Tropical and Subtropical Agroecosystems 25 (2022): #062 Avalos-Castro et al., 2022

GROWTH CURVES THROUGH NON-LINEAR MODELS IN CREOLE
LAMBS FROM THE MIXTECA REGION OF OAXACA, MEXICO ¥

[Tropical and
Subtropical [CURVAS DE CRECIMIENTO MEDIANTE MODELOS NO LINEALES EN
| Agroecosystems ~ BORREGOS CRIOLLOS DE LA MIXTECA OAXAQUERA, MEXICO]

Raul Avalos-Castro?, José C. Segura-Correa®", Alejandro Palacios-Espinosa®
and Fernando Romero-Santillan*

! Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias (INIFAP).
CIRNO — C.E. Todos Santos. Edificio SADER modulo “C”. agricultura s/n entre
México y Durango, Col. Emiliano Zapata. La Paz, Baja California Sur, México. CP
23070. Tel. (55) 3871 8700 ext. 81701.

2 Universidad Auténoma de Yucatan, Campus de Ciencias Bioldgicas y
Agropecuarias, Mérida, México. Km 15.5 carretera Mérida-Xmatkuil. Mérida,
Yucatan,México. Email: jose.segura52@hotmail.com
3 Departamento de Ciencia Animal y Conservacion del Habitat, Universidad
Auténoma de Baja California Sur. Carretera al Sur km 5.5, La Paz, C. P. 23080,
Baja California Sur, México.

4 Secretaria de Agricultura y Desarrollo Rural (SADER). Direccién de Produccion
Primaria Sustentable. Av. Municipio Libre No. 377, Piso 3-B, Santa Cruz Atoyac,
Alcaldia Benito Juarez, CDMX. CP. 03310, México
*Corresponding author

SUMMARY

Background. Growth curves allow to predict the mature weight, the grow rate unto maturity, as well as the age and
weight at inflexion point, to improve management on productive animals. Objective. To identify the best non-linear
model (NLM), which best describe the growth curve of Creole sheep from the Mixteca region of Oaxaca, Mexico.
Material and methods. The live weights of 720 sheep (438 females and 239 males) between 1 and 60 months of age
were used. The NLM evaluated were: Logistic, Gompertz, Michaelis-Menten, Weibull and Mechanist. Analyzes were
performed with SAS JMP software. The criteria used to select the best model were the corrected Akaike information
criterion (AICc), Bayesian (BIC) and coefficient of determination (R?). Results. For females, the Mechanist and
Weibull models adjusted better de data (lowest AlCc, BIC), but not being differences with the Michaelis-Menten and
Gompertz. For males the lowest AICc, BIC and the highest R? (0.84) values were for the Logistic, Gompertz and
Mechanist models. Implications. The knowledge of the parameters of the growth curves of the creole sheep of the
Mixteca region could be used for taking better decisions on the management of this type of sheep. Conclusion.
According to the models, the inflection point of the growth curves was reached at a young age and a lower body weight
in females than in males; therefore, different models should be used to study the growth kinetics between sexes.

Key words: growth curves; model selection; growth rate; mature weight.

RESUMEN
Antecedentes. Las curvas de crecimiento permiten predecir el peso maduro y la rapidez de crecimiento a la madurez,
asi como, tasa de madurez, para mejorar el manejo en los animales domésticos, Objetivo. Identificar el mejor modelo
no lineal (MNL) que describe la curva de crecimiento de ovinos criollos de la Mixteca oaxaquefia, México. Materiales
y métodos. Se utilizaron 720 pesos vivos de borregos (438 hembras y 239 machos) entre 1 y 60 meses de edad. Los
MNL evaluados fueron: Gompertz, Logistico, Michaelis-Menten, Weibull y Mecanicista. Los analisis se realizaron
con el software JMP de SAS. Los criterios utilizados para seleccionar el mejor modelo fueron el criterio de informacion
Akaike corregido (AlCc), Bayesiano (BIC) y coeficiente de determinacion (R?). Resultados. Para las hembras, los
modelos Mecanicista y Weinbul ajustaron mejor los datos (valores menores de AlCc, BIC) para describir la curva de
crecimiento en las hembras. Para los machos los valores mas bajos de AlCc, BIC correspondieron a los modelos
Logistico, Gompertz y Mecanicista. Implicaciones. El conocimiento de los parametros de las curvas de crecimiento
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de los ovinos criollos de la Mixteca, podria servir para la toma de mejores decisiones en el manejo de este tipo de
ovinos. Conclusiones. Seguln estos modelos, los puntos de inflexion de las curvas de crecimiento se alcanzaron a una
edad mas temprana y a un peso vivo inferior en hembras que en machos, por lo tanto, se deben utilizar diferentes

modelos para estudiar la cinética de crecimiento entre sexos.

Palabras clave: curvas de crecimiento; seleccion de modelos; tasa de crecimiento; peso maduro.

INTRODUCTION

The productive performance in creole sheep from
Oaxaca, Mexico, is not well known, particularly, the
way they grow. The knowledge of the growth curve of
sheep is important to develop management practices
that could help management decisions and increase the
animal and herd productivity. There are different types
of nonlinear models to descriptive the growth pattern
of animals. The identification of the best fit model for
curve description is important to provides objective
and precise information on the growth pattern of sheep
and other domestic animals, information which can be
used by breeders in making decisions related to
production, management and genetic selection
(Dominguez - Viveros et al., 2019). The most used
non-linear models are the Logistic (Nelder, 1961) and
Gompertz (Laird, 1965) models. Topal et al. (2004)
reported that the Gompertz model was the most
appropriate in Morkaraman sheep; while Parés-
Casanova et al. (2015), in creole sheep from Chiapas,
observed that, the model that best adjusted the data was
the Logistic one. However, the growth curves of sheep,
as happens with genetic parameters, could vary
according to the region, management, feeding and
genetic background of animals. Therefore, the best
models for each breed and system of production must
be identified.

In the literature, no studies were found that describe
the growth of Creole sheep from the Mixteca region,
even though Oaxaca has a considerable number of
Creole sheep whose breeding has served as a
livelihood for low-income rural families (Martinez-
Pefia et al., 2018). This type of information would
contribute to generate information necessary to
establish genetic rescue programs for Creole sheep in
this region, which have demonstrated, for years,
adaptation to the adverse ecological environment,
where they develop. Therefore, the speed and way they
growth is an aspect important to know, which would
provide information on their productive performance
and the possible use of genetic selection under local
environmental conditions. The objective of this study
was to find the best fitted growth curves using five
non-linear models for female and male Creole sheep
from the Mixteca region of Oaxaca, Mexico.

MATERIAL AND METHODS
Study location and animals

The study was carried out with 24 sheep producers
from 17 municipalities of the Mixteca region of
Oaxaca, Mexico. Four-hundredth eighty-one females
and 239 Creole males from 1 to 60 months of age
(n=720 weights) were used Age was declared by the
farmers and corroborated by the teeth of the animals.
The region is characterized by having altitudes of
1,200 to 2,300 meters above sea level, with mainly
mountainous relief (81.6%). The climate varies
between warm-semi-dry to temperate-humid, there are
extremely dry parts, except during the summer rains
(June to October) with annual rainfall ranging from
400 to 800 mm. Live weight was obtained by direct
weighing of each animal with digital scales. The same
person collected all weights and data. In the region the
animals were kept under extensive systems, grazing
during the day and closed at night.

Models and statistical analysis

The nonlinear models used to describe the growth of
sheep were Logistic, Gompertz, Michaelis-Menten,
Weibull and Mechanistic. The mathematical
expressions that represent each of the prediction
models and their parameters are shown in Table 1. To
distinguish the adjustment capacity of each evaluated
model, the most common criteria: corrected Akaike
(AICc) and Bayesian (BIC) were used. Those two
criteria combine maximum likelihood theory and
theoretical and entropy information, considering the
best model the one with the lowest value for AIC, BIC.
In addition, the coefficient of determination (R?)
criteria (the highest the better) was also calculated. The
age at the inflection point for the Gompertz and
Logistic models was calculated as In(b)/c and the
weight at the inflection point as Ale and A/2,
respectively. The analyses were performed with the
maximum likelihood method of the statistical program
JMP®, version 15.1.0 of SAS (2020).

In terms of the sum of squares of the error (SSE) and
sum squares of the total (SST), the AIC, BIC and R?
are calculated as:

AIC=n*In(SSE/n)+(2p+1)
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BIC = n*In(SSE/n) + p*In(n)
R2= (SST-SSE)/SST;

Where n is the number of weights, In is the natural
log, and p the number of parameters in the model.

To test for model fit differences, the probability of
choosing between two models was calculated as p =
exp(-|AlICc difference|/2)/(1+exp(-|AlICc
difference|/2); where p < 0.05, indicates a statistical
difference between the two models being compared
(Motulsky and Christopoulos, 2003). Both AIC and
BIC introduce a penalty term for the number of
parameters in the model.

RESULTS

Tables 2 and 3 show the selection criteria values to
choose the best model (AICc, BIC and R?) and
measures of variation of the error. R? values were very
similar for all models. Based on AlCc and BIC criteria,
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and the formula to detect differences between AICc
values, the models that best described the data were the
Mechanist, Weibull and Michaelis-Menten for females
(Table 2), and Logistic, Gompertz and Mechanist for
males (Table 3).

The estimated parameters, standard errors and 95%
confidence intervals for the growth curves evaluated
for both female and male creole sheep are shown in
Tables 4 and 5, respectively. The estimates of the
asymptotes (mature weight) for the Mechanist,
Michaelis-Menten and Weibull models ranged from
28.14 to 32.15 kg for females. For males, the
asymptotes for the best two models (Logistic,
Gompertz and Mechanist) were 36.26, 35.25 and 38.49
kg. The growth rate for the Mechanist and Weibull
models were 0.11 and 0.73 kg/month, for females and
0.14, and 0.22 kg/month for males. Because Gompertz
and Logistic are two popular functions to describe a
curve in animals. the age and weight at the inflection
point were calculated and were different between sexes
(Table 6).

Table 1. Mathematical description of the non-linear growth models for the evaluation of creole sheep from the

Mixteca region of Oaxaca, Mexico.

Model Parameters

Model*

Logistic a= Asymptote (Mature weight)
b= Inflexion point

c= Growth rate

a= Asymptote

b= Inflexion point

c= Growth rate

a= Asymptote

b= Inflexion point

c= Growth rate

a= Asymptote

b= Scale

c= Growth rate

A= Rate of maximum reaction
B= Inverse affinity

Gompertz

Weibull

Mechanist

Michaelis-Menten

y =a/(1 +exp (- ¢ (age — b)))

y =a™*exp (- exp(- ¢ (age - b)))

y = a (1-exp(- (age/b)?))

y=a(1-b*exp (-c *age))

y = (A > age)/(B + age)

*Formulas provided by the JMP, SAS program.

Table 2. Selection criteria for the non-linear models used to describe the growth curve in female creole sheep

from the Mixteca region of Oaxaca, Mexico.

Model AlCc BIC SSE MSE RMSE R?
Mechanist 2838.51a 2855.13 10121.77 21.17 4.60 0.71
Weibull 2839.48a 2856.10 10142.35 21.22 4.61 0.71
Michaelis-Menten 2842.35a 2854.83 10246.16 21.39 4.63 0.71
Gompertz 2843.75a 2860.37 10232.71 21.41 4.63 0.71
Logistic 2849.81b 2866.43 10362.39 21.68 4.66 0.70

AlCc= Corrected Akaike Information Criterion; BIC= Bayesian information criterion; SSE= error sum of squares;
MSE= mean squares error; RMSE= squares root of MSE; R?= coefficient of determination. a,b literals different in
the AlCc column, indicates statistical difference at 95%, taken as reference the mechanist model.
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Table 3. Selection criteria for the nonlinear models used to describe the growth curve of male creole sheep from

the Mixteca region of Oaxaca, Mexico.

Model AlCc BIC SSE MSE RMSE R?
Logistic 1428.94a 1442.67 5341.34 22.63 4.76 0.84
Gompertz 1428.99a 1442.72 5342.41 22.64 4.76 0.84
Mechanist 1432.79a 1446.52 5428.03 23.00 4.79 0.84
Weibull 1440.62b 1454.35 5608.82 23.77 4.88 0.83
Michaelis-Menten 1445.58b 1455.91 5776.19 24.37 4.94 0.83

AlCc= Corrected Akaike Information Criterion; BIC= Bayesian information criterion; SSE= sum of squares of the
error; MSE= mean squares of the error; RMSE= squares root of MSE; R?= coefficient of determination. a,b literals
different in the AlCc column, indicates statistical difference at 95%, taken as reference the logistic model..

Table 4. Estimated growth curve parameters for five nonlinear models fitted to describe the growth curve of
female creole sheep from the Mixteca region of Oaxaca, Mexico.

Model Parameters Estimates SE 95%CI
Mechanist Asymptote (Mature weight) 28.14 0.44 27.27 29.00
Scale 0.87 0.03 0.82 0.92
Growth rate 0.11 0.01 0.09 0.13
Weibull Asymptote 29.38 0.91 27.59 31.17
Inflexion point 8.17 0.84 6.54 9.81
Growth rate 0.73 0.05 0.63 0.83
Michaelis- Maximum reaction rate 32.15 0.64 30.89 33.41
Menten Inverse affinity 5.69 0.47 4,76 6.61
Gompertz Asymptote 27.51 0.35 26.82 28.20
Inflexion point 3.08 0.28 2.53 3.62
Growth rate 0.17 0.01 0.14 0.19
Logistic Asymptote 27.16 0.31 26.55 27.77
Inflexion point 5.54 0.29 4.96 6.12
Growth rate 0.23 0.02 0.20 0.26

SE= Standard error ; 95%CIl= 95% confidence interval.

Table 5. Estimated growth curve parameters for five nonlinear models fitted to describe the growth curve of
male creole sheep from the Mixteca region of Oaxaca, Mexico.

Model Parameter Estimates SE 95%CI
Mechanist Asymptote 38.49 1.30 35.94 41.04
Scale 0.92 0.02 0.88 0.95
Growth rate 0.08 0.01 0.07 0.09
Weibull Asymptote 40.89 2.62 35.76 46.03
Inflexion point 12.85 2.10 8.75 16.96
Growth rate 0.79 0.06 0.68 0.90
Michaelis- Maximum reaction rate 46.57 1.82 43.01 50.14
Menten Inverse affinity 10.09 0.99 8.13 12.04
Gompertz Asymptote 36.26 0.86 34.56 37.95
Inflexion point 4.93 0.31 4.32 5.55
Growth rate 0.14 0.01 0.13 0.16
Logistic Asymptote 35.25 0.71 33.85 36.64
Inflexion point 7.67 0.34 7.01 8.33

SE= Standard error; 95%CIl= 95% confidence interval.

DISCUSSION

The coefficient of determination was not a good
criterion to differentiate between statistical models;
therefore, the AICc and BIC criteria were used here, to
decide the best models. The Logistic and Gompertz

growth curves of both sexes of the Mixteca creole
sheep showed a typical sigmoid curve, whereas the
other three models provided a linear and quadratic type
of relationship (Figures 1 and 2). Commonly,
differences are reported in weight and growth of males
and females. In some studies, female and male sheep



Tropical and Subtropical Agroecosystems 25 (2022): #062

show differences in weight at weaning, at one year, at
maturity, and in the rate of growth (Gonzélez-Gardufio
et al., 2002; Hinojosa-Cuellar et al., 2018; Ldpez-
Carlos et al., 2021). Therefore, differences in the
growth curves of both sexes are expected, as
appreciated in Figures 1 and 2; as well as in the
parameters estimated in the present study, as described
by the five nonlinear models (Tables 4 and 5).
Differences between different non-linear models for
sheep by sex and in other species of domestic animals
have been reported (Andrade-Souza et al., 2011;
Parés-Casanova et al., 2015). Likewise, it has been
found that different models can better adjust the
growth curves of females and males (Dominguez-
Viveros et al., 2019). This could occur due to
differences in the frequency and measurement
intervals between sexes, as well as differences in
handling and particularly in feeding. Briefly, the
management and feeding of the Creole sheep, from the
Mixteca region, used here, consisted of grazing natural
pastures during the day with confinement at night.
Breed and sex differences in body weights of sheep are
common to be found under good feed conditions that
when they are poorly fed.

Table 6. Age and weight at the inflection point of
Creole sheep from the Mixteca region of Oaxaca,
Mexico.

Model Sex AlIP(Months) WIP(Kg)

Gompertz Male 11.39 24.19
Female 6.61 15.81

Logistic ~ Male 9.26 20.67
Female 7.44 16.50

AIP= Age (months) at inflexion point; WIP= body
weight (kg) at inflexion point.

Scatter plots of the relationship between weight and
age from 1 to 60 months, mean growth curve, and
asymptotic (mature) weight are shown for each of the
five non-linear models used to adjust the growth curves
of the Mixteca creole sheep (females and males) from
the Mixteca region of Oaxaca, Mexico (Figures 1 and
2). Logistic and Gompertz curves seems to represent a
sigmoid typical curve than the other three models used,
for both sexes.

The range of mature weight values, here estimated, for
females was 27.16 to 29.38 kg and 35.25 to 40.89 kg
for males. Here, the importance of choosing the best
fitting data model. The mature weight here does not
refer to the maximum weight that an animal reaches,
but rather the average weight at maturity, free of
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seasonal variations (Brown et al., 1976). Andrade-
Souza et al. (2011), using the Logistic model, observed
similar results in Morada Nova Creole sheep in Brazil
with values of mature weights of 26.01 and 26.82 kg
for females and males, respectively. Parés-Casanova et
al. (2015) obtained values of 31.01 and 40.04 kg for
females and males, respectively, in creole sheep from
Chiapas, with ages ranging from 3 to 156 months and
finding that the Logistic model fitted the data better.
Mendes et al. (2008) mention that not only the
statistical aspect should be taken in the identification
of the best growth curve model, but also that the
estimated parameters have a biological interpretation.
In medium-sized breeds such as Pelibuey and
Blackbelly in Mexico, values of 35.9 and 33.1 kg were
obtained with the Logistic model and 40.7 and 36.9 kg
with the Gompertz model (Dominguez-Viveros et al.,
2019).

Growth rate is related to maturation rate and mature
weight, and it has been suggested that these variables
are related to lifetime productivity in animals (Pala et
al., 2005). On the other hand, a slow growth rate causes
a low market weight, being this, one of the limiting
factors in the profitability of production systems
(Abegaz et al., 2010), mainly under extensive systems
(Maldonado-Jaquez et al., 2021). In the present study,
the growth rate was similar between males and
females, although slightly higher in females, which
implies the difference in the age inflection point
between both sexes. Animals with higher growth rates,
mature earlier than those with a low growth rate at a
similar initial weight; therefore, animals with faster
growth can be slaughtered at a younger age (Malhado
et al., 2009). The literature indicates that as lambs age
advance and/or nutritional conditions improve, the
difference between the sexes increases (Bianchi,
2006). However, when feeding is restricted, the
differences between sexes are not appreciable (Bianchi
and Garibotto, 2002; Bianchi et al., 2003). According
to Parés-Casanova et al. (2015), Chiapas sheep present
a similar growth pattern for both sexes, although the
overall increase in weight was greater for females; a
result like that observed here. In that study, the authors
observed a better fit (lower value of AlCc) for males
and females with the Logistic model. The estimates for
mature weight, growth rate and inflection point for all
the models in the present study were higher than the
estimates in Creole sheep in Colombia (25.57 kg, 0.01
kg/month and 2.1, respectively) with the Gompertz
model (Vergara et al., 2017). Model, which according
to Sarmento et al. (2006), in Santa Ines breed, and
Lambe et al. (2006), in Texel and Blackbelly breeds,
offers more reliable results and the best adjustments to
describe the live weight of sheep.
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The age and weight at the inflexion point of the Creole
sheep from the Mixteca region were only estimated for
the Gompertz and Logistic models, because they are
the most used models in the literature and for
comparison purposes. In Pelibuey and Blackbelly
sheep, the age and weight at the inflection point with
the Logistic and Gompertz models were 63 and 83
days, and 13 to 18 kg of live weight, respectively
(Dominguez-Viveros et al., 2019). Compared with the
results obtained here, the weight at the turning point
was reached in Creole females between 6 and 7 months
of age. In males, the age at the inflection point varied
from 9 to 11 months with weights between 20 and 25
kg; a result that agrees with those reported by Bianchi
(2006), Malhado et al. (2009) and Abegaz et al. (2010)
regarding the comparative development of animals
under ideal conditions and those under extensive
schemes.

CONCLUSIONS

The nonlinear models used in this study showed that
there was a different growth pattern between males and
females, suggesting the use different models to study
the growth kinetics between sexes. The differences,
given the pattern of the curve and the growth
indicators, express a low genetic potential for growth,
which may be favorable under the conditions and
production systems in the Mixteca region of Oaxaca,
Mexico. In addition, the information from this research
could help producers and specialists for better feeding
systems and for breeding and conservation programs.
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