018

method, based on normal distribution assumptions was adopted. Thus, the mean (i) and standard deviation of the
studied traits were obtained. Data within the interval p+3 standard deviations accounted for 99.73% of the
observations. Records outside this range were considered outliers (Lethen, 1996).

Firstly, the elimination of outliers was performed for AC and subsequently for TDY. After elimination of the
outliers, only lactations with at least three milk records were considered. A total of 28,118 milk production
records from 4,230 animals were considered.

2.2 Genetic Analyses
The random regression model used to obtain the fixed and random solutions was:
y = HYM + HAGE + Xbz + Yaz + 2pz + e (1)

where, y = test-day milk yield; HYM the fixed effect of the 401 classes comprising the effects of herd and date
(year and month) of test day; HAGE-fixed effect of the 39 classes comprising the effects of herd and age at
calving; b-fixed regression coefficients obtained for each herd; a-genetic random regression coefficients for each
animal; p-random regression coefficients for permanent environmental effect for each animal; and e-random
residual effect of each observation. The residual variance was assumed to be constant throughout the lactation
and independent between milk records (Costa et al., 2008; Biassus, Cobuci, & Costa, 2011). The different
functions adopted, characterizing the different sub-models of random regression, have been adjusted in 2bz, Yaz
and Ypz in order to model the fixed and random animal effects and animal environmental permanent,
respectively.

The functions of Wilmink (WIL), Ali & Schaeffer (ALI) and Legendre Orthogonal Polynomials of orders 4 to 6
(indicated by the polynomial degree, e.g. LEG3, LEG4 and LEGS, respectively) were adjusted by the program
AIREMLF90 (Misztal et al., 2002).

The Wilmink function (1987) is represented by:
Yt =a + bt + ce™ 2)

in which the parameters: Y7 is the test day milk yield at ¢ days of lactation; a is associated with milk production
in early lactation; b to the increase in production until the lactation peak, the higher the magnitude of this
parameter the greater the production before the peak; c is related to the decline in production after the peak,
where higher values may be related to greater persistence; e means exponential (e is not a parameter to be
estimated); and & is related to the peak moment. The & parameter is related to the peak moment and usually takes
a fixed value that can be obtained from a preliminary analysis, which implis that the model has only three
estimable parameters. However, Schaeffer et al. (2000) found no significant differences between the actual and
the estimated productions, when the value of £ is estimated for each situation analyzed. Thus, it was assumed
that £ = 0.05, associated with a peak occurring near 50 days of lactation, according to Wilmink (1987) and
Schaeffer et al. (2000).

The Ali and Schaeffer (1987) function is represented by:

Yt =a+ by + i +do + ew? 3)
Where: v, = (¢#/305), @, = In(305/¢), Yt is the test day milk yield at ¢ days of lactation; « is the production at the
lactation peak; d and e are related to the rate of increase in milk production before the peak, while » and ¢ are
related to the decline in production after the lactation peak. When d and e have estimates of high magnitude,
milk yield can reach its maximum (peak) in a few weeks after calving. The rate of decrease in production

described by the parameters » and ¢ can provide information about ability of the animal to maintain a fairly
constant milk production (persistency of lactation) after the peak.

The Legendre Orthogonal Polynomials are a methodology published by Spiegel (1971) and modified by
Kirkpatrick, Lofsvold, and Bulmer (1990). They are polynomial functions of n degree and domain n + 1,
implying in the existence of an additional parameter other than the polynomial degree being estimated. In these
functions, a single observation can be written as:

V= Yo 0:9\(w) 4)
where, @ is a standardized time unit ranging from -1 to +1 (Kirkpatrick, Lofsvold, & Bulmer, 1990) and can be
obtained by:

w = 2[(t - tmin)/(tmax - tmin)] -1 (5)

In this case, it is assumed that #,,;,, = 5 days and ¢,,,, = 305 days, corresponding to the first and last test day after
calving, respectively.
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Following:

()= @2n+1)/2)P,(w) Q)

where, P,(w) is the non-normalized polynomial of n degree and &J,(w) is the standardized polynomial. If the
fifth degree is considered, six non- normalized polynomial functions would result:

Py(w) =1
P(ow)=w
Py(@) =123 - 1)
Py(w)=12(5¢8 - 3w)
Py(w)=1/8350"' - 30 + 3)
Ps(w) = 1/8(6308 — 1008 + 150) 7
Finally, the normalized polynomials up to the fifth degree, or up to the sixth order, are:
9y(w)=0.7071
(o) = (V32)Py(o)
Ox(@) = (V512)Py(w)
Oy(w) = (VI2)P3(w)
Oi(@) = (VI2)Py(®)
05(0) = (VTIR)Ps(w) ®)

The estimation of variance and covariance components between the days of predetermined test days: 5, 35",
65™, 95" 125" 155" 185", 215", 245™ 275" and 305™ were obtained by multiplying the components of
variances and covariances between the different function parameters of the genetic effects of animal and of
animal permanent environment, and the covariates related to the t test day of lactation, as reported by Cobuci et
al. (2000).

Once the matrices of variance and covariance components between the test days were defined, these (co)

variances were used to obtain the estimates of heritability and correlations (genetic and permanent environmental)
(Cobuci et al., 2006). The heritability for a test day in particular was calculated by dividing the additive variance

by the sum of the variances: additive, permanent environmental and residual estimated in each function for each

day of milk recording. These estimates were obtained with the support of the R Core Team (2013) program.

2.3 Convergence Criteria

The convergence criteria adopted when using the AIREMLF90 program was 10'°. The number of iterative
rounds or cycles adopted for the whole study was of 50,000 cycles and when not enough it was increased to
200,000 cycles. The initial values of the variance and covariance matrices among the parameters of each
sub-model for genetic and permanent environmental effects were obtained from the first 10 cycles of iterative
analysis (OPTION EM-REML, of the AIREMF90 program).

The estimate of the AIC, for a particular model, is given by: AIC = -2log (L) + 2k where L is the maximum of
the logarithm of the model likelihood function and £ is the number of parameters of each model. The model with
the lowest AIC value is considered the best fit to the production data.

On the other hand, the value of the BIC criteria, for a particular model, is given by: BIC= -2log (L) + klog (n),
where n corresponds to the number of observations. The model with the lowest BIC is considered the best fit.

The residual variance (¢2) obtained with the fit of each model was also considered for selection of the model that
best fits the considered milk yield data.

3. Results and Discussion

A general description of the relationship matrix structure is shown in Table 1. Animals were born between the
years 1992 and 2009.
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Table 1. Population description of five Holstein herds from in Minas Gerais, Brazil

Information Frequency
Number of animals 8 652
Number of cows 8202
Number of bulls 450
Number of unrelated animals 5189

The high number (59.97%) of unrelated individuals (Table 1) was due to the failure in identifying in the records
the complete genealogy. Sire and dam could not be identified in 4,645 (53.69%) records; Sire only was identified
in 194 (2.24%) records; dam only was identified in 247 (2.85%) and in 3,566 (41.22%) sire and dam were
known.

Only three individuals were inbred. The highest coefficient of inbreeding (F) observed was 25% and the average
inbreeding coefficient of the three inbred animals was 20.83%. Possibly, the low number of detected inbred
animals was the result of incomplete genealogy records.

A higher number of lactations were observed in herd 2 (Table 2). Nevertheless, in all herds, milk yield (TDY)
was recorded in the total course of the lactation period. This fact allows a better fit of the functions to the test day
data, since information from all the different stages of lactation was present (upswing, peak and decreasing
production phase).

Table 2. Numbers of monthly milk production records (TD) and numbers of lactations from five Holstein herds
in the state of Minas Gerais, Brazil, assessed in the first lactation

Herd 1 Herd 2 Herd 3 Herd 4 Herd 5

TD 1 84 1,684 353 254 83

TD 2 91 1,883 383 270 94
TD3 92 1,953 397 289 100
TD 4 103 1,968 383 283 97

TD 5 88 2,017 385 276 92

TD 6 105 2,095 370 289 108
TD 7 100 2,077 361 278 94

TD 8 99 2,159 353 283 90
TD9 96 2,136 340 266 88

TD 10 77 1,966 283 228 75
TotalTD 9% 19938 3608 2716 921
Lactations 147 2,999 508 436 140

For each animal, on average, 6.64 milk records were evaluated by lactation. Whereas the model with the most
parameterized function (LEGS), the number of dairy controls registered for lactation may be considered
sufficient for the adjustment of the evaluated functions.

The means and standard deviations of days in milk at the time of milk recording among the herds are similar
(Table 3). Also, within herds, there is regularity in the milk record intervals. Such considerations are important
because they show fairly similar conditions between the different herds sampled. Thus, more reliable
comparisons of milk production curve patterns between herds are possible. In addition, the variations due to
genetic and environmental effects that occur at specific times in the course of lactation may be quantified equally
among the herds studied.

Apparent differences in productivity between herds and milk record data are observed on Table 4 and Figure 1.
These are milk records from 4,230 lactations. Cows were 26.99 month-old on average (18.85 up to 47.78 months)
at first calving.

Herd 1 had numerically lower milk production records compared to the remaining herds, and registered the
highest production at test day in third month (TD3) (Table 4 and Figure 2), which was close to 70 days of
lactation (Table 3).
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In herds 2, 3, 4 and 5, the milk yields are more comparable (Table 4 and Figure 2). The highest average milk
yield occurred between the fourth and fifth TDs (Table 4), around 96 and 131 days of lactation, respectively
(Table 3). Despite the apparent differences between TD milk yields of herd 1 and the rest, milk production was
sampled in all herds throughout lactation, with most of the lactation stages characterized. The differences
between herds may be related to differences in management, feeding and genetics.

Table 3. Days in milk at the time of milk recording (TD) and standard deviations of Holstein cattle in first

lactation from five herds in the state of Minas Gerais, Brazil

Herd 1 Herd 2 Herd 3 Herd 4 Herd 5
TD 1 13 (£5) 8 (6) 9 (x4) 10 (£5) 16 (£7)
TD 2 38 (£7) 35 (+5) 35 (+5) 35 (+5) 43 (+8)
TD 3 70 (7) 70 (£7) 66 (&5) 66 (&3) 72 (+8)
TD 4 99 (+7) 100 (+7) 96 (+4) 96 (+5) 102 (£9)
D5 133 (+8) 131 (+6) 127 (+4) 128 (£5) 134 (+8)
TD 6 161 (£6) 161 (+6) 157 (+4) 157 (&5) 164 (£9)
TD 7 193 (7) 192 (£6) 188 (+4) 189 (6) 196 (+8)
TD 8 224 (£7) 222 (£6) 218 (£3) 219 (£6) 226 (£9)
TD 9 254 (£7) 253 (£5) 248 (£3) 250 (£6) 256 (£8)
TD 10 284 (£8) 282 (&5) 279 (£3) 279 (£6) 286 (9)

Table 4. Average milk yields (kg) and standard deviations of primiparous Holstein cows from five herds in the

state of Minas Gerais, Brazil

Herd 1 Herd 2 Herd 3 Herd 4 Herd 5
TD 1 14.79 (£5.71) 17.50 (£6.35) 20.86 (+6.61) 20.02 (£6.40) 21.04 (£5.64)
D2 17.89 (£5.02) 25.03 (£6.66) 28.54 (£7.07) 27.45 (£6.46) 26.84 (£6.47)
TD3 19.29 (£6.00) 27.67 (£6.67) 29.82 (+£6.85) 29.59 (£6.29) 28.38 (+6.46)
TD 4 18.84 (+5.32) 28.81 (+6.62) 31.67 (£6.64) 29.94 (+£6.40) 29.51 (£6.94)
TD 5 18.49 (+6.15) 29.20 (+6.85) 32.07 (£6.80) 29.65 (£6.56) 29.31 (£7.01)
TD 6 17.80 (£5.93) 28.70 (£6.94) 30.60 (£6.58) 28.79 (£5.83) 28.33 (£6.69)
D7 16.39 (£5.50) 27.62 (£7.39) 29.16 (+6.82) 27.41 (£5.85) 27.93 (£6.75)
TD 8 15.15 (£4.98) 26.44 (£7.48) 28.26 (+6.76) 26.17 (£5.59) 25.28 (£6.65)
TD9 14.15 (+4.86) 25.23 (+7.60) 26.76 (£6.78) 24.79 (£6.01) 25.06 (£6.75)
TD 10 13.04 (+4.23) 23.62 (+7.83) 24.99 (+6.99) 23.20 (£5.62) 23.29 (£6.67)

Note. TD: milk production records.

Figure 1. Average milk yields (kg) obtained during lactation of primiparous Holstein cows from five herds in the
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Convergence was reached for all models studied, except for the adjusted model with LEG4 function, even after
extending the number of iterations up to 200,000 cycles for this function.

Residual variances estimated in this study ranged from 14.11 for the model with function adjustment LEGS5 to
17.56 for the model adjusted with the WIL function (Table 5). The lower values obtained for the residual
variance models are associated with a greater number of parameters to be estimated, as it is observed when the
model is adjusted with the LEGS5 function (Table 5).

Table 5. Choice criteria for models fitted with different functions to data of test day milk yield from primiparous
Holstein cows from five herds in the state of Minas Gerais, Brazil

Function p 21logL AIC BIC (62)

WIL 13 180,259.80 180,285.80 180,317.64 17.56
LEG3 21 182,383.32 182,425.32 182,476.75 15.88
ALI 31 183,970.81 184,032.81 184,108.73 14.62
LEG4 (NC) 31 184,292.42 184,354.42 184,430.34 14.85
LEG5 43 186,636.05 186,722.05 186,827.36 14.11

Note. AIC = Akaike Information Criteria; ALI = Ali & Schaeffer; BIC = Schwarz Bayesian Criteria; LEG3 =
Legendre polynomials degree 3, order 4; LEG4 = Legendre polynomials degree 4, order 5; LEG5 = Legendre
polynomials degree 5, order 6; NC = Not convergence; WIL = Wilmink; p = Number of parameters of model; (¢2)
= residual variance.

Higher values for the information criteria [-2log (L), AIC and BIC] were observed for the most parameterized
models, especially the BIC criterion, which is directly related to the number of parameters to be adjusted in the
model (Table 5). The information criterias, based on the likelihood function, helps to select models with better
quality of fit to the data. Higher information criteria values may be linked to the difficulty of adjustment of the
parameterized models.

For the Wilmink function (Table 9), despite the higher estimated residual variance estimates are found for the
smaller -2log(L), AIC and BIC criteria. Thus, the Wilmink function, despite its easier adjustment given the
smaller number of parameters, is the one with better quality adjustment to the milk production data.

Similar results related to the quality of fit to the milk record data and to the simplicity to the computational
adjustment of the Wilmink function were also reported by Olori et al. (1999), Macciotta, Vicario, and
Cappio-Borlino (2005), Silvestre, Petim-Batista, and Colaco (2006), Strucken et al. (2011), and Dornelles et al.
(2016).

The values of the estimates of the variance components for the additive genetic (VGA), animal permanent
environmental (VEP) and phenotypic effects (VP) are similar between the fitted function and tended to increase
during lactation (Table 6 and Figure 2). The highest estimates of VGA and VPE were observed in the final third
of the lactation curve (Table 6 and Figure 2).

The variance for the permanent environmental effect was the most relevant cause for variation since the
beginning of lactation (Table 6 and Figure 2). This effect, in the case of primiparous animals, may be associated
to problems that occurred during growth or during the pre-pubertal period.

In a study by Schaeffer (2011), it was observed that the permanent environmental effects can be cumulative over
the course of the productive life of the animal. According to the author, animals can suffer new environmental
influences every day in their lives. So, it could have lasting environmental effects that influence milk production
in the first milk record of a cow. During that first lactation, the cow would be influenced by new effects that
would be added to those already present. This may explain the higher values of the permanent effect of variances
observed at the end of lactation (Table 6 and Figure 2).

Notice that, by adjusting the LEGS model, decreases in genetic and permanent environment variances in the last
month of lactation were observed, which was not observed when adjusting the other functions (Table 6 and
Figure 2). This may be associated with the number of model parameters (LEGS) that needed to be adjusted
(Table 5) and the lower number of test day in the last milk recording observations (Table 3). In a study by Costa
et al. (2008) and Dornelles et al. (2016), problems with the fit of random regressions to extremes of lactation
data were also observed and related to the highest number of parameters of this function.
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Table 6. Estimates of variance components for additive genetic (VGA), animal permanent environment (VEP)
and phenotypic (VP) effects for primiparous test day milk yields from five Holstein herds in Minas Gerais,
Brazil, estimated by adjusting of different functions

DIM* LEG3 LEGS ALI WIL
VGA VEP VP VGA VEP VP VGA VEP VP VGA VEP VP

5 430 19.92  40.10 3.00 17.97 35.08 2.75 13.67 31.04 3.66 17.12 3834
35 3.16 17.55 36.59 3.67 2322 41.00 4.17 2292 4171 2.93 19.82 4031
65 3.38 19.45 38.70 3.56 2290 40.57 3.18 21.60  39.40 3.16  20.64 4137
95 3.29 20.63  39.80 323 2121 3855 2.85 20.35 37.81 3.05 19.19  39.80
125 3.07 20.82  39.77 2.76  20.83 37.70 2.68 20.16  37.46 3.07 18.14  38.77
155 3.35 21.16  40.39 270  21.83 38.64 3.11 21.31  39.04 3.33 18.18  39.07
185 4.40 22.27 4255 397 2387 4194 4.19 22.88 41.70 3.87 19.44  40.87
215 5.89 23.81 45.58 624 2507 4542 5.68 24.08 4438 4.68  21.96 4420
245 7.26 2531 4845 8.05 27.11 49.27 7.27 2549 4738 576 25775 49.08
275 8.66 28.53  53.07 7.80  31.01 52.93 8.90 30.01 53.53 7.13 30.79  55.49
305 1249 41.03  69.40 735  25.02 4648 10.94 43.50 69.06 877 37.10 63.44

Note. *DIM = days in milk; LEG3 = Legendre polynomials degree 3, order 4; LEG5 = Legendre polynomials
degree 5, order 6; ALI = Ali & Schaeffer; WIL = Wilmink.
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Figure 2. Estimates of variance components for additive genetic effects (VGA), animal permanent environment
(VEP) and phenotypic (VP) for the test day milk yields from five Holstein herds in first lactation created in the
Minas Gerais State, Brazil, estimated by adjusting the functions of Ali & Schaeffer (ALI); Wilmink (WIL);
Legendre polynomials degree 3, 4 order (LEG3) and Legendre polynomials degree 5, order 6 (LEGS)

In models adjusted with the WIL and ALI functions, the variance curve shapes studied during the lactation
period were similar (Table 6 and Figure 2). Estimates of VGA, VEP and VP increased from the beginning to the
end of lactation. Contrary to what happens when adjusting polynomial functions, in the adjustment of the WIL
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and ALI functions no changes were observed in the trends of the variance estimates at the beginning and at the
end of lactation. These results of variance curve shapes follow the trend reported for Olori et al. (1999), Kettunen
et al. (2000), and Naserkheil et al. (2016).

Low heritabilities were observed, considering the same test day in the adjustment of different functions. During
lactation, the values of the heritability estimates for the different functions were similar (Table 7 and Figure 3).

The largest heritability values were observed in the final third of the lactation, apparently from 215 days (Table 7
and Figure 3). This indicates that, compared to the beginning of lactation, in the final third of lactation other
differences between individual breeding values are more important in explaining the variation in the test day
milk yield. This seems to be the most appropriate time applies selection in order to achieve the most genetic
gain.

Table 7. Heritabilities for test day milk yields from five Holstein herds in first lactation created in the Minas
Gerais State, Brazil, estimated by adjusting of different functions

DIM* LEG3 LEGS ALI WIL
5 0.11 0.09 0.09 0.10
35 0.09 0.09 0.10 0.07
65 0.09 0.09 0.08 0.08
95 0.08 0.08 0.08 0.08
125 0.08 0.07 0.07 0.08
155 0.08 0.07 0.08 0.09
185 0.10 0.09 0.10 0.09
215 0.13 0.14 0.13 0.11
245 0.15 0.16 0.15 0.12
275 0.16 0.15 0.17 0.13
305 0.18 0.16 0.16 0.14

Note. *DIM = ays in milk; LEG3 = Legendre polynomials degree 3, order 4; LEGS = Legendre polynomials
degree 5, order 6; ALI = Ali & Schaeffer; WIL = Wilmink.
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Figure 3. Heritabilities curves for test day milk yields for primiparous cows from five Holstein herds in Minas
Gerais, Brazil, estimated by adjusting the functions of Legendre polynomials degree 3, order 4 (LEG3);
Legendre polynomials degree 5, order 6 (LEGS5); Ali & Schaeffer (ALI) and Wilmink (WIL)

The use of a covariance structure, as in the present study, to describe the permanent environment effect provides
a reasonable strategy in separating the additive genetic effects from the permanent environmental effects on milk
yield. Such strategy has also been reported by Kettunen, Mantysaari, and Poso (2000). Therefore, there is a
reduction in the additive genetic variance, resulting also in reductions in estimates of heritability (Table 7 and
Figure 3).
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Regardless of the fitted function the genetic and permanent environmental correlations of milk yield, between
test days, were close to the unity in more adjacent milk recording dates (Tables 8, 9, 10 and 11). The further the
test days, the smaller the magnitude of the correlations. This may indicate that the additive genetic effects of
genes and permanent environment effects affecting two consecutive test days are superior to the effects
responsible for the performance between two more distant test days.

Table 8. Genetic (upper triangular) and permanent environmental (lower triangular) correlations for the test day
milk yield from five Holstein herds in first lactation created in the Minas Gerais State, Brazil, obtained by
adjusting the polynomial function of degree Legendre 3

DIM* 5 35 65 95 125 155 185 215 245 275 305
5 0.81 0.56 0.45 0.42 0.42 0.40 0.38 0.35 0.30 0.19
35 0.86 0.94 0.86 0.76 0.60 0.43 0.33 0.31 0.37 0.44
65 0.66 0.95 0.97 0.88 0.68 0.47 0.34 0.33 0.42 0.56
95 0.52 0.86 0.97 0.96 0.80 0.60 0.48 0.46 0.54 0.64
125 0.42 0.75 0.90 0.98 0.94 0.80 0.70 0.67 0.71 0.72
155 0.35 0.64 0.79 0.90 0.97 0.96 0.90 0.87 0.85 0.74
185 0.30 0.52 0.66 0.78 0.90 0.97 0.99 0.96 0.90 0.72
215 0.27 0.42 0.55 0.67 0.80 0.92 0.98 0.99 0.93 0.72
245 0.26 0.38 0.48 0.59 0.72 0.84 0.93 0.98 0.97 0.79
275 0.26 0.39 0.47 0.55 0.64 0.73 0.81 0.88 0.96 0.92
305 0.25 0.41 0.47 0.50 0.53 0.55 0.59 0.66 0.77 0.92

Note. *DIM = Days in milk.

In adjusting the LEGS5 (Table 9) and ALI (Table 10) functions, some negative genetic correlations between yields
were observed, which were not observed with the LEG3 (Table 8) and WIL (Table 11) functions. Negative
genetic correlations were observed only between the Sth and 305th days of lactation, when adjusting the LEGS5
function (Table 9), and between the Sth and the other controls from the 185th day in milk adjusting for ALI
function (Table 10). Despite the low magnitude of these negative genetic correlations, this may be associated
with the difficulty of their functions to model the variations in milk production between controls taken at the
beginning and at the end of the third lactation. This difficulty may be related to the number of parameters to be
estimated by the functions, because in models with less parameterized functions such as LEG3 and WIL
functions, no genetic correlation negative estimates were observed (Tables 8 and 11). In studies by Brotherstone,
White, and Meyer (2000), Pereira et al. (2010) and Bignardi et al. (2011) negative estimates of genetic
correlations between yields made at the beginning and end of lactation were also reported. Difficulties of
adjustment of genetic and permanent environmental correlations for LEGS also were verified of Dornelles et al.
(2016).

Table 9. Genetic (upper triangular) and permanent environmental (lower triangular) correlations for the test day
milk yield from five Holstein herds in first lactation created in the Minas Gerais State, Brazil, obtained by
adjusting the polynomial function of degree Legendre 5

DIM 5 35 65 95 125 155 185 215 245 275 305
5 0.73 0.56 0.43 0.34 0.29 0.23 0.20 0.16 0.08 -0.19
35 0.70 0.92 0.77 0.68 0.67 0.62 0.56 0.51 0.48 0.43
65 0.55 0.93 0.95 0.89 0.81 0.66 0.57 0.53 0.53 0.41
95 0.45 0.76 0.93 0.98 0.86 0.66 0.54 0.51 0.51 0.31
125 0.40 0.60 0.80 0.95 0.93 0.75 0.63 0.61 0.60 0.36
155 0.36 0.51 0.67 0.83 0.95 0.93 0.86 0.83 0.82 0.59
185 0.32 0.47 0.58 0.71 0.86 0.97 0.98 0.96 0.94 0.76
215 0.28 0.44 0.54 0.64 0.77 0.89 0.97 0.99 0.98 0.80
245 0.23 0.38 0.50 0.60 0.69 0.77 0.85 0.94 0.99 0.79
275 0.22 0.31 0.45 0.56 0.61 0.64 0.70 0.83 0.96 0.83
305 0.41 0.45 0.51 0.57 0.64 0.72 0.80 0.91 0.97 0.95

Note. *DIM = Days in milk.
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Table 10. Genetic (upper triangular) and permanent environmental (lower triangular) correlations for the test day
milk yield from five Holstein herds in first lactation created in the Minas Gerais State, Brazil, obtained by
adjusting the polynomial function of Ali & Schaeffer

DIM 5 35 65 95 125 155 185 215 245 275 305

5 0.44 0.46 0.36 0.22 0.05 -0.07 -0.15 -0.18 -0.19 -0.17
35 0.70 0.85 0.75 0.73 0.69 0.64 0.60 0.58 0.56 0.53
65 0.59 0.92 0.97 0.89 0.74 0.58 0.48 0.44 0.44 0.46
95 0.52 0.80 0.96 0.96 0.82 0.66 0.55 0.50 0.49 0.50
125 0.46 0.67 0.85 0.96 0.95 0.84 0.75 0.69 0.66 0.63
155 0.41 0.54 0.72 0.87 0.97 0.97 0.92 0.87 0.82 0.76
185 0.36 0.44 0.60 0.77 0.91 0.98 0.99 0.96 0.91 0.83
215 0.34 0.38 0.52 0.69 0.84 0.94 0.98 0.99 0.96 0.88
245 0.32 0.34 0.47 0.62 0.76 0.85 0.92 0.97 0.99 0.93
275 0.29 0.31 0.43 0.54 0.63 0.70 0.77 0.86 0.95 0.98
305 0.25 0.28 0.39 0.43 0.45 0.48 0.54 0.65 0.80 0.94

Note. *DIM = Days in milk.

Table 11. Genetic (upper triangular) and permanent environmental (lower triangular) correlations for the test day
milk yield from five Holstein herds in first lactation created in the Minas Gerais State, Brazil, obtained by
adjusting the polynomial function of Wilmink

DIM 5 35 65 95 125 155 185 215 245 275 305
5 0.57 0.41 0.37 0.35 0.32 0.28 0.23 0.20 0.16 0.14
35 0.71 0.97 0.93 0.84 0.73 0.60 0.47 0.36 0.27 0.19
65 0.60 0.98 0.98 0.92 0.83 0.71 0.59 0.49 0.40 0.32
95 0.55 0.95 0.99 0.98 0.92 0.83 0.73 0.64 0.56 0.49
125 0.50 0.88 0.94 0.98 0.98 0.93 0.86 0.79 0.72 0.66
155 0.44 0.79 0.87 0.93 0.98 0.98 0.94 0.90 0.85 0.80
185 0.36 0.67 0.76 0.86 0.93 0.98 0.99 0.96 0.93 0.89
215 0.28 0.54 0.65 0.76 0.86 0.94 0.99 0.99 0.97 0.95
245 0.21 0.42 0.53 0.66 0.78 0.88 0.95 0.99 0.99 0.98
275 0.14 0.31 0.43 0.57 0.70 0.82 0.91 0.97 0.99 1.00
305 0.08 0.21 0.34 0.48 0.63 0.76 0.86 0.94 0.98 1.00

Note. *DIM = Days in milk.

It was also noted that, from the 155th day of lactation, genetic and permanent environmental correlations
between subsequent test days were of high magnitude, regardless of the fitted function (Tables 8, 9, 10 and 11).
Possibly, genes that act on milk production in controls taken from the 155th day of lactation are the same.
Breeding values for milk production in dairy cattle are highly related to genetic values of the milk yields in
subsequent lactation controls. This implies that animals can be selected from this stage of lactation and that milk
yields from not yet performed controls can be projected for the current lactation. This result is consistent with the
observations already discusseded in this study related to the increased heritability observed at the end of the
lactation. As a result, there will be a decrease on the generation interval and an increase on the number of
daughters evaluated from each sire. Additionally, economic gains for producers can be observed, because lower
productivity cows may be culled or replaced before completing their lactations. Correlations of high magnitude
between consecutive milk weights taken from the 6th milk recording, close to 183 days of lactation, were also
verified by Melo et al. (2005).

4. Conclusions

The Wilmink function is the most suitable for the study of primiparous cow test day milk yields from Holstein
herds in the state of Minas Gerais, Brazil.
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From the 155 days of lactation, the selection of animals can be practiced. In the proposed model fitting, selection
for milk yield may be done at 155 days in milk. Later milk productions after 155 days in milk may be estimated
by projection of the lactation.

Permanent environmental effects have more influence over primiparous cow test day milk yields particularly at
the end of lactation. The nature of these effects on the productive performance of the animals should be taken
into consideration, since these effects are important and may be cumulative throughout lactation. Permanent
environmental effects must be considered when estimating genetic parameters. This will enable more precise the
separation of variance components.
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