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Abstract
Some experimental studies are carried out considering a longitudinal feature. In view of this, the classical
regression models are not able to handle with it, since the independence assumption between the obser-
vations is violated. To handle with this kind of data it was proposed the called linear mixed-effects models,
where it is possible to model the response variable taking into account the correlation between the obser-
vations, and even between the response variables, when there are two or more of them in study, setting
a bivariate or multivariate scenario, respectively. For the diagnosis of the linear mixed-effects models the
least confounded residuals are quite recommended due to their lower bias in relation to other types of
residuals, but it is not so used in the literature. Using a data set of dairy calves’ performance according
to three different diets over eight weeks, the linear mixed-effects models theory under univariate and
bivariate approach was applied alongside the least confounded residuals in the diagnosis of the model for
both approaches. Comparing the univariate and bivariate approaches, the last one was more informative
presenting lower standard errors’ values for its estimates, while the least confounded residuals was more
efficient than the classical residuals present in the literature.
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1. Introduction
The initial Holstein calves’ performance is intrinsically related to several factors, such as the food

composition (Berends et al., 2014). The liquid diet is the main nutrient source for calves; however,
the solid diet presents a significant influence on the weight gain of the animals, which may lead
to a productivity increase of those who consume great quantities of concentrate, mainly in the
preweaning phase (Stamey et al., 2012).

Considering such scenario, the need of understanding the performance of dairy calves weight
gain according to the solid diet is important to indicate a more adequate formulation to the animals.
This need is more evident when taking into account the forager inclusion into the diet, since some
studies indicate considerable benefits over the animal performance (Castells et al., 2012; Overvest
et al., 2016; Bagheri et al., 2021).

An increase of the complexity at this kind of problem occurs when the interest lies on the study
of the response variables over a determined time interval, considering the possible no null correlation
between the observations taken repeatedly in the same individual. This context justifies the use of
the univariate or multivariate linear mixed-effects models (Laird & Ware, 1982; Oskrochi et al., 2016).
In the longitudinal experiments with animals, some disturbance in the data set can be expected,
resultant of the loss of observations, causing an unbalancing on the data set, leading to a statistical
efficiency loss and generating biased estimates (Zhu et al., 2014).

For the residuals diagnosis of the linear mixed-effects models, Hilden-Minton (1995) proposed
the use of the least confounded residuals, which are not correlated to the confounded fraction associated
to the parameters vector of random effects. Such residuals present lesser bias than the conditional
and marginal ones, being highly recommended to the mixed models diagnosis (Loy & Hofmann,
2014).

The aim of this work was to study the weight and total solid feed intake behavior of the dairy
calves submitted to three distinct diets over time, under univariate and bivariate approaches using
linear mixed-effects models in a highly unbalanced data scenario. A secondary objective was to
evaluate the use of the least confounded residuals in the fitted models diagnosis at both approaches
when compared to the studentized conditional and marginal residuals. The tested hypotheses were:
the bivariate approach better explains the longitudinal behavior of the two response variables and
the use of the least confounded residuals is more adequate in the fitted models diagnosis.

2. Materials and Methods
The data set used in this work come from an experiment carried out in the Luiz de Queiroz

College of Agriculture, University of São Paulo, Piracicaba - SP, that lasted 8 weeks. The objective
of such experiment was studying the influence of the different non-forager fibre sources compared to
the forager sources with low fibrous quality on the dairy calves’ performance with several observed
response variables (Poczynek et al., 2020). Thirty-five dairy calves distributed in twenty-two blocks,
with the birth weight as the blocking factor, were used in the study. Three types of diets were
compared: a diet containing 22% of neutral detergent fibre (NDF) without hay addition, a diet
containing 22% of NDF with hay addition and diet containing 31% of NDF without hay addition.

Among the response variables evaluated in the experiment, the body weight (kg) and the weekly
average total solid feed intake (g) of each animal were used at the present work . This because
it is expected there is a non-null correlation between both. The animals were weekly weighted
before the morning feeding and the solid feed intake measurements were taken daily before the
new concentrate offer and calculated by the difference between the amount offered on the previous
day and the leftover in the trough on time of the next offer. The three diets were randomized to
the animals within each block. For being an animal inherent feature, it was studied the inclusion of
the weight value in the random structure of the model overriding the block factor in the fixed and
random structures of the model.
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In the statistical analyses of the data the univariate and bivariate linear mixed-effects models were
used. At the first stage and in both approaches, the maximal models were defined to the fixed and
random structures. The polynomial degree that well explains the behavior of the response variable
over time and the suggestion of an ideal random effects structure associated to its coefficients were
embased in the visual analysis of the individual and average profiles.

In Figure 1 it is seen that the individual profiles of the calves weight present a curvy behavior
that can be well explained by a second degree polynomial, as well as the average profile of each diet
presented in Figure 3. Because of this aspect and the variability of the individual profiles, the maxi-
mum linear mixed model used to explain the longitudinal behavior of the calves weight submitted
to three different diets is given by:

22% of NDF 22% of NDF with hay addition 31% of NDF
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Figure 1. Individual profiles of the weekly weight of calves fed each evaluated diet.
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Figure 2. Individual profiles of the weekly solid feed intake of calves fed each evaluated diet.

yij = β0D1 + β1D1tj + β2D1t2j + β3D2 + β4D2tj + β5D2t2j + β6D3 + β7D3tj + β8D3t2j︸ ︷︷ ︸
fixed structure

+ b0i + b1i tj + b2i t
2
j + εij︸ ︷︷ ︸

random structure

(1)

where yij is the response of the ith individual in the jth week considering the three diets (D1: 22%
of NDF without hay addition; D2: 22% of NDF with hay addition; D3: 30% of NDF), i = 1, 2,...,
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Figure 3. Average profiles of the weekly body weight and solid feed intake of calves fed different diets.

40, j = 1, 2, 3,..., 8; β0 is the intercept of the curve related to the D1; β1 and β2 are the first and
second degree coefficients, respectively, of the polynomial related to the D1; β3 is the intercept of
the curve related to the D2, while β4 and β5 are the first and second degree coefficients associated,
respectively, to the same diet; β6 is the intercept of the curve associated to the D3 and β7 and β8 are
the first and the second degree polynomial coefficients associated to the D3; b0i is the random effect
related to the intercept of the ith individual; b1i and b2i are the random effects related, respectively,
to the first and second polynomial degree for the ith individual; εij is the random error associated to
yij.

The individual and average profiles of solid feed intake presented in the Figure 2 and Figure
3, respectively, show a distinct behavior than that one presented for the calves weight. The solid
feed intake observations through the weeks indicates the need of an up forth degree polynomial to
explain such behavior. The proximity of the observations taken on the first week indicates that the
inclusion of a distinct random effect to the intercept of the curves is not necessary. In view of this it
was used the maximum model presented in (2), that considers a forth degree polynomial to explain
the average behavior of the responses over the time of each diet and random effects related to all
polynomial coefficients, except the intercept.

yij = β0D1 + β1D1tj + β2D1t2j + β3D1t3j + β4D1t4j + β5D2 + β6D2tj + β7D3t2j + β8D2t3j + β9D2t4j︸ ︷︷ ︸
fixed structure

+ β10D3 + β11D3tj + β12D3t2j + β13D3t3j + β14D3t4j︸ ︷︷ ︸
fixed structure

+ b1i tj + b2i t
2
j + b3i t

3
j + b4i t

4
j + εij︸ ︷︷ ︸

random structure

(2)

in this case β0 is the coefficient of the intercept related to the D1, while β1, β2, β3 and β4 are up
forth degree coefficients to the same diet. The meaning of the parameters associated to D2 and D3
is analog to the presented for D1. In the random structure, b1i and b2i have the same interpretation
of those ones shown in (1) for the weight; b31 and b41 are, respectively, the random effects associated
to the third and forth degree polynomial coefficients for the ith individual.

The maximum model proposed for the bivariate approach with both response variables is given
by the expression (3):
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yrij = β0rD1 + β1rD1tj + β2rD1t2j + β3rD2 + β4rD2tj + β5rD2t2j + β6rD3 + β7rD3tj + β8rD2
3tj + β9r2 D1t3j + β10r2 D1t4j︸ ︷︷ ︸

fixed structure
+ β11r2 D2t3j + β12r2 D2t4j + β13r2 D3t3j + β14r2 D3t4j︸ ︷︷ ︸

fixed structure

+ b0r1i tj + b1ri tj + b2ri t
2
j + b3r2i t

3
j + b4r2i t

4
j + εrij︸ ︷︷ ︸

random structure

(3)

where yrij is the rth response of the ith individual in the jth week, being r1 and r2 the weight and
the solid feed intake indexes, respectively and r only when the effect is shared by both responses;
β0r is the intercept related to the D1 for the rth response, while β1r and β2r are the first and the
second degree coefficients of the polynomial associated to the jth week for D1 for the rth response;
Associated to the D2 effect, β3, β4 and β5 are the intercept, first and second degree polynomial
coefficients of the jth week for the rth response. The same meaning is given for the coefficients
β6, β7 and β8 related to the D3; β9 and β10 are the third and forth degree polynomial coefficients
associated to the jth week only for the solid feed intake response. The same interpretation is given to
β11 and β12 associated to the D2 effect and β13 and β14 related to the D3 effect; b0r1i is the random
effect associated to the intercept for the ith individual weight; b1ri and b2ri are the random effects
associated, respectively, to the first and the second degree polynomial coefficients for both responses
on the ith individual; β3r2i and β4r2i are the random effects associated to the third and forth degree
polynomial coefficients for the ith individual only for the solid feed intake; εrij is the random error
associated to yrij.

In a second stage several random effects structures and different structures of inter- and intrain-
dividuals covariance matrices were compared, aiming to choose the best set of random effects and
the best covariance structure. On the comparison of the random effects structures it was used the
called top-down strategy proposed by Verbeke et al. (1997). In all model comparisons the Likelihood-
Ratio Test (Lehmann & Romano, 1986) and the Bayesian Information Criterion (BIC) (Schwarz,
1978) were used.

In a third stage, comparisons were made between the parameters of the fixed structure of the
maximum model with simplest models according to evident suggestions by the coefficient estimates
of the fitted polynomial for each diet and the fitted average curve plots. Admitting the possibility
that a new random structure fits better than that one selected on the previous step, in a fourth stage,
the select procedure for random effects was made using the same tests and statistics indicated on the
second stage.

After the final choose of each univariate or bivariate model, its diagnoses were made using,
mainly, residual plot analyses considering the least confounded residuals, studentized marginal and
conditional residuals.

The marginal residuals are characterized as the difference between the vector of observed val-
ues and the estimated general mean, being used for the fixed effects linearity verification and the
presence of outliers (Singer et al., 2013). According to the same authors, on the conditional residuals
case, these consist as the difference between the vector of observed values and the predicted value
by the model, getting the function of verifying the presence of outliers, as well as the normality
and conditional errors homogeneity assumptions. However, both of them are not indicated for the
linear models diagnoses, since they can present correlation between themselves, rupturing the inde-
pendence assumption (Loy et al., 2013). In order to overcome this problem, such residuals should be
standardized dividing them by its standard deviation estimates, and hereafter called as studentized
residuals. Such procedure is done according shown in (4) and (5) expressions.

rm = y – Xβ̂rsmi =
rmi√

v̂ar (rmi )
(4)

rc = y – Xβ̂ – Zb̂rsci =
rci√

v̂ar (rci )
(5)
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where rm and rc are the vectors of marginal and conditional residuals, respectively; rsci and rsci the
studentized residuals; y the vector of observations; X and Z the design matrices for fixed and random
factors, respectively; β̂ the vector of estimated parameters associated to the fixed effects and b̂ the
vector of predicted random effects.

Since it is two stages hierarchical model, the linear mixed model generates a vector of resid-
uals that got a dependency with the vector of random effects, being necessary a more thorough
diagnosis in view of such dependency (Loy et al., 2013). For that, Hilden-Minton (1995) proposes
the called least confounded residuals that consists on an appropriate linear combination over the con-
ditional residuals minimizing the confounding between the two stages of the model. Once such
transformation is done, the diagnoses follow the usual protocols.

The Shapiro-Wilk (Shapiro & Wilk, 1965) and the Henze-Zirkler (Henze & Zirkler, 1990)
tests were used to verify the normality adherence assumption of the residuals for univariate and
bivariate approach, respectively. In both cases were also used the following plots: Q-Q plot to
visualize the residuals normality; predicted values versus observed values dispersion, and plots with
fitted average and individual curves. The study of the presence of atypical points in the bivariate
analysis was embased in the bivariate boxplot (Rousseeuw et al., 1999). The comparison between
the least confounded residuals, studentized marginal and conditional residuals was made embased in
plots analyses in both approaches. The models were fitted in R language programming using the
lme() function from the nlme package. 5% of significance level was used for all hypothesis tests,
which is quite common in studies carried out within agricultural sciences.

3. Results and Discussion
On the Table 1 is evident that the weight variance increases over time, as well as high and positive

correlations between the measures taken in the different weeks. Furthermore, there is a decrease of
the correlation as the interval between the weeks increases, which is expected in the longitudinal
data.

Table 1. Variances (diagonal), covariances (under the diagonal) and correlation (above the diagonal) of the calves weight
over eight weeks

Week

Week 1 2 3 4 5 6 7 8

1 20.444 0.949 0.883 0.799 0.676 0.563 0.544 0.454
2 19.814 21.303 0.935 0.895 0.807 0.710 0.675 0.571
3 18.612 20.133 21.724 0.950 0.872 0.811 0.774 0.675
4 20.997 24.005 25.713 33.709 0.953 0.897 0.856 0.776
5 18.914 23.053 25.149 34.255 38.253 0.966 0.923 0.853
6 17.721 22.804 26.302 36.236 41.577 48.326 0.971 0.900
7 20.151 25.533 29.545 40.710 46.770 55.335 67.072 0.950
8 19.496 24.996 29.824 42.718 50.041 59.310 73.741 89.831

In an analog way to the weight, the Table 2 also enhance to the total solid feed intake an accen-
tuated increase in the variability over time, lowest correlation coefficients and a decrease tendency
in the sample correlation as the interval between the weeks increases.

Considering the bivariate approach, the Table 3 presents the correlation between the total solid
feed intake and the weight of the animals over the weeks. As it is expected, in a general way the
correlation tends to be greater when the two responses measures are taken in the same instant. It can
also be realized that this feature is more evident in the last weeks than in the first ones, suggesting
that over the weeks the calves developed a certain intake and weight standard. This also may be
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Table 2. Variances (diagonal), covariances (under the diagonal) and correlation (above the diagonal) of the calves total
solid feed average intake between the weeks

Week

Week 1 2 3 4 5 6 7 8

1 2080.61 0.33 0.32 0.45 0.24 0.23 0.38 0.41
2 940.96 3832.71 0.66 0.70 0.51 0.51 0.58 0.59
3 2050.25 5743.05 19431 0.77 0.46 0.46 0.57 0.52
4 4735.54 10039.90 24793.75 52443.48 0.80 0.72 0.71 0.72
5 3307.03 9580.93 19644.29 55328.71 90495.95 0.88 0.72 0.75
6 3715.26 11049.76 22438.65 57253.74 91943.38 119036.51 0.86 0.77
7 7441.44 15303.92 33888.59 69124.21 92088.03 126449.45 179913.98 0.86
8 8867.87 17378.56 34306.75 77769.68 107146.11 125332.95 171532.97 220357.96

explained by the low solid feed intake during the first weeks of age, when calves rely mostly on the
liquid diet for growth.

Table 3. Correlation between the calves total solid feed average intake and the weight over the weeks

Week

Week 1 2 3 4 5 6 7 8

1 0.082 0.186 0.182 0.295 0.280 0.286 0.332 0.376
2 0.214 0.306 0.426 0.513 0.531 0.518 0.524 0.580
3 0.347 0.349 0.564 0.637 0.588 0.555 0.531 0.505
4 0.268 0.403 0.561 0.712 0.770 0.766 0.742 0.731
5 0.058 0.199 0.365 0.515 0.705 0.761 0.762 0.783
6 0.119 0.230 0.419 0.524 0.658 0.776 0.826 0.814
7 0.301 0.368 0.533 0.596 0.652 0.748 0.847 0.874
8 0.157 0.283 0.412 0.510 0.619 0.680 0.752 0.840

The Table 4 presents the coefficient estimates and the parameters standard errors of the final
fitted model to the calves weight under univariate approach that resulted, for the fixed structure, an
only second degree curve, indicating that the average weight of the calves over the experimental
period has the same behavior for both diets. The random structure included random effects for all
polynomial coefficients. The best inter-individual covariance structure was the unstructured type,
while the correlation and the intra-individual variability was modeled by the first order autorre-
gressive with variance heterogeneity structure.

Table 4. Coefficient estimates and parameter standard errors of the second degree polynomial that explains the calves
weight behavior

Parameter Estimate Standard Error

β0 = β3 = β6 37.365 0.793
β1 = β4 = β7 -0.270 0.244
β2 = β5 = β8 0.277 0.028

Such results agree with the ones obtained by Omidi-Mirzaei et al. (2018) that compared different
solid diets, considering different initial concentrate formulations and the inclusion of hay in the
feeding of dairy calves.

The Figure 4 presents the individual and the average curves fitted to the weight of the calves
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under the three evaluated diets.
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Figure 4. Fitted individual and average of the weekly weight.

The average and individual fitted curves presented in the Figure 4 evidence that the final linear
mixed model managed to model the average as well as the individual weights over time very well.

The Figure 5 (a) presents the plots of the predicted values versus the residuals of the fitted model
and the Figure 5 (b) the Q-Q plots for the three types of residuals. It realizes that the least confounded
and the conditional residuals present a random distribution related to the predicted values. The Q-Q
plots for both the last confounded residuals and the marginal residuals show an apparent normality
adherence, what is confirmed by the Shapiro-Wilk test, with p-value equals to 0.360 and 0.713,
respectively. However the conditional residuals presented a greater quantity of atypical points than
the least confounded residuals and did not show adherence to the normal distribution as accused
by the Shapiro-Wilk test, with p-value <0.0001. It should be noted that the studentized marginal
residuals distribution regarding the predicted values evidences a strong tendency of linear increase
and variability, confirming once again the bias which such residuals have. In view of the exposed,
it can be concluded that the least confounded residuals shows a better performance in the diagnosis
of the final model quality.

Still on the univariate approach, the Table 5 presents the coefficient estimates and standard errors
of the parameters of the final model fitted to the total solid feed intake. For the fixed structure,
the final model considered different intercepts for the diets containing 22% of NDF and another
intercept for the diet with 31% of NDF. The same behavior occurred to the coefficient of second
degree. The coefficients of first, third and fourth degrees were considered equals to the three diets.
In the random structure, the random effect of the second degree of week was maintained. The
chosen intra-individuals covariance structure was the autorregressive of first order with variance
heterogeneity, such as the chosen one for the calve weights.
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Figure 5. (a) Plot of predicted values versus residuals and (b) QQ-plot for each kind of residuals generated by the final fitted
model for the weight of the calves submitted to different diets.

Table 5. Coefficient estimates and parameter standard errors of the second degree polynomial that explains the calves
weight behavior

Parameter Estimate Standard Error

β0 = β5 209.920 43.373
β10 238.729 44.330
β1 = β6 = β11 -338.168 70.835
β2 = β7 177.807 36.106
β12 181.948 36.134
β3 = β8 = β13 -29.573 6.710
β4 = β9 = β14 1.679 0.405
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The Figure 6 presents the fitted individual and average polynomial curves for total solid feed
intake submitted to the two diets containing 22% of NDF and 31% of NDF.

Most of the individual curves fitted by the final model and presented in the Figure 6 (a), well
describes the behavior of the observed responses for each calf. In the Figure 6 (b) it can be seen that
the wavelike behavior of the average total solid feed intake was well explained by the final model.

22% of NDF = 22% of NDF with hay addition 31% of NDF
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Figure 6. (a) Individual profiles and fitted individual of total solid feed intake and (b) Average profile and fitted average
curve by the final model for the diets containing 22% of NDF and 31% of NDF.

Similar results were found by Movahedi et al. (2017) in an experiment with Holstein calves that
compared different diet compositions between concentrates and forages sources, indicating distinct
behaviors of intake according to the diet provided to the animals.

In the Figure 7 (a) it can be seen that the least confounded residuals present a random distribu-
tion in relation to the predicted values; the marginal and conditional residuals present an apparent
tendency or a great number of residuals superior to three, in absolute value, which indicate the
presence of atypical points. In the Figure 7 (b) it is notable that the least confounded residuals meet
the assumption of normality adherence, different of what occurs with the marginal and conditional
residuals. The Shapiro-Wilk test for the least confounded residuals, marginal and conditional ones
presented p-values equal to 0.507, <0.0001 and <0.0001, respectively, confirming such assumptions.

The bivariate study resulted in a model that considers for the average weight a single second
degree polynomial curve to the three diets and for the average total solid feed intake a single fourth
degree polynomial curve without the third degree coefficient, indicating that the animals that were
fed with different diets presented the same behavior of weight and intake. The coefficient estimates
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Figure 7. (a) Plot of predicted values versus residuals and (b) QQ-plot for each kind of residuals generated by the final fitted
model for the total solid feed intake on the calves submitted to different diets.

of the final model are presented in the Table 6.
The random structure for the weight of the calves maintained the random effects associated to the

intercept and the first degree coefficient. For the total solid feed intake, random effects associated to
the second and forth degree coefficients were mantained. The chosen inter-individuals covariance
structure was the unstructured and for the intra-individuals structure was the autorregressive of first
order with variance heterogeneity, for both response variables.

It is understandable that the differences in the fixed and random structure of the final bivariate
model in relation to the ones found in the univariate approaches to the weight and intake of the
calves are justified by the correlation between the responses.

The ability of the bivariate model in using this dependency relationship produced a decrease in
the values of standard errors of the polynomial coefficients that are common to the both approaches,
as the case of the fitted polynomial to the animals weight.

The fitted individual and average curves to the responses in the eight weeks are present in the
Figures 8 and 9, respectively.

In both figures it can be seen a well fit by the bivariate linear mixed model to the individual and
average profiles of weight and solid feed intake. As the univariate approach, the final bivariate model
better fitted to the weight data than the intake one. Regarding the response variables behavior, such
results are according to the ones got by Engelking et al. (2020), who concluded that the inclusion or
not inclusion of forages in the dairy calves diet in the pre-weaning period did not result significant
differences in the weight and solid feed intake.
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Table 6. Coefficient estimates and parameter standard errors considering the equality between the curves to the average
weight and total solid feed intake

Parameter Estimate Standard Error

Weight
β0 = β3 = β6 37.67 0.760
β1 = β4 = β7 -0.292 0.234
β2 = β5 = β8 0.279 0.022

Total solid feed intake
β0 = β3 = β6 18.561 21.641
β1 = β4 = β7 3.629 25.534
β2 = β5 = β8 12.760 5.777

β10 = β11 = β14 -0.044 0.050
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Figure 8. Fitted individual and average of the weekly weight development under bivariate approach.
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Figure 9. Fitted individual and average of the weekly total solid feed intake development under bivariate approach.

Figures 10 (a) and 10 (b) present the plots of predicted values versus the residuals generated by the
bivariate model for the weight and solid feed intake, respectively, considering the least confounded,
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studentized marginal and conditional residuals. For both variables we can perceive that the least con-
founded residuals presented a random behavior with a single atypical value; the marginal residuals
instead, present a increase linear trend, while the conditional ones for the solid feed intake indicate
the presence of several atypical values.
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Figure 10. Residuals versus predicted values for each kind of residual for weight (a) and total solid feed intake (b).

Analysing the bivariate boxplots presented in the Figure 11 it perceives a bigger amount of least
confounded residuals inside the confidence ellipse than the marginal and conditional residuals. This
great quantity of points out of the ellipse is a strong indicative that these residuals do not follow a
normal distribution. Such hypotheses are confirmed by the Henze-Zirkler test, that indicates bi-
variate normality of the least confounded residuals with a p-value equals to 0.129 and non normality
for the marginal and conditional residuals (p-value <0.0001 for both).
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Figure 11. Bivariate boxplot for (a) studentized marginal residuals, (b) studentized conditional residuals and (c) least con-
founded residuals.
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In the Table 7 is presented the correlation matrix between the observations of weight and solid
feed intake over time, fitted by the final bivariate marginal model. It can be seen that such matrix
shows a common behavior in longitudinal data resulting from experiments involving the animal
performance, whereupon the non-null correlation values tendency to decrease as increase the inter-
val between the measurements, such behavior is more evident after the fourth week of evaluation,
corroborating with the descriptive results given in the Table 3. It also perceives median correlation
values between the weight and the total solid feed intake in some weeks. These aspects reinforce the
proper choice of random effects and inter- and intra-individuals covariance matrices that compound
the chosen bivariate linear mixed model to explain the simultaneous longitudinal behavior for both
responses.

Table 7. Bivariate correlation matrix for the marginal model

Week

Week 1 2 3 4 5 6 7 8

1 0.0008 0.0020 0.0020 0.0021 0.0020 0.0017 0.0009 0.0002
2 0.0964 0.2358 0.2358 0.2622 0.2786 0.2879 0.2501 0.1996
3 0.0039 0.0097 0.0098 0.0110 0.0119 0.0127 0.0116 0.0102
4 0.1904 0.4676 0.4733 0.5350 0.5832 0.6273 0.5835 0.5319
5 0.2187 0.5377 0.5451 0.6179 0.6763 0.7321 0.6877 0.6380
6 0.2355 0.7920 0.5879 0.6675 0.7326 0.7961 0.7525 0.7025
7 0.2442 0.6008 0.6103 0.6938 0.7628 0.8311 0.7889 0.7448
8 0.2405 0.5919 0.6016 0.6845 0.7535 0.8227 0.7832 0.7432

4. Conclusions
The bivariate approach proved to be more appropriate than the univariate approach in the anal-

ysis of the weight and total solid feed intake data of calves. The simultaneous use of data of these
two response variables caused alterations in the coefficient estimates of the polynomial model that
explains the longitudinal behavior of the responses in its standard errors and also in the inferences
made over the parameters. The least confounded residuals of the univariate and bivariate models
presented lesser biased behavior than the studentized marginal and conditional residuals, as cited by
the literature.
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