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Abstract This study compared six non-linear equations [Exponential growth (4
parameters), Exponential growth (Stirling), Polynomial (Cubic), Quadratic, Brody,
and Sinusoidal] for prediction of pre-weaning body weights at different ages in
Holstein calves. Thirty-two calves (16 males and 16 females) were randomly
divided into two treatment groups and fed with starter diets containing either corn
or barley as the grain source. Starter feeding began on the third day of life, and
high quality alfalfa hay and fresh cow milk were fed according to the farm

. schedule. The calves were weighed at birth and weekly thereafter until weaning.
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Introduction o _ o _

ediction of body weight before weaning is important in

maintaining the health and viability of the calf, and bet-
Dairy calves are typically fed with a fixed amount of milk ter preparation of the starter diet. Among the current -
or milk replacer along with free-choice starter. Starter fe- statistical procedures for analysis of the growth data,
ed intake is small during the first week of life but at some fitting of the nonlinear functions offers an opportunity
point begins to increase (Jasper and Weary, 2002; Terre to summarize the information contained in the entire
et al., 2007; Stamey et al., 2012; Hill et al., 2016). The r- sequence of weight-age points into a small set of pa-
ate of increase in starter intake is affected by several fa- rameters that can be interpreted biologically and use-
ctors including the amount of liquid diet consumed. With d to derive other relevant growth traits. Mathematical
increasing emphasis on intensification of calf rearing, pr- models are powerful tools for improving the animal -
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performance while reducing nutrient excretion to the
environment (Tedeschi et al., 2005; Moharrery and
Mirzaei, 2014). The relationship between weight gain
and age can be explained by any one of the several
functions such as the Exponential, Quadratic,
Polynomial, and Brody’s. Although the mathematical
formulas of these equations differ, either of them
produces a similar graph reflecting the generally
desirable biological characteristics.

Due to the short length of suckling period or milk
feeding before weaning and continuation of growth in
weaned calves, the growth curve cannot reach the
plateau at weaning. Therefore, the mathematical
equations found in the literature cannot be fit to the
growth pattern and to describe weight gain in relation to
the age before weaning. Some mathematical functions
may be used as alternatives in the sense that each one
fits with some data sets more closely than the others.
However, the form of the fitted curve must be sufficiently
flexible to closely follow any trends of the data and to give
a consistently good fit to the data (Darmani Kuhi et al.,
2003). Therefore, the objective of the present study was
to compare six mathematical models for their potential
usefulness in predicting the pre-weaning weight at
different ages in Holstein calves.

Materials and methods
Management, experimental design and calf weight

Thirty-two Holstein calves (16 males and 16 females)
were immediately separated from their mothers at birth,
randomly divided into two groups and transferred to
individual pens with controlled temperature. During the
first 6 hours of life, colostrum was fed three times in
bottles at 10% of the live weight, after which, pasteurized
fresh colostrum was fed for three consecutive days.
Subsequently, pasteurized fresh milk was fed according
to the farm schedule; 4 kg up to 2 weeks, 5 kg up to 6
weeks of ages, and then 4 kg up to 8 weeks of age. Milk
was offered two times per day at 6.00 and 15.00 hrs. The
calves were weaned at 60 days of age.

The calves in each group were fed with one of the two
starter diets containing either corn or barley as the grain
source (Table 1). Starter feeding began on the third day
of life, and alfalfa hay and fresh cow milk were fed
according to the farm schedule. The calves were
weighed at birth and weekly thereafter until weaning. Six
non-linear functions [Exponential (exp) growth (4
parameters), Exponential growth (Stirling), Polynomial
(Cubic), Quadratic, Brody, and Sinusoidal] were
evaluated with regard to their ability to describe the
relationship between the age and body weight using the
pooled data.

Table 1. Ingredients (g per kg as-fed) and chemical composition of the starter, milk and alfalfa

hay
Starter
Corn-based Barley-based Alfalfa hay Milk
Corn 620 -
Barley - 620
Rapeseed meal 30 30
Soybean meal 260 26
Soybean 50 50
Calcium carbonate 9 9
Sodium carbonate 8 8
NacCl 5 5
Mineral Mix? 10 10
Vitamin Mix 8 8
Chemical and nutritional composition (g per kg dry matter)
DM (g/kg) ! 930.6 930.7 941.1 116.6
Ash!? 76.8 80.0 81.9 67.0
CP (N x 6.25)* 197.1 200.4 127.5 257.3
Crude fat* 57.3 51.9 49.7 320.8
NFC3 518.3 502.7 221.2 344.8
NDF! 150.5 165.0 519.7 -
Metabolizable energy 16.820 16.862 8.912 22.133
(MJ/kg) ?

aCalcium, 64 mg; phosphorus, 30mg; magnesium, 44 mg; manganese, 4 mg; zinc, 4.6 mg; iron, 10.5 mg;
copper, 1 mg; iodine, 0.025 mg; selenium, 0.037 mg; cobalt, 0.01 mg; (supplied per kilogram of mixture).
bVitamin A, 1350000 IU; cholecalciferol, 80000 IU; vitamin E, 6700 1U; riboflavin, 0.85 mg; choline chloride,
7.5 mg; vitamin Bi,, 9.3 pg; vitamin Bg, 0.873 mg; biotin, 0.013 mg; folic acid, 0.88 mg; vitamin Bs, 29.65
mg; vitamin B3, 1.7 mg; vitamin By, 0.8 mg; (supplied per kilogram mixture).

ME= Metabolizable energy; CP = Crude protein; NDF= Neutral detergent fiber; NFC= Non-fiber
carbohydrates.

1 Analyzed in the laboratory.

2 Calculated from NRC (2001) data.

8 Calculated from other parameters from laboratory analysis.
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Model description and calculations

Ten weight records, including the birth and weaning
weights, constituted the data set. Some calves lost
weight from one weighing to the next, but compensated
their lost weight at the subsequent weighing. No clinical
signs of diarrhea or pneumonia were observed, and
there were no cases of lost data in this part of the
experiment.

Mathematical models
To estimate the body weight (BW), six non-linear

functions were fitted to the data set as follows:
Exponential growth, Double, 4 parameters:

W =a x exp x (b xage) — (c x exp (d xage)); (1)
Exponential growth (Stirling):
W =Wo + a ((exp (b xage)-1)/b); (2)

Polynomial (Cubic):
W =Wo + (ax age +b x (age ?)) + (c x (age ?)); (3)

Quadratic:

W=a+ (b xage +c x (age ?)); 4)
Brody (1945):

W =a x exp (b xage); (5)
Sinusoidal:

W =a+ (b xCos (c xage + d)); (6)

In these functions, W denotes the expected BW at a
given age, Wo is the initial BW, and a, b, ¢, and d are
constants.

In Brody’s model, the values of a and b for each calf were
obtained by plotting the natural logarithm of the live
weight against the age, and then fitting the data
statistically. This gave lines that could be described by a
linear equation (Ln Brody):

LnW =Lna+ (b x age); @)

The general differential form of a growth function is
dw/dAge =f (W, Age), which implies that the growth rate
of a biological system is dependent on the live weight and
age. A growth function, can characterize several
underlying physiological or biological mechanisms or
constraints (Darmani Kuhi et al., 2003).

Statistical analysis

The growth functions were fitted to the measurements of
live weights at corresponding age via nonlinear
procedure by using the Marquardt algorithm (SAS
software, version 9.4, SAS Institute Inc, Cary, NC).

For functions with the same number of parameters,
F=RSS1/RSS2 was calculated in which, the subscripts 1
and 2 refer to the fit with the bigger and smaller RSS
values, respectively. The functions with different number
of parameters were tested using the following F test
(Motulsky and Ransnas, 1987):

53

(RSSl—RSSZ)/(df it
1—412

F =
RSS
2/df

(8)

2

where, df is the degree of freedom, and subscript 1 refers
to the fit with the fewer parameters, the simpler function.
The HO means that all functions have the same RSS.

Assessment of the model accuracy

Several statistics can be used to determine the goodness
of the fit. Here, the goodness of the fit was assessed by
using six criteria: determination coefficient (R2), residual
sum of squares (RSS), the mean bias, convergence
percentage (C%), the root of the mean squared error of
prediction (RMSPE %), and comparison between the
predicted and observed values using the paired t-test.
The R2 was calculated through linear regression analysis
between the observed and predicted values; the mean
bias was calculated as follows (Haefner, 1996):

. 1
Mean bias = -

i=1(F — 0y) )
where, 0; is the observed value, P; is the predicted
value, and n is the sample size (Sarmento et al., 2006),
C% indicates the convergence percentage in relation to
the individual data set. The lower the RSS and mean bias
values, the better the adjustment (Malhado et al., 2009).
The magnitude of the error was estimated by mean
square prediction error (MSPE) (Wallach and Goffinet,
1989) or by its root (RMSPE):

MSPE = | SILi(B — 0))’ (10)
The MSPE can be separated into three components
(Haefner, 1996):

MSPE = (P — 0)* + (S5 (1 —b)*) + (1 —r*)S§) (11)

where, S5 and S§ are the variances of predicted and
observed values, respectively, b is regression slope of O
on P and r? is determination coefficient of the same
equation. The first term of this equation is the mean bias
(i.e., when observations' regression on predictions has a
nonzero intercept). The second term is the regression
bias, defined as systematic error made by the model;
when it is large, there is an indication of the model
inadequacies to predict the variables in question. The
last term represents unexplained variation in observed
values after the time that mean and the regression
biases have been removed. The results of each of these
three MSPE components have been presented as a
percentage of the total MSPE. The RMSPE was also
calculated; therefore, the MSPE could be expressed with
the same units of the observed and predicted variables.
If the model were perfect, the linear observations'
regression (y) on predictions (x) would have an intercept
equal to zero and a slope equal to one (Cannas and At-
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zori, 2005). As mentioned earlier, observed and
predicted measurements were also compared through a
paired t-test (SAS Institute Inc., Cary, NC, USA), as
suggested by Mayer and Butler (1993).

Results

The descriptive statistics, mean birth weight and relative
growth weight for different ages and sex are presented
in Table 2. Relative growth weight in calves was highly
supple, ranging from -17.8 to 28.3 g/day from the second
week of age (WOA) to weaning, respectively.

Table 2. Descriptive statistics for birth weight (kg) and relative growth weight (RG; g kg d?) in calves at different

ages and sex

n Mean SD Minimum Maximum
Both sexes
Birth weight 32 39.32 2.281 34.80 43.80
RG in first week 32 41 6.28 -12.7 19.0
RG in second week 32 4.1 6.26 -17.8 15.3
RG in third week 32 11.7 4.79 1.3 23.5
RG in fourth week 32 13.8 3.85 5.1 24.0
RG in fifth week 32 13.6 2.96 5.9 18.9
RG in sixth week 32 12.3 2.94 35 17.6
RG in seventh week 32 12.6 3.13 57 19.9
RG in eighth week 32 12.7 3.90 3.8 21.8
RG at weaning 32 16.5 4.93 11.5 28.3
RG in total period 32 16.0 0.32 15.6 17.4
Male calves
Birth weight 16 39.49 2.261 36.6 436
RG in first week 16 3.3 4.98 7.4 10.6
RG in second week 16 6.2 4.31 0.0 15.3
RG in third week 16 11.3 4.98 1.3 20.3
RG in fourth week 16 14.5 455 5.1 24.0
RG in fifth week 16 14.4 2.42 9.6 17.9
RG in sixth week 16 11.3 271 3.5 14.1
RG in seventh week 16 135 2.92 8.4 19.9
RG in eighth week 16 12.2 4.30 3.8 21.8
RG at weaning 16 16.2 476 12.4 28.0
RG in total period 16 16.0 0.39 15.7 17.4
Female calves
Birth weight 16 39.14 2.359 34.8 43.8
RG in first week 16 5.0 7.42 -12.7 19.0
RG in second week 16 1.9 7.23 -17.8 14.1
RG in third week 16 12.2 4.70 45 23.5
RG in fourth week 16 13.1 3.00 7.9 19.1
RG in fifth week 16 12.7 3.28 5.9 18.9
RG in sixth week 16 13.3 2.92 75 17.6
RG in seventh week 16 11.7 3.14 5.7 17.7
RG in eighth week 16 13.1 3.54 4.6 18.5
RG at weaning 16 16.9 5.24 115 28.3
RG in total period 16 15.9 0.25 15.6 16.6

SD: standard deviation
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Growth data from both treatment groups and both sexes
at different ages were pooled and compared for the effect
of treatment, sex and their interaction (Table 3). Body

weight at different WOA was not affected by the
treatment, sex or their interactions (P > 0.05).

Table 3. Mean body weight (kg) at different weeks of age

WOA Sex Treatment
Male Female Corn Barley Interaction RMSE
effect”
Birth weight 39.49 39.14 39.31 39.33 0.238 2.332
1 40.24 40.38 40.39 40.23 0.326 2.226
2 42.01 40.93 41.20 41.74 0.323 2.213
3 45.48 44.55 45.11 44.91 0.856 2.310
4 50.36 48.88 49.75 49.49 0.829 3.074
5 55.74 53.44 54.78 54.40 0.679 3.758
6 60.36 58.66 59.65 59.38 0.924 4.396
7 66.37 63.73 65.06 65.031 0.928 5.207
8 72.39 69.85 71.13 7111 0.782 6.189
Total 81.11 78.56 80.89 78.79 0.616 6.554

"Probability for sex x diet interaction.
RMSE = Root Mean Square of Error

Estimated values of the parameters for functions are
presented in Table 4. All functions could be fitted by
nonlinear regression during the pre-weaning period. The

convergence percentage (C%) for all six functions was
100%.

Table 4. Mean model parameters for calf weight, coefficient of determination (R?), residual sum of squares (RSS), and
convergence percentage (C%) in seven mathematical models describing calf weight before weaning

Model WO a b c d AdjR?> RSS C%
Exp. growth (4 params) - 35.143 0.0126  -1.4x10%4 -31.054 0.9997 9424 100
Exp. growth (Stirling) ~ 37.300 0.3488  0.0178 - - 1.0000 9578 100
Polynomial (Cubic) 39.920 -0.1553 0.0211 -0.00015 - 1.0000 9073 100
Quadratic - 38.195 0.223 0.0065 - 0.9997 9381 100
Brody - 35.973 0.0121 - - 0.9999 9771 100
Ln Brody - 3.595 0.117 - - 0.9996 11493 100
Sinusoidal - 56.676 -7.823 3.560 -3.276  0.9780 72312 100

a, b, ¢, d: mean parameters of each model. Refer to text for more detail.

The RSS values, as a criterion for the goodness of
the fit, showed that the Polynomial (cubic) had the lowest
RSS value and was able to demonstrate a suitable fit;
nonetheless, other functions provided a perfect fit. The
Brody function, as a two-parameter function, showed the
best fit, and within the three-parameter functions
(Exponential growth Stirling and Quadratic), the
Quadratic function showed a smaller RSS value.
Amongst the four-parameter functions, the Sinusoidal
function possessed the largest value. Based on the
present data, the Polynomial function with lower RSS
value and higher coefficient of determination (R?)
resulted in a better fit to the data, being superior to other
functions.

The accuracy of body weight predictions, assessed
by six functions through computing the mean bias and
MSPE, is presented in Table 5. The portion of unexplai-

55

ned variation as a component of MSPE remained high
for all functions (more than 98%). According to the mean
bias, Ln Brody, Polynomial and Quadratic were superior
to other functions. However, prediction of body weight
variations was improved by Ln Brody function. This is
illustrated by RMSPE decreasing from 1.16% to 0.04%
(Table 5). In this manner, the regression bias remained
constant (0.0% of MSPE). Furthermore, comparison
between three-parameter functions revealed the
superiority of Quadratic to Exponential growth Stirling,
due to the lower mean bias and RMSPE% in the
Quadratic function. Among the four-parameter functions,
the Sinusoidal function showed the highest RMSPE%.
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Table 5. Evaluation of the mathematical models used to calculate the calf weight

Components of MSPE, %

Model Mean bias MSPE Mean bias Regression bias Unexplained RMSPE
variation %

Exp. growth (4 0.0156 2.045 0.76 0.17 99.07 1.430

params)

Exp. growth -2.26x108 1.424 0.00 0.00 100.0 1.195

(Stirling)

Polynomial -17x1011 0.964 0.00 0.00 100.0 0.982

(Cubic)

Quadratic 1.42x10%0 1.346 0.00 0.00 100.0 1.160

Brody -0.0355 3.711 0.96 0.47 98.57 1.926

Ln Brody -825x10-14 0.0016 0.00 0.00 100.0 0.040

Sinusoidal -2.4x107 79.727 0.00 0.00 100.0 8.929

MSPE = mean squared error of prediction.
RMSPE = root of the mean squared error of prediction.

Whenever the functions fit the data with sensible
values, using statistical calculations is essential to decide
which function must be accepted. As a common rule, the
more complicated function (the one with more
parameters) fits better with the data. Additionally, the
goodness-of-it was assessed using F test (Motulsky and
Ransnas, 1987). The calculated F tests, based on the
RSS value, for the functions with the same and with
different number of parameters are presented in Table 6.
The Polynomial function, as a four-parameter equation,
was assumed to be superior to other functions. However,
the Exponential growth (also 4 parameters) was 3.13%
superior to Polynomial, and in 41% of the cases, there

were no significant differences between these functions
(Table 6). The Brody function was not superior to other
functions.

Comparisons between three-parameter functions
showed that in 88% of cases the Quadratic function was
similar to Exponential growth Stirling, but Quadratic
function showed 6.25% more superiority compared to the
Exponential growth Stirling function (P<0.05). The
Sinusoidal function, as a four-parameter function,
showed more than 84% similarity to the Exponential
growth Stirling, Quadratic and Brody functions.

Table 6. Statistical significances among different models based on residual sums of squares

Model Exp. Growth (4 Params) Exp. growth  Polynomial Cubic  Quadratic Brody Sinusoidal
(Stirling)
Exp. Growth 4 21.88" 3.13 9.38 84.38 78.13
Params)
78.121 40.62 90.62 15.62 15.62
40.63* 6.25 18.75 96.88 84.38
Exp. growth (Stirling) 0.00 - 0.00 3.13 84.38 0.00
78.12 21.87 87.49 15.62 87.50
59.38 12.50 25.00 100.00 87.50
Polynomial Cubic 56.25 78.13 75.00 96.88 81.25
40.62 21.87 25.00 3.12 18.75
93.75 87.50 100.00 100.00 100.00
Quadratic 0.00 9.38 0.00 96.88 0.00
90.62 87.49 25.00 3.12 90.62
81.25 75.00 0.00 100.00 87.50
Brody 0.00 0.00 0.00 0.00 0.00
15.62 15.62 3.12 3.12 84.37
0.00 0.00 0.00 0.00 78.13
Sinusoidal 6.25 12.50 0.00 9.38 15.63
15.62 87.50 18.75 90.62 84.37
15.63 12.50 0.00 12.50 21.88

"Percentage of the cases in which the model specified in the column was significant (P < 0.05) superior to the model specified in the row.
! Percentage of the cases in which the model specified in the column had no significant difference (P > 0.05) compared to the model specified in the

row.

* Percentage of the cases in which the sums of squares of the model specified in the column was smaller than the model specified in the row.

Further evaluation of the mathematical functions was
performed by comparing the observed and predicted
values of the body weight (Table 7). The difference
between the predicted and observed values was the
lowest in Ln Brody function, however, no significant
difference was found between the observed and predict-
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ted values for all the functions (P>0.7; paired t-test).
Regression between the observed and predicted values
showed that all functions had very low a value and value
equal to 1 for slopes (b). However, the lowest SE and the
highest coefficient of correlation (r) were found for the
Polynomial function.
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Table 7. Evaluation of mathematical functions for weight prediction in calves during the suckling period

Model Pred. - Obs. a b SE r p
Exp. Growth -0.0156 0.2337 0.9662 0.0759 0.9956 0.8370
(4 params)

Exp. growth 2.26 x10°8 0.0000 0.9999 0.0637 0.9970 1.0000

(Stirling)

Polynomial -17 x10°11 1.5x101! 1.0000 0.0523 0.9979 1.0000

(Cubic)

Quadratic 1.42 x1010 4.99x1010 1.0000 0.0618 0.9971 1.0000

Brody -0.0355 0.5299 0.9913 0.1022 0.9921 0.7281

Ln Brody -825x1014 -2.2x10710 1.0000 0.0021 0.9887 1.0000

Sinusoidal -2.4x107 -0.0004 1.0000 0.4759 0.8107 1.0000

a and b: the intercept and the slope of linear regression between observed and predicted values for weight prediction (kg) subjected

to the paired t-test.
SE: standard error of estimate.
r: correlation coefficient.

P: probability of the differences between predicted and observed values when subjected to the paired t-test.

There was a weak association between the relative
growth rate (g kg d1) and birth weight (P<0.05) with only
less than 7% of the variation in the total relative growth
rate being explained by the variation in birth weight
(Table 8). Significant negative correlations were found
between the birth weight and relative growth rate from
birth at first week of age (r = -0.482, P = 0.0053), where

birth weight accounted for 21% of the variation in relative
weight gain (Table 8). The weak correlation between the
birth weight and relative weight gain before weaning (r =
0.291, P = 0.106) indicated that there was no association
between these parameters.

Table 8. Linear regression of relative growth rate (RG, g kg-1 d-1) on calf birth weight (BIR, kg) at different

ages during the suckling period

Sex and age Equation + SEM P R2

First week

Both sexes RG =56.213 (17.345) — 1.325 (0.440) BIR 0.0053 0.21

Male RG = 23.595 (22.614) — 0.515 (0.571) BIR 0.0548 0.05

Female RG = 24.283 (25.206) — 2.026 (0.643) BIR 0.0071 0.37
Fourth week

Male RG = 39.794 (20.153) — 0.641 (0.510) BIR 0.2292 0.04

Female RG =-8.982 (11.933) + 0.565 (0.304) BIR 0.0844 0.14
Sixth week

Both sexes RG = 31.183 (8.609) — (0.480 (0.219) BIR 0.0359 0.11

Male RG =36.479 (10.714) — 0.637 (0.771) BIR 0.0339 0.23

Female RG =24.073 (12.658) — 0.276 (0.323) BIR 0.4069 0.05
Total weaning period

Both sexes RG = 14.205 (0.960) + 0.045 (0.024) BIR 0.0765 0.07

Male RG = 12.802 (1.587) + 0.081 (0.040) BIR 0.0636 0.17

Female RG = 15.542 (1.103) + 0.010 (0.028) BIR 0.7288 0.01

Discussion

Nonlinear functions have been used extensively to model
animal growth (Thornley and France, 2007). In modern
commercial dairy farms, prediction of body weight in
suckling calves is vital in all aspects of calf rearing such
as provision of nutrients for optimal growth. Assuming an
appropriate growth function, the accuracy of function
parameters depends on the accuracy of the data. The
data set of the current study was collected from male and
female calves reared on two types of starter diets from
birth to weaning.
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Growth curves are often nonlinear sigmoidal
functions parameterized to include an asymptote and an
inflection point. However, in suckling dairy calves growth
will continue sharply after weaning and does not plateau
at weaning time, i.e., the growth curve is not sigmoidal
with an asymptote and inflection point. Thus,
mathematical functions such as Gompertz, logistic,
Lopez, Richards which describe the sigmoidal growth
curve cannot fit to the data during the suckling period.
Cumulative growth curves from birth to weaning
exhibiting the typical rising trend observed in rapidly
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growing young calves can be described by hyperbolic
equations such as Bordy (1945) and Exponential growth
curve. Sinusoidal curve, used in this experiment, can
describe the patterns of exhibiting faster early growth
and a fairly low but variable point of inflection. This
function also can describe a wide range of hyperbolic
shapes when there is no point of inflection. Since the
sinusoidal function is periodic, we only need consider its
behavior over a particular interval, e.g., the ascending
pattern of the curve (Darmani Kuhi et al., 2018).

Notwithstanding, a simple function with lower
parameters seems to be better and easier to use by
animal scientists. As a general rule, when comparing the
fits of two functions, the first step is to examine the best-
fit value of each function to make sure they are
scientifically valid. Based on the values of adjusted
coefficient of determination (R?), none of the functions
was significantly better than the others, a finding also
reported in broiler chickens (Darmani Kuhi et al., 2003).
If two functions fit the data with sensible values, they
should be compared with the goodness-of-the fit as
guantified by RSS. Therefore, another comparison
among the functions was based on the RSS values.
Based on this criterion, Polynomial cubic and Sinusoidal
functions obtained the best and worst fits, respectively.
The F-test compares the fit of two equations, where the
more complex equation (the one with more parameters)
fits better than the simple one (i.e., a smaller RSS),
although there is no need for statistical calculations to
reject a function, if the best-fit parameters of that function
make no scientific sense (Darmani Kuhi et al., 2003).
Therefore, if the more complex function is inferior (higher
RSS) to the simpler function, it should be rejected with a
conclusion that the simpler function fits better. This would
happen very rarely, due to the fact that the curve
generated by the more complex function would always
have a lower RSS, simply because it is more flexible with
more inflection points.

Based on the F-test criterion, Polynomial cubic,
Exponential growth (4 parameters) and Sinusoidal
functions were superior to other functions (Table 6).
Although flexible functions always have a statistically
significant parameter estimate, this should not be the
sole criterion in selecting a function. According to the
mean bias (Table 4), the ranking of the functions was:
Polynomial > Quadratic > Exponential growth (Stirling) >
Sinusoidal > Exponential growth (4 parameters) > Brody
> Ln Brody.

Whereas the Polynomial and Quadratic functions
resulted in the lowest mean bias value and therefore the
best fit, nonetheless, when RMSPE% values were used
to compare the functions, Polynomial function had the
least value, suggesting that this function was best for
predicting the body weight. Moreover, convergence
percentage is another criterion to compare the functions,
but in the present study, all function met the 100%
convergence. Therefore, this criterion cannot help to
distinguish fitness priority among functions. However, it
should be noted that such divergent findings, related to
the function comparison criteria and the best function
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choice, are quite common in the literature (Forni et al.,
2009; Malhado et al., 2009; Silva et al., 2012; Moharrery
and Mirzaei, 2014). The sinusoidal, has a variable point
of inflection and the ability to approach the final weaning
weight along either a gradual or an abrupt trajectory, and
describes a wide range of hyperbolic shapes when there
is no point of inflection (Darmani Kuhi et al., 2018).

Relative growth rate (grams gain per kilogram live
weight per day) between birth and weaning can be used
as an index of the genetic effects on the efficiency of
utilization of nutrient for gain in metabolically active
tissues. This is because, during this period, the stored fat
is a small proportion of total weight gain (Trenkle and
Marple, 1983; Bailey, 1989) and the efficiency of gain
would not be greatly influenced by variations in the
composition of gain.

Calves in the present study recorded 16 g kg?t d?
relative growth rates at weaning which is 52% higher
than the relative growth rates in Holstein calves
recording 100 kg weight at weaning (Bailey and Mears,
1990). The calves in the present study were 8.6%
smaller at birth (39.3 vs. 43 kg) compared to those in the
study by Bailey and Mears (1990). The absence of a
significant relationship between the birth weight and
relative weight gain suggests that factors controlling the
in utero growth differ from those controlling the
subsequent growth to weaning. Because birth weight is
highly  heritable  (Preston and Willis, 1970;
Woldehawariat et al., 1977), the factors controlling the
birth weight must have an important genetic component,
although cow age also has a significant effect (Preston
and Willis, 1970). It seems likely that regardless of the
multitude of the factors that affect the growth rate in
utero, their combined effect would be primarily to
regulate the energy flow to the fetus (Meltror, 1983). If
the genetic effects on fetal growth were exercised
through regulation of the efficiency of utilization of energy
for growth, then a significant correlation between the
birth weight and relative growth rate from birth to
weaning would have been expected. However, such a
relationship was not found.

Conclusions

Comparison of six functions, in terms of the goodness of
the fit criteria, revealed that the Polynomial cubic function
was the most appropriate functions for describing the calf
growth during the suckling period. The flexible growth
functions (more parameters) very often give a closer fit
to data points and a smaller RSS value than the simpler
functions such as the Brody functions. Divergent findings
of function comparison criteria, with respect to the best
function choice, was also found in the present study. It
seems that the paired t-test, calculated for both predicted
and observed values of the functions along with
RMSPE%, is an appropriate criterion for the evaluation
of functions. However, it requires special attention to
characterize the growth patterns of calves under different
environmental conditions or nutritional regimes. Thus,
further studies are needed to examine the most approp-
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priate function, in which the growth function parameters
and growth characteristics would provide more accurate
outputs for calf rearing purposes.
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