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RESUMO

SILVA, Danielle Estanislau Coelho, M.Sc., Universidade Federal de Vigosa, fevereiro de 2020.
Modelos nao-lineares para descrever as curvas de crescimento da biometria testicular e
das caracteristicas morfométricas de garanhoes Mangalarga Marchador. Orientador: José
Domingos Guimaraes. Coorientador: Jurandy Mauro Penitente-Filho.

O presente estudo teve como objetivo descrever a curva de crescimento testicular e da
morfometria corporal em garanhdes da raga Mangalarga Marchador, ajustando modelos nao
lineares as mensuracdes de largura escrotal total (TSW), volume testicular (TV), peso corporal
e altura de cernelha (WH). Um estudo transversal foi realizado com 120 garanhdes, com idade
entre 638 a 8006 dias. Os pardmetros dos modelos nao-lineares (Brody, Gompertz, Hill,
Logistico I e II, Meloun I e II, Michaelis-Menten, Mitscherlich e von-Bertalanffy) foram
estimados pelo processo iterativo de Gauss-Newton no programa SAS (2002). A qualidade do
ajuste foi avaliada pelos critérios de informacao de Akaike corrigido (AICc) e Bayesiano (BIC),
R? ajustado, soma de quadrados dos erros (ESS), desvio absoluto médio (MAD) e erro médio
de previsdo (APE). Com base na qualidade dos critérios de ajuste, o modelo Logistico I se
encaixou melhor para a curva de crescimento de TSW, peso corporal ¢ WH; enquanto o
Logistico II mostrou-se o melhor modelo para a curva de crescimento de TV. Apesar da
correlacdo alta e positiva entre TSW e TV (r = 0,85), a avalia¢do do desenvolvimento testicular
por apenas a TSW nao descreve totalmente as etapas de desenvolvimento dos testiculos, uma
vez que ndo considera o crescimento de outras medidas biométricas, especialmente a altura
testicular que mantém o crescimento por um periodo mais longo. Portanto, para a determinagado
mais precisa da fase de desenvolvimento testicular em que o garanhao se encontra por meio de
avaliagcdo biométrica, a melhor opg¢ao € a avaliagdo de todas as mensuragdes testiculares. Além
disso, a correlacdo moderada e positiva entre WH com TSW e TV (r = 0,51 para ambos) indica
que as caracteristicas biométricas testiculares e morfométricas estdo associadas e, portanto, a
biometria testicular pode ser incluida nos programas de selecao genética de garanhdes da raga

Mangalarga Marchador.

Palavras-chave: Garanhdes. Mangalarga Marchador. Biometria testicular. Morfometria

corporal. Modelos ndo-lineares. Curvas de crescimento.



ABSTRACT

SILVA, Danielle Estanislau Coelho, M.Sc., Universidade Federal de Vigosa, February, 2020.
Nonlinear models to describe the growth curves of testicular and morphometric traits of
Mangalarga Marchador stallions. Adviser: Jos¢ Domingos Guimaraes. Co-Adviser: Jurandy
Mauro Penitente-Filho.

This study aimed to describe the testicular growth curve of testicular biometrics and body
morphometry in Mangalarga Marchador stallions. Nonlinear models were fitted to total scrotal
width (TSW), testicular volume (TV), body weight (BW) and withers height (WH). A cross-
sectional study was conducted with 120 stallions, aging from 638 to 8006 days. The parameters
of nonlinear models (Brody, Gompertz, Hill, Logistic I and II, Meloun I and II, Michaelis-
Menten, Mitscherlich and von-Bertalanffy) were estimated by the Gauss-Newton iterative
process. The goodness of fit was evaluated by the corrected Akaike’s (AICc) and Bayesian
(BIC) information criteria, Adjusted R, error sum of square (ESS), mean absolute deviation
(MAD) and average prediction error (APE). Based on the goodness of fit, the Logistic I model
fitted better to the growth curve of TSW, BW and WH; while Logistic II fitted better for the
TV growth curve. Despite the high and positive correlation between TSW and TV (r = 0.85),
the evaluation of testicular development by only TSW does not fully describe the stages of
development of the testes, since TSW does not consider the growth of other biometric measures,
especially the testicular height that maintains growth for a longer period. Therefore, to
determine the testicular development phase, in which the stallion is found, by biometric
evaluation, the best option is to evaluate all testicular measurements and thus obtain the TV as
well. In addition, the moderate and positive correlations between WH with TSW and TV (r =
0.51 for both) indicate that biometric and morphometric characteristics are associated, so
testicular biometry can be included in the genetic selection programs of Mangalarga Marchador

stallions.

Keywords: Mangalarga Marchador. Horses. Testicular biometrics. Body morphometry.

Nonlinear models. Growth curves.



LISTA DE ILUSTRACOES

Fig. 1: Observed Total Scrotal Width (TSW) of Mangalarga Marchador stallions from 638 to 8006 days

Fig. 4: Observed Testicular Volume (TV) of Mangalarga Marchador stallions from 638 to 8006 days of
AL ettt ittt et et e e et e e et e e e b e e e e b e e e e a e e e et e e s et e e e e et e e s e et e s e b b et e s e e e e s e rar e s e nares 60
Fig. 5: Testicular Volume (TV) estimated by Logistic Il model in Mangalarga Marchador stallions.. 63
Fig. 6: Absolute Growth Rate (AGR) estimated by Logistic Il model in Mangalarga Marchador stallions.

Fig. 7: Absolute Growth Rate (AGR) estimated by Logistic I (TSW) and Logistic II (TV) model in
Mangalarga Marchador Stallions. ........c.c.eeieerieiiinien ettt st 64
Fig. 8: Testicular width (TW), length (TL) and height (TH) estimated by Logistic II model in
Mangalarga Marchador Stallions. ..........c.eeieereeiiirier ettt s 66
Fig. 9: Absolute Growth Rate (AGR) estimated by Logistic Il model for TW, TL and TH in Mangalarga
Marchador STAITIOMNS. .......eiieeieeieeee ettt ettt e e bt e sae e satesabeebeebeenbeesneas 66
Fig. 10: Observed body weight of Mangalarga Marchador stallions from 638 to 8006 days of age. ... 67
Fig. 11: Body Weight growth curve estimated by Logistic [ model in Mangalarga Marchador stallions.

Fig. 13: Observed Wither Height of Mangalarga Marchador stallions from 638 to 8006 days of age. 72
Fig. 14: Wither Height growth curve estimated by Logistic I model in Mangalarga Marchador stallions.



LISTA DE TABELAS

Table 1 - Number of Mangalarga Marchador stallions by age-group. ........ccocceeveeveeneeniennensenseeniene 46
Table 2 — Nonlinear models used to describe the growth of TSW, TV, BW and WH in stallions of the
Mangalarga Marchador BrEed. ........c.cueiiiiiiiiiiiiee ettt 48
Table 3 — Inflection points (IP) and age at IP of the nonlinear models used to describe TSW, TV, BW
and WH growth curves in Mangalarga Marchador stallions. ..........cccceeeeeriirninsennenecneenicneeeeiene 49
Table 4 - Descriptive statistics of testicular biometry and body morphometry of Mangalarga Marchador
SEALLIONS 1.t e e a e e 53
Table 5 - Mean + SE values of the testicular biometry and body morphometry of Mangalarga Marchador
1711 DT ) s TSP PP T PR TTPTURPP 54
Table 6 - Mean + SE values of the testicular biometry evaluated of Mangalarga Marchador stallions 54
Table 7 - Pearson Correlation Coefficients on the mean of testicular biometry and body morphometric
characteristics evaluated of Mangalarga Marchador stallions.........cccceeeeeririirseniieneneeneeeeeeeiene 55
Table 8 - Parameter estimates (=SE) for nonlinear models used to describe Total Scrotal Width (TSW)
of Mangalarga Marchador Stallions..........c.eecueeieeiieniiiieee ettt nee e 57
Table 9 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and II, and von
Bertalanffy models used to describe the growth curve of Total Scrotal Width (TSW) of Mangalarga
Marchador STAITIOMS. .......eivieieeieee ettt ettt e e sbe e sat e st e st e e beebeenbeesaeas 57
Table 10 - Goodness of fit for nonlinear models used to describe Total Scrotal Width (TSW) of
Mangalarga Marchador Stallions. ........c.cueeieeiiiiiiniir ettt st 58
Table 11 - Parameter estimates for nonlinear models used to describe Total Volume (TV) of Mangalarga
Marchador STAIIOMS. .......eeeeeieeieiee ettt ettt e et e esbe e sat e satesabe e beebeenbeesaeas 61
Table 12 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and II, and
von Bertalanffy models used to describe the growth curve of Testicular Volume (TV) of Mangalarga
Marchador STAIIOMS. .......eiiieieeieee ettt et ettt esb e sabesatesabe e b e e beenbeesneas 61
Table 13 - Goodness of fit for nonlinear models used to describe Testicular Volume (TV) of Mangalarga
Marchador STATOMS. .......eeiieieeeeee ettt et e st e e sbe e st e satesbeebeebeenbeesaeas 62
Table 14 — Parameter estimates for Logistic Il model used to describe testicular width (TW), testicular
length (TL) and testicular height (TH) of Mangalarga Marchador stallions. ..........cccceeeerineencneennn. 65
Table 15 - Inflection points (IP) and age at IP estimated by the Logistic II model used to describe the
growth curve of testicular width (TW), testicular length (TL) and testicular height (TH) of Mangalarga
MarChador STAIIOMS. ......eeiieeieeiee ettt ettt e e s b e sat e sabe st e ebeebeesbeesaeas 65
Table 16 - Parameter estimates for nonlinear models used to describe Weight of Mangalarga Marchador

171 1 10 ) 4 1< 68



Table 17 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and II, and

von Bertalanffy models used to describe the growth curve of Weight of Mangalarga Marchador stallions.

Table 18 - Goodness of fit for nonlinear models used to describe body Weight growth curve of
Mangalarga Marchador StAllIONS. .......c.eeeeririeierinieeseeer et s 70
Table 19 - Parameter estimates for nonlinear models used to describe Wither Height of Mangalarga
MaArChador STAIIOMNS. ......eeiieeieeierie ettt st e b e et e e sbe e sabesatesabeebeebeesbeesaees 73
Table 20 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and II, and
von Bertalanffy models used to describe the growth curve of Wither Height of Mangalarga Marchador
SEALLIONS. .veeuveetiertieeteete ettt e st e st st esteeste e st e e s atesabe st e et e e b e e sbeesaeesase e st e e beesatesatesabeeabeenbe e beenaeeenteenteetaens 73
Table 21 - Goodness of fit for nonlinear models used to describe Wither Height of Mangalarga
MATChAAOT STAITIOMS. ..e..veeireeiieitiesteestte st ettt ettt st e st ete et e e sbeesbeesaeesatesabesnbeesbeesseesaeesnsesnseensesseens 74



LISTA DE ABREVIATURAS E SIGLAS

ABCCMM - Associagao Brasileira de Criadores de Cavalos Mangalarga Marchador
Adj R? — Coeficiente de Determinagio Ajustado
AGR — Absolute Growth Rate

AlCc — Critério de Informagdo De Akaike Corrigido (Akaike’s Criteria of Information
Corrected)

APE — Erro Percentual Absoluto Médio (Average Prediction Error)

BIC — Critério de Informagao Bayesiano (Bayesian’s Criteria of Information)
BSE - Avaliagdo da Solidez Reprodutiva (Breeding Soundness Evaluation)
BW — Body Weight

CEUA — Comisséo de Etica no Uso de Animais (Ethics Committee for The Use of Animals)
Cm - Centimetros

DSO — Daily Sperm Output

ESS — Soma do Quadrado dos Erros (Error Sum of Square)

IBGE - Instituto Brasileiro de Geografia e Estatistica

IP — Inflection Point

Kg - Kilogramas

LET — Largura Escrotal Total

LTH — Left Testicular Height

LTL — Left Testicular Length

LTV — Left Testicular Volume

LTW — Left Testicular Width

MAD - Erro Absoluto Médio (Mean Absolute Deviation)

MM — Mangalarga Marchador

PE — Perimetro Escrotal

PI — Ponto de Inflexdo

RTH — Right Testicular Height

RTL — Right Testicular Length

RTV —Right Testicular Volume



RTW — Right Testicular Width
SC — Scrotal Circumference
TH — Testicular Height

TL — Testicular Length

TSW — Total Scrotal Width
TV — Testicular Volume

TW — Testicular Width

VT — Volume Testicular

WH — Withers Height



SUMARIO

1 INTRODUGAQ ....oeeeereenercrerrenesesesesesssesesssssssssesessssssssssessssssssssssessssssssssssssssssessssssssssssses 15
2 REVISAO BIBLIOGRAFICA ......ooueeereneenesnssnssssessessessessessssssssssssssssssessessessessessessssseses 18
2.1 Raca Mangalarga Marchador...............coccooiiiiiiiiiiiieecceeeee ettt 18
2.2 Caracteristicas MOTTOMEGLTICAS. ... c.veeverrereeiisieetert ettt sttt sttt sbe e b e n e s e reeanes 19
2.3 CaracteristiCas BIOMELTICAS .....cevverreerieriieieiisit ettt st 22
2.4 Puberdade e Maturidade SeXual.........cocevviiiiiiiiiiniiiiniici s 24
2.5 Curva de CIESCIMEILO ...couverirueeriitieiesie ettt ettt sttt st et r e sre b b e saesn e seeenesneeanes 27
2.6 MOACLOS NAO-TIMEATES ....eeuververueeierieeienteeitete st et st st este s bt e te s bt ssee bt sbe et e sbesabesaesbeeabesbeemte bt sneensesresanes 29
2.7 QUALIAAAE A AJUSLE ..eveeueeririieiesteetest ettt sttt ettt ettt et bt et e bt sbe et e sb e eatesbesbeebesbeemte bt saee s e sreeanes 31
REFERENCIAS ..ouuuiimriimmsicsssmsisssssssssssssssmssssssssssssssssssmssssssmsssssssssssssssssssssssssssssssssssssssses 32
ABSTRACT .uuaiiiiiiniinitiinsnnenssncssssnesssssessssssssssssssssesssssssssssssssssssssssesssssssssssssssssssssssssssssssss 43
1 INTRODUCTION ..uuuiiiiiinicsninsnensnccssncsssisssesssasssseesssssssssssassssessssssssssssassssssssasssasssssssssasssss 44
2.1 Ethics and ANIMALS ........cccoooiiiiiiiieeee et 46
2.2 Data ColleCtion ...........cc.ooiiiiiiiiiiiii e e 46
2.2.1 TeStiCUIAr BIOMELIY ..cc..eiiuiiiiiieiieieeieeieest ettt ettt ettt st ettt e be e bt e sbe e saeeeteenbeesbeesaeesanenas 46
2.2.2 BOAY MOTPROIMELIIC .euveeviereiieiieieeieenieesieesieesieestesteesteesteesseesssessseesseesseessessssesssesnseensesssassseessenns 47
2.3 Statistical ANALYSES .......oooviiiiiiiiiieiee et et e e st e e st e e abeesbeeenes 48
2.3.1 NONHNEAT MOAEIS......eitiiieiiiiiieii ettt sttt sttt b e s bt e sat e st e eteesbeesbeesaeesanenas 48
2.3.2 GOOANESS OF Ft ..eiuviiiiiiiiiieieiteee et s st s 50
2.3.3 Absolute Growth Rate (AGR).....c.eeviiriiiiiiieiiieieerieese ettt sttt steesbeesaaesane e 51
2.3.4 Phenotypic COITEIAtIONS .....c.vevvieeieerieereeseeieestesteesieesteesseesseesssesseessessseessessssssssesnseessesssesssesssesns 51
3 RESULTS..coovuvrivenneecnnecnnnnee 53
4 DISCUSSION . uuuuiiiiniiiiniiissnnnisnencsssnsssssnessssessssssessssssssssssssssssssassssssssssssssssssssssssssssssssssssssssses 76
S CONCLUSION uiiiiniecssnnncsssencsssescsssnessssnsssssssssssssssssssssssssssassssssssssssssssssssssssssssssssssssssssses 81

REFERENCES ...couuiiiiiniiniinninneniissecssessasssesssessssssesssessasssssssssssessasssessasssssssssssessassssssassssssss 82




15

1 INTRODUCAO

Com o objetivo de identificar caracteristicas que estreitam os vinculos entre a
reproducao e a produgdo animal por meio da correlagdo fenotipica e genética, considerando a
facilidade para mensura-las (BERGMANN et al.,1998), desenvolveu-se a metodologia de
avaliar touros por meio do perimetro escrotal (PE). Esta ¢ uma caracteristica de média/alta
herdabilidade (BRINKS, 1994; KNIGHTS et al., 1984; LOAIZA-ECHEVERRI et al., 2013;
LUNSTRA, 1982), apresenta correlagdo com outras caracteristicas reprodutivas e produtivas,
tanto de machos quanto de fémeas (COULTER & FOOTE, 1979; TOELLE & ROBISON,
1985; NOTTER etal., 1993); e ainda ¢ eficiente para predizer o potencial reprodutivo do macho
em qualquer espécie, mesmo que a avaliagdo quantitativa e qualitativa do s€émen seja o0 método
principal (UNANIAN et al., 2000). Portanto, a avaliacdo biométrica dos testiculos, juntamente

com a avaliagdo seminal, ¢ imprescindivel para predizer a fertilidade dos machos.

Considerando a disposi¢ao anatomica dos testiculos dos garanhdes, a caracteristica que possui
similaridade ao PE dos bovinos ¢ a largura escrotal total (LET). Ha relatos na literatura que
reforgam a utiliza¢ao desta medida como ferramenta para predizer o potencial reprodutivo em
equinos. Thompson et al. (1979) relataram a alta correlagdo entre a largura escrotal total e a
producdo espermatica diaria (r = 0,75). Adicionalmente, Blanchard et al. (2001) obtiveram
correlacdo moderada tanto entre a LET e o nlimero total de espermatozoides (r = 0,37), quanto
entre a LET e o numero de espermatozoides com motilidade progressiva (r = 0,36. Por sua vez,
Stout & Colenbrander, em Equine Reproduction (2011), ratificam a avaliacdo da biometria
testicular como indicador til da capacidade de producdo espermatica, ao afirmarem que a
producdo didria de espermatozoides em garanhdo estd subordinada a uma combinagdo entre a

quantidade de tecido testicular funcional e a eficiéncia da espermatogénese.

Bailey et al. (1996) verificaram que nao ha representatividade da producao espermatica
quando se considera apenas a mensuracao do perimetro escrotal; no caso dos equinos, a largura
escrotal total. Assim, com o objetivo de aumentar a precisdo no processo de selecdo de
reprodutores por meio da avaliacdo biométrica dos testiculos, principalmente no que diz
respeito a maturidade sexual dos animais, outra caracteristica ¢ avaliada: o volume testicular -
VT (BAILEY et al., 1996; PENITENTE-FILHO et al., 2018, 2019; UNANIAN et al., 2000).
Pesquisas direcionadas aos equinos demonstraram que a partir do volume testicular € possivel
inferir a quantidade de parénquima testicular e, consequentemente, a produgdo de

espermatozoides, pois ha relatos na literatura (LOVE et al., 1990; ROBALO SILVA, 2007;
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FREITAS, 2010; ANGUS et al., 2011) sobre a alta correlagdo entre o volume testicular ¢ a
producdo de espermatozoide. Segundo Robalo Silva (2007), o coeficiente de correlagdo entre

volume testicular e producao espermatica € r = 0,654.

Considerando que a reproducao esté interligada com os demais processos biologicos do
organismo, ¢ possivel avalid-la em conjunto com o desenvolvimento corporal do macho. Essa
correlagdo tem suma importancia atualmente, porque a funcionalidade dos equinos tem maior
destaque na area esportiva, apesar de ainda ser relevante para a agropecuaria. Portanto, o
interesse sobre estes animais baseia-se ainda mais na sua capacidade motora, ou a dindmica dos
movimentos corporais, que expressam a versatilidade do animal em realizar determinadas
tarefas, diferentemente do que acontece com outras espécies de relevancia zootécnica. Dessa
forma, para o desenvolvimento dos programas de melhoramento genético em equinos, a

compreensdo sobre a conformagao corporal é imprescindivel.

Dentro desse contexto, dispde-se da finalidade das curvas de crescimento, que consistem
em correlacionar medidas de tamanho (peso, altura, largura, volume) com a idade,
proporcionando uma descri¢do visual do crescimento, sendo que a interpretagdo fornece uma
explicagdo do que estd ocorrendo biologicamente (KSHIRSAGAR & SMITH, 1995). Para a
confecc¢ao das curvas de crescimento, os modelos ndo-lineares t€ém-se mostrado mais adequados
quando comparados aos modelos lineares, pois, além de serem capazes de englobar grande
numero de medidas, apresentam resultados com interpretacdo bioldgica (LOAIZA-

ECHEVERRI et al., 2013).

Os modelos ndo-lineares que sdo usados para descrever as curvas de crescimento,
possuem parametros com interpretagcdes bioldgicas relevantes, sao eles: 1 (assintota) que ¢ a
variavel estimada na maturidade; 5> que € uma constante de integracao importante para modelar
a curva sigmoide, mas sem interpretacao bioldgica, exceto para o modelo de Michaelis-Menten,
em que 32 ¢ a idade que o valor da variavel é exatamente a metade da assintota (f1); 83 ou o
indice de maturidade, estabelecendo a velocidade com que a variavel se aproxima da assintota;
e [4, o ponto de inflexdo em modelos de ponto de inflexdo variavel. O ponto de inflexdo ¢
interpretado como o momento em que a aceleragdo do crescimento termina e a fase de auto
inibi¢do comeca, até atingir o valor da varidvel na maturidade (NOTTER et al., 1985; NIETO
et al., 2006; LOAIZA-ECHEVERRI et al., 2013).

A raga Mangalarga Marchador (MM) possui a maior associacao de criadores da América

Latina e, considerando a quantidade de animais e de membros, ela ¢ considerada a maior raga
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equina nacional. Além da beleza, possui outras caracteristicas como a docilidade, a rusticidade,
a comodidade no andamento e a aptiddo para o lazer, para os esportes e também para o trabalho
agropecuario. Devido a unido de versatilidade, beleza e comodidade, os cavalos MM sao
amplamente utilizados, tornando-se, no Brasil, uma atividade importante e lucrativa, pois essas
caracteristicas peculiares do MM levam os animais a atingirem alto valor no mercado (COSTA

et al., 2004; SANTIAGO et al., 2016).

Considerando esse contexto, este estudo foi realizado com o objetivo de avaliar as
correlagdes fenotipicas entre as mensuragdes biométricas e morfométricas, além das mesmas
mensura¢des com a idade e peso corporal; determinar, conforme os resultados dos parametros
(B1, B, € Bs) e a qualidade de ajuste, qual dos vérios modelos nio-lineares mais se adequa as
medidas biométricas dos testiculos de garanhdes da raca Mangalarga Marchador e também as
medidas morfométricas; estabelecer a curva de crescimento para largura escrotal total (LET) e
volume testicular (VT) destes animais, bem como peso corporal e altura de cernelha; e por fim
indicar a relagdo destas mensuragdes com as fases de desenvolvimento sexual, a puberdade e a

maturidade.
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2 REVISAO BIBLIOGRAFICA

2.1 Raca Mangalarga Marchador

Em 2010, o Instituto Brasileiro de Geografia e Estatistica (IBGE) publicou dados sobre
o panorama da equinocultura no Brasil. Segundo sua andlise, ha cerca de 5,6 milhdes de equinos
distribuidos em todo o territério nacional, o que leva o Brasil a ocupar o terceiro lugar no
ranking mundial em nimero absoluto da espécie (FAO, 2010). O comércio destes exerce forte
influéncia na economia nacional, com movimenta¢do econdmica em torno de R$ 7,3 bilhdes

por ano, além de gerar cerca de trés milhdes de empregos diretos e indiretos (ESALQ, 2006).

Embora todos os equinos facam parte de uma unica espécie, Equus caballus, existem
varias ragas diferentes no mundo. Isso se deve aos efeitos de diferentes ambientes onde os
animais sao criados, além da interferéncia do homem selecionando determinadas caracteristicas
que mais lhe satisfazem, por exemplo, forca, velocidade, andamento, harmonia morfologica,

dentre outras, modulando a especificidade fenotipica e funcional nas diferentes ragas equinas.

Historicamente, ha registros demonstrando que a origem do cavalo Mangalarga
Marchador se deu em Minas Gerais. Seus precursores, cavalos Alter da raca espanhola Andaluz,
foram introduzidos no pais pelos portugueses nos primeiros anos do século XIX. Os garanhdes
fornecidos aos integrantes da corte real e da nobreza, ao serem cruzados com éguas nativas,
geraram novos animais que foram criados e adaptados as condicdes brasileiras. Estes, por sua
vez, foram selecionados principalmente pelo andamento comodo, uma vez que era necessario
animais apropriados para longos periodos de montaria. Outras caracteristicas também foram
relevantes, como a resisténcia, o porte elegante, a beleza e o temperamento docil. O cavalo da
raca Mangalarga Marchador tem aproximadamente 200 anos de selecdo, e s6 em 2014, pela lei
n°® 12.975/2014, ele foi declarado como a raca nacional de cavalos do Brasil (PLANALTO DF,
2014).

Esta raca possui a maior associagdo de criadores da América Latina (Associacdo de
Criadores do Cavalo Mangalarga Marchador - ABCCMM), sendo classificada como a terceira
maior raca do mundo: ha 10.400 associados distribuidos por todas as regides do Brasil e mais
de 400.000 individuos registrados. A ABCCMM, com sede em Belo Horizonte, Minas Gerais,
foi criada em 1949. Além da importancia nacional, o cavalo da raca Mangalarga Marchador
apresenta relevancia internacional, evidenciado pelo fato de existir nlcleos oficiais da

ABCCMM nos Estados Unidos, Alemanha, Itdlia e Argentina.
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Ribeiro et al. (2018) ressaltam a importancia do conhecimento sobre o padrdo de
desenvolvimento de cada raca especificamente, pois esse fato permite a estimativa de
parametros que possibilitam selecionar, com mais assertividade, os melhores animais,
otimizando o manejo de criatorios. Alguns trabalhos, como os de Freitas (2010), Oliveira (2014)
e Rua (2014), foram conduzidos para obter a descri¢cao biométrica de garanhoes MM, sendo
avaliados dentro e fora da estacdo reprodutiva e em dois estados diferentes (Minas Gerais e Rio
de Janeiro). Enquanto outros pesquisadores desenvolveram estudos para as outras ragas equinas
nacionais. Mendes (2012), por exemplo, avaliou o desenvolvimento testicular de garanhdes da
raca Crioulo por meio da avaliagdo fisica e histologica; Manso Filho et al. (2000) e Borges et
al. (2010), por sua vez, avaliaram a biometria testicular dos cavalos da raga Campolina,

correlacionando-a com a idade e peso corporal.

2.2 Caracteristicas Morfométricas

Os equinos se tornaram relevantes para o desenvolvimento da sociedade humana desde
a sua domesticacdo, uma vez que o objetivo era utilizd-los primeiramente em batalhas e
expedi¢des, depois na agricultura (HONTANG, 1989). Independentemente de onde eram

utilizados, os cavalos sdo coadjuvantes na trajetoria do desenvolvimento humano.

Dentro desse contexto, a estrutura corporal dos cavalos tornou-se essencial, pois
demonstrava sua capacidade fisica. Portanto, a mensura¢do das dimensdes e propor¢des
corporais foram as principais caracteristicas consideradas para a selecdo dos cavalos (STOUT
& COLENBRANDER, 2011; SOUZA, 2017), pois estas, por exemplo, comprimento, altura e
largura corporal, além das medidas angulares, influenciam a estrutura fisica do animal e atuam

sobre a qualidade do seu movimento (PINTO et al., 2005).

Além disso, outro fator que corrobora com o enorme interesse sobre a conformacao
corporal como indicadora de desempenho e qualidade fisica dos equinos submetidos a avaliagao
¢ a facilidade em mensura-las. Sendo assim, a escolha dos garanhdes reprodutores se dava por
meio da sua conformagdo corporal, isto ¢, da funcionalidade conferida a simetria e a silhueta

da estrutura fisica destes (SANTOS, 2017).

Atualmente, apesar da funcionalidade dos equinos ainda ser relevante para a
agropecuaria, tem maior destaque na 4rea esportiva. Portanto, o interesse sobre estes baseia-se
ainda mais na sua capacidade motora, ou a dinamica dos movimentos corporais, que expressam
a versatilidade do animal em realizar determinadas tarefas, diferentemente do que acontece com

outras espécies de relevancia zootécnica. Dessa forma, para o desenvolvimento dos programas



20

de melhoramento genético em equinos, a compreensdo sobre a conformacdo corporal ¢

imprescindivel.

Cada raca equina apresenta um bidtipo adequado a sua fun¢ao atlética. Sendo assim,
dentro dos programas de melhoramento genético em equinos, o padrdo morfoldgico entre as
diferentes ragas e suas particularidades ¢ um dos, se ndo o principal, elemento a ser considerado,
pois ¢ utilizada para distinguir a aplicabilidade do cavalo de acordo com sua conformacgao

corporal (SANTOS, 2017).

As dimensdes e proporc¢des corporais sdo fundamentais na execucdo dos movimentos,
uma vez que um animal de conformagdo corporal harmoniosa tende a ter uma capacidade
motora equilibrada, sem sobrecarregar diferentes regides anatdmicas devido a compensacgao de
esfor¢o, conferindo-lhe vantagem para suportar melhor os estresses fisicos que ¢ submetido

durante o exercicio ou a lida (SCHADE et al., 2015).

O cavalo Mangalarga Marchador (MM) foi originalmente direcionado para o servigo no
campo e cavalgadas. Posteriormente, com o uso na lida reduzido devido a mecanizacdo das
fazendas, a utilizacdo desse cavalo em passeios e cavalgadas de lazer ganhou maior numero de
adeptos. Sobre essa evolugdo funcional do cavalo MM, Andrade (2008) afirma “lazer ¢
sindonimo de conforto.” Portanto, a busca pela comodidade da marcha foi intensificada, o que
levou ao desenvolvimento de mais estudos relacionados a conformacgao corporal, que ndo ¢ a

condi¢do para o animal marchar, porém contribui amplamente na qualidade desta.

Para eliminar a subjetividade na analise fisica equina, uma variedade de instrumentos
manuais e de facil manuseio, como hipémetro, fita métrica e artrogoniometro, foram indicados
como essencial para as mensuragdes corporais dos cavalos (MARCENAC, AUBLET,
D’AUTHEVILLE, 1990), uma vez que essas ferramentas fornecem medidas quantitativas
relativamente confidveis e proximas das dimensdes reais (MAGNUSSON, THAFVELIN,
1990).

Adicionalmente, os pontos de referéncia para analisar as particularidades da
conformagdo corporal dos equinos foram definidos por Magnusson e Thafvelin (1990),
evitando a discrepancia entre avaliagdes das caracteristicas métricas e angulares. O critério
utilizado para a escolha destes pontos consiste na facilidade de localizacdo, por meio da
palpacdo de extremidades Osseas, facilitando a determinagao das distancias entre os 0ssos, bem

como das medidas angulares de articulagdes.
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Neste contexto, o estudo desenvolvido por Santos (2017) demonstrou que os métodos
manuais de mensuracdes morfométricas apresentam correlagdo alta e positiva com os métodos
computacionais para altura de cernelha (0,95), evidenciando a objetividade da analise. Dessa
forma, ¢ possivel utiliza-la. Além disso, a altura na cernelha, entre todas as medidas lineares, ¢
uma das mais seguras conforme o relato de Cabral et al. (2004), porque tem menores variagdes

decorrentes do instrumento de mensuragao ou dos erros cometidos pelo mensurador.

Um dos primeiros levantamentos do registro de altura de cernelha da raga Mangalarga
Marchador foi feito por Carneiro et al. (1952), em que os valores médios para os machos foram
de 151 cm e para as fémeas 144 cm. Atualmente, para efeito de registro definitivo dos equinos
na Associacdo Brasileira de Criadores do Cavalo Mangalarga Marchador (Estatuto da
ABCCMM, 2010), os valores aceitos sdo de 147 a 157 cm para os machos, e para as fémeas de
140 a 154 cm. Santiago et al. (2016) demonstraram que a altura de cernelha média aumentou

1,0 cm entre as décadas de 70 e 80, mantendo-se estavel, em 150,2 cm desde entdo.

A altura de cernelha dos potros ao nascimento representa cerca de 60% da altura de
cernelha no animal adulto JORDAO & CAMARGO, 1950; SANTOS, 1989). Além disso, estes
autores demonstram que o crescimento ¢ muito intenso até um ano de idade, principalmente no

primeiro més pos-nascimento.

O perimetro torécico, por sua vez, ¢ uma das medidas geralmente utilizadas na descri¢ao
de cavalos de sela e de tragdo (SANTOS, 1989), pois estd vinculado a capacidade
cardiorrespiratéria do animal (BERBARI NETO, 2005). Portanto, os cavalos da raga
Mangalarga Marchador, que tem sido cada vez mais utilizados em diversas atividades
funcionais, como passeios de longa distancia, provas de resisténcia, provas funcionais,
competi¢des de marcha, dentre outras, sdo considerados animais atletas em potencial, o que
reforga a necessidade de apresentarem desenvolvimento toracico compativel com esta

capacidade (REZENDE et al., 2000).

Borton (1979) embasa essa teoria ao afirmar que para os cavalos alcancarem um
desempenho satisfatorio, eles devem ter uma caixa toracica profunda com costelas largas e bem
arqueadas, pois essa regiao, além de fornecer a base para a inser¢ao dos musculos dos membros
anteriores, abriga e protege Orgaos vitais: coragdo e pulmdes, ambos imprescindiveis para a

capacidade atlética do animal.

Santiago et al. (2016) realizaram uma pesquisa, utilizando as informagdes arquivadas

na Associagdo Brasileira dos Criadores do Cavalo Mangalarga Marchador (ABCCMM) de
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23148 machos e 92980 fémeas, para avaliar a evolugdo das medidas morfométricas do cavalo
MM ao longo de sua formagdo. Dentre varias outras medidas, o perimetro toracico e a altura
de cernelha foram avaliados. Com relacao ao perimetro toracico dos garanhdes MM, observou
a diminuicao desta medida ao longo do tempo (de 174,5 cm, na década de 1970, para 172,2 cm,

em 2010).

Segundo Lucena (2011), ¢ confiavel obter o peso vivo de equinos por meio da
mensuragao do perimetro toracico, desde que nao use éguas gestantes, pois o perimetro toracico

¢ altamente inconstante nessa fase do animal.

Souza (2017) demonstra o padrao de crescimento dos garanhdes MM, por meio da curva
de crescimento, ao analisar animais com idade entre 06 ¢ 153 meses. No periodo entre 6 e 24
meses, o crescimento ¢ mais homogéneo. Esse crescimento, no primeiro ano de vida, ¢
caracterizado pela aquisi¢do de 62 - 65% do peso vivo dos animais adultos (REZENDE et al.,
1984; NRC, 2007; GARCIA et al., 2011). Por fim, a partir dos 60 meses de idade, ¢ possivel
observar o platd da curva de crescimento, no qual Souza (2017) baseia a afirmacdo que os

animais MM crescem em peso corporal até proximo a esta idade.

Em decorréncia da breve apresentacgao, esta evidente como a avaliagdo da morfometria
corporal ¢ uma ferramenta eficiente para estimar o potencial atlético do garanhdo, o que possui

suma importancia dentro do mercado de equinos.

2.3 Caracteristicas Biométricas

Dentre os parametros testiculares, o mais utilizado em bovinos para avaliagdo do seu
potencial reprodutivo ¢ o perimetro escrotal (PE), pois além de possuir herdabilidade média/alta
(KNIGHTS et al., 1984; BRINKS, 1994; SILVEIRA et al., 2012; LOAIZA-ECHEVERRI et
al., 2013), possui correlacdes favoraveis com caracteristicas produtivas e reprodutivas, tanto
dos machos quanto das fémeas (COULTER & FOOTE, 1979; TOELLE & ROBISON, 1985;
NOTTER et al., 1993). Além disso, PE tem sido sugerido como indicador de qualidade seminal
(LUNSTRA et al., 1978; SALVADOR, 2001; BILGIN et al., 2004).

Além disso, o perimetro escrotal ¢ simples de mensurar, portanto, ¢ amplamente
empregado no exame androlégico de touros que estdo em programas de selecdo genética.
Normalmente ¢ usado para prever a fertilidade desses animais, uma vez que esta diretamente
relacionado com a quantidade e a qualidade espermatica (LUNSTRA et al, 1978S;
SALVADOR, 2001; BILGIN et al., 2004), obtendo, dessa forma, animais sexualmente mais
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precoces e mais férteis (BERGMANN. et al., 1998; OKANO et al., 2018; PENITENTE-FILHO
etal., 2018, 2019).

Entretanto, o PE ndo representa exatamente a massa testicular, pois ndo leva em
consideracdo a variacdo da espessura da pele escrotal e a forma testicular ovalada.
Considerando que a produ¢do de espermatozoides pode depender de outros fatores que ndo o
PE, o volume testicular (VT) deve ser examinado na selecao de touros (BAILEY et al., 1996),
sendo obtido por meio de um calculo que abrange outras medidas biométricas, que sao o

comprimento, a largura e a altura testicular.

O desempenho reprodutivo, em termos de valor econdmico, ¢ também importante para
o sistema de criacdo dos equinos. Portanto, a avaliacdo reprodutiva por meio da biometria
testicular ¢ util. Empregando essa analise nos equinos, ¢ importante considerar as
particularidades anatomo-fisioldogicas da espécie: os testiculos sdo horizontalmente
posicionados no escroto, o que desfavorece o uso do perimetro escrotal como principal medida
biométrica. Diante disso, a principal medida a ser utilizada ¢ a largura escrotal total — TSW

(VARNER et al., 1991).

A utilizacdo da medida da largura escrotal total (LET) ¢ uma aplica¢do util para predizer
a producao espermatica didria de um garanhdo, uma vez que ha um coeficiente de correlagao
entre a largura escrotal total e produgdo espermatica diaria de r = 0,75 (THOMPSON et al.,
1979).

Durante o exame androldgico, outras medidas biométricas sdo coletadas, como o
comprimento (C), a largura (L) e altura (H). A partir destas, ¢ possivel estimar o valor do
volume dos testiculos direito (RTV) e esquerdo (LTV) separadamente, por meio da equagao
proposta por Love et al. (1990), o qual baseou o seu célculo na forma elipsoide dos testiculos
dos equinos. A partir do valor do volume de cada testiculo, obtém-se o volume testicular total
(TV), que, por sua vez, ¢ utilizado para determinar um indice, denominado produgdo didria de
espermatozoides (Daily Sperm Output - DSO). Este indice foi elaborado por Love et al. (1990),

cujo calculo é:
Produgdo DSO (x10%) = (VT x 0,024) — 0,76

A relevancia principal dessa caracteristica estd na capacidade em predizer a eficiéncia

da espermatogénese do animal. Sendo assim, ¢ um importante indicador para a fertilidade,
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assim como para sugerir se ha algum tipo de disfun¢do que leve a producdo de baixo nimero

de espermatozoides viaveis (BRINSKO et al., 2011).

Assim como em bovinos, a avaliagdao da biometria testicular ¢ uma ferramenta eficiente
para estimativa do potencial reprodutivo do garanhdo (THOMPSON et al., 1979; PICKETT et
al., 1993; BORGES et al., 2010; STOUT & COLENBRANDER, 2011; MENDES, 2012;
OLIVEIRA, 2014; RUA, 2014). Portanto, a coleta dos dados biométricos durante o exame
andrologico permite diagnosticar alteragcdes testiculares, enquanto as suas interpretagdes

auxiliam na predi¢do do potencial reprodutivo.

Contudo, ¢ possivel observar que a quantidade de estudos direcionados para o
desenvolvimento biométrico dos equinos ¢ menor quando comparado a outras espécies de
animais de produgdo, como os bovinos. Dentre os varios fatores motivacionais para essa
diferenca, destaca-se a dificuldade de obtencdo dos dados, uma vez que o crescimento dessa
espécie € mais tardio em relag@o a outras, o que demandaria mais tempo (RIBEIRO et al., 2018).
Além disso, pode-se considerar o retorno econdmico sobre os programas de selecdo genética
de cada um. Esse fator norteia o investimento na area, assim como as principais caracteristicas
a serem selecionadas, o que impacta diretamente na quantidade de pesquisas para a descri¢ao

da biometria testicular e, consequentemente, da curva de crescimento testicular em equinos.

2.4 Puberdade e Maturidade Sexual

Por muito tempo, a selecdo de cavalos baseava-se principalmente no pedigree, na
aparéncia, na marcha e no desempenho atlético dos animais, sendo a fertilidade desconsiderada
como um critério de sele¢do principal (STOUT & COLENBRANDER, 2011). Porém, segundo
0s mesmos autores, tornou-se comum a exigéncia da certificagdo do "potencial reprodutivo
adequado”, com base em dados reais de fertilidade ou em uma avaliagdo do potencial
reprodutivo (BSE) para o registro dos cavalos nos livros contendo os pedigrees da maioria das

ragas esportivas europeias, os chamados studbooks.

A maioria dos garanhdes submetidos ao registro no studbook ainda nao reproduziram,
isto ¢, ainda ndo tiveram sua fertilidade atestada por meio da produ¢do de potros, pois sdo
animais muito jovens. Sendo assim, ao invés de utilizar esses dados de fertilidade, aceita-se o
exame androlégico dos animais como indicagdo valida para o potencial reprodutivo do
garanhdo (KENNEY et al., 1983), de modo que os aspectos da fertilidade, como a libido, o
acasalamento, o tamanho dos testiculos, a producao de espermatozoides e a qualidade seminal

sdo avaliados (COLENBRANDER et al., 1992)
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A puberdade ¢ uma fase dificil de ser definida para a maioria das espécies, incluindo o
garanhdo (HENINGER, 2011). Segundo este autor, a puberdade geralmente ¢ caracterizada por
um grau primario de maturidade dos Orgaos genitais, além do desenvolvimento das
caracteristicas sexuais secundarias e dos aspectos psicossociais do animal. Porém, Heninger
(2011) demonstrou a disparidade entre os pesquisadores académicos a respeito da conceituagdo
de puberdade: alguns fundamentam a sua defini¢do estritamente na idade que o animal tem o
primeiro ejaculado contendo 50 milhdes de espermatozoides com motilidade espermatica
progressiva > 10 %; enquanto outros pesquisadores baseiam-se no momento que o individuo

atinge a capacidade de se reproduzir com sucesso.

Dentro deste contexto, Roser (2000) afirma que o periodo de puberdade dos garanhdes
estd entre 12 — 18 meses, com base no perfil enddcrino dos animais. Seguindo a metodologia
do estudo anterior, Hess and Roser (2005) demonstraram que a puberdade em garanhdes se
estende para o periodo de 10 a 24 meses. Considerando a avaliagdo biométrica, Naden et al.
(1990), estudando potros da raga Quarto de Milha, estimaram que a idade a puberdade ¢ 1,7
anos (variando de 1,17 a 2,02 anos), enquanto a largura escrotal total dos potros ¢ de

aproximadamente 7,7cm.

Independentemente da variacdo conceitual, Heninger (2011) ressalta que a puberdade
ndo € um evento Unico, mas uma cole¢do de eventos e interagdes dinamicas ao longo do tempo,

que conduzirdo a capacidade de produzir descendentes.

Hafez & Hafez (2004) subdividem a puberdade em trés estagios: o primeiro, chamado
pré-puberdade, consiste no periodo de rdpido desenvolvimento dos d6rgdos reprodutivos; a
puberdade propriamente dita, onde os animais tornam-se aptos reprodutivamente; e, por fim, o
periodo pos-puberdade, onde o desenvolvimento continua e os 6rgaos reprodutivos alcancam a
maturidade sexual plena. Em equinos, o processo de desenvolvimento testicular no periodo pos-
puberdade pode perdurar até o animal atingir 15 anos de idade, uma vez que h4a aumento
significativo no peso testicular, na producdo diaria de espermatozoides e na reserva
epididimaria. Porém, a taxa de crescimento ndo ¢ acentuada. Mckinnon et al. (2011), em Equine
Reproduction, reforcam essa teoria e estende o periodo ao demonstrar a tendéncia do aumento

da composicao celular até os 20 anos de idade.
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Heninger (2011), por sua vez, subdivide a puberdade em quatro etapas, pois considera
o desenvolvimento embrionario dos 6rgdos sexuais masculinos como primeira fase, além de
incluir alguns eventos perinatais importantes para o desenvolvimento anatomico e funcional
adequado, como, por exemplo, a deiscéncia testicular. A segunda fase ¢ denominada pelo autor
como "fase quiescente" e compreende o crescimento e o desenvolvimento corporal do potro,
sem envolver o amadurecimento sexual dele. No que lhe concerne, a terceira fase consiste em
mudangas assertivas para o desenvolvimento sexual, levando a funcionalidade reprodutiva,
principalmente pela producdo de espermatozoides, pela regulagdo enddcrina e o
desenvolvimento da libido, sendo reconhecida como a puberdade propriamente dita. Por fim, o
animal atinge a maturagdo sexual ¢ a obtencdo de eficiéncia reprodutiva durante a fase pos-

puberal.

Pesquisas diretamente relacionadas a puberdade do garanhdo geralmente estdo
vinculadas a espermatogénese e ao padrao hormonal (NADEN et al., 1990; ROSER, 2000;
ROSER & HESS, 2005), ndo necessariamente a biometria testicular. Blanchard et al. (2001)
ressaltaram que a determinacdo da espermatogénese dos garanhdes na puberdade esta mais
vinculada ao tamanho dos testiculos do que a idade do cavalo. Portanto, Heninger (2011)
ressalta a importancia de mais estudos com intuito de explorar mais profundamente o padrao
de desenvolvimento testicular nos garanhdes, a fim de melhorar a compreensao dos eventos

envolvidos na puberdade.

Duas consideragdes relevantes sdao feitas por Heninger (2011) enquanto explicita o
processo de desenvolvimento sexual do garanhdo. Primeiro, se a defini¢do de puberdade ¢ a
funcionalidade reprodutiva propriamente dita, entdo, todas as mudancas que conduzem a esta
devem ser consideradas pré-puberes. Hafez & Hafez (2004) corroboram com essa teoria ao
afirmarem que o periodo pré-pubere, muitas vezes, ¢ equivocadamente referido como
puberdade. Além do mais, Heninger (2011) ressalta que a puberdade ndo deve ser confundida
com a maturidade sexual, especialmente para o garanhdo. Nessa espécie, a maturidade sexual,
considerando o perfil espermatogénico e enddcrino, ocorre muito tempo apds a puberdade, por
volta de 4-5 anos de idade (JOHNSON & THOMPSON, 1983; NADEN, et al., 1990; ROSER,
2000; ROSER AND HESS, 2005; ANGUS et al., 2011).

No trabalho de Johnson & Thompson (1983) foi apresentado que o nimero de células
de Sertoli, 0 peso e o tamanho testicular aumentam com a idade, estabilizando quando os
garanhdes atingem a maturidade sexual, depois dos 5 anos. Roser (2000) concorda com estes

autores ao afirmar que crescimento e desenvolvimento testicular perdura ao longo dos anos e
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cessa apenas quando o animal atinge 4 a 5 anos de idade. Mais tarde, o trabalho de Roser &
Hess (2005) complementa a teoria, ao afirmar que a fase de maturacao sexual se estende durante
todo o periodo entre o 2° ¢ o 5° ano. Por fim, Angus et al. (2011) demonstraram
quantitativamente o aumento da composi¢ao celular dos testiculos a medida que aumenta a
idade dos garanhdes: além do crescimento total do comprimento dos tubulos seminiferos, a taxa
de proliferacdo das células de Leydig entre os animais de 2-3 anos ¢ 1:12, enquanto entre os

animais de 13-20 anos diminui, mas ainda se mantém em 1:4.

Relacionando a avaliagdo biométrica e a maturidade sexual, Thompson et al. (1979)
propdem a idade a maturidade sexual para os garanhdes igual ou superior a sete anos. Em sua
pesquisa, os animais avaliados foram divididos em 3 grupos etérios, onde a média da largura
escrotal total dos adultos (GIII > 07 anos) foi significativamente maior que os animais mais

jovens.

2.5 Curva de Crescimento
Dentro do contexto bioldgico, o crescimento de um organismo ¢ um fendmeno
complexo, pois envolve diversos fatores intrinsecos e extrinsecos ao individuo. Portanto, ¢ um

desafio estuda-lo e, principalmente, estabelecer medidas diretas e definidas (ROBISON, 1976).

As curvas de crescimento sdo caracterizadas por correlacionar medidas de tamanho (por
exemplo, peso, altura, largura, volume) com a idade, proporcionando uma descri¢ao visual do
crescimento, sendo que a interpretacdo fornece explicagio do que esta ocorrendo

biologicamente (KSHIRSAGAR & SMITH, 1995).

Hé4 ampla variedade de modelos matematicos disponiveis para esse fim. Gompertz
(1825), Hill (1910), Michaelis-Menten (1913), Brody (1945), Richards (1959), Von Bertalanffy
(1957) e Meloun et al. (1996) sdo alguns dos autores responsaveis por descrever modelos
matematicos. Portanto, andlises experimentais comparando-os sao necessarias para auxiliar na
escolha do modelo mais apropriado, pois deve-se considerar as diferengas biologicas entre as

espécies (BROWN et al., 1976).

E notéria a disparidade da sua utilizagdo dentro dos experimentos envolvendo os
animais de produg¢do, uma vez que a descri¢do da curva de crescimento por meio dos modelos
matematicos tem sido amplamente utilizada em estudos envolvendo os bovinos de corte
(QUIRINO, 1999; VALENTIM et al., 2002; SANTORO et al., 2005; NIETO et al. 2006;
MACHADO et al., 2012; HENRY et al., 2013; LOAIZA-ECHEVERRI et al., 2013; OKANO
etal., 2018; PENITENTE-FILHO et al., 2018, 2019), mas sdo raramente utilizadas em cavalos
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(SANTOS etal., 1999; RUA, 2014; RUA et al., 2016; SANTIAGO et al., 2016; SOUZA, 2017;
RIBEIRO et al., 2018).

As poucas pesquisas a respeito do tema, em sua maioria, tratam-se de curva de
crescimento em relacdo ao peso, a altura de cernelha e ao perimetro toracico (SANTOS et al.,
1999; RUA, 2014; RUA et al., 2016; SANTIAGO et al., 2016; SANTOS, 2017; RIBEIRO et
al., 2018). A altura ¢ necessaria para a descri¢do e classificagdo dos cavalos; enquanto o
perimetro toracico, caracteristica utilizada para aferir o peso dos cavalos (LUCENA, 2011),
esta diretamente relacionada a condicao fisica do animal (REED & DUNN, 1977; HICKMAN
& COLLIS, 1984). Porém, ndo foram encontradas pesquisas relacionadas as curvas de

crescimento da biometria testicular em garanhdes.

A interpretag@o biologica de um modelo inclui a habilidade de classificar um individuo
em uma caracteristica biolodgica importante para os programas de sele¢do, por exemplo a taxa
de crescimento, a idade a puberdade e a maturidade sexual e as possiveis correlagdes com a

estrutura corporal do animal (altura de cernelha e peso corporal a diferentes faixas etarias).

Nas outras espécies extensivamente estudadas, como os bovinos, o comportamento
comum da curva de crescimento testicular ¢ representado por uma curva sigmoide. Isto €, no
inicio, fica evidente uma fase de crescimento lento, seguido por um periodo cuja velocidade de
crescimento ¢ acelerada, culminando em um pico de aceleracdo, o qual representa a puberdade;
e logo apos a velocidade de crescimento se reduz, indicando que o animal est4 finalizando o

seu desenvolvimento, até atingir a maturidade (BERGMANN et al., 1998).

A curva sigmoide pode ser representada de trés formas: estatico, seccional-cruzado e
longitudinal (FITZHUGH JR., 1976). No tipo estatico, a caracteristica selecionada ¢ observada
uma Unica vez dentro de um grupo de animais com mesma idade ou estigio de
desenvolvimento. No tipo seccional-cruzado, a caracteristica também ¢ mensurada uma unica
vez, porém a faixa etaria do grupo em avaliacgao € estendida, de forma a abranger outros estagios
de desenvolvimento dos animais. No tipo longitudinal, todas as mensuracdes sdo obtidas do
mesmo animal ao longo de um periodo, o que permite acompanhar o progresso dos estagios de

desenvolvimento deste individuo.

Uma das formas de descrever as curvas de crescimento ¢ por meio dos modelos nao-
lineares. Eles t€ém se mostrado mais adequados quando comparados aos modelos lineares, pois

possibilitam a sintese de uma série de dados contidos em um periodo de tempo em alguns
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parametros biologicamente interpretaveis (EISEN, 1974), tornando mais vidvel a compreensdo

sobre o padrao de crescimento, como no desenvolvimento testicular.

2.6 Modelos nao-lineares

Segundo Draper e Smith (1998) as fungdes matematicas empregadas na confec¢ao das
curvas de crescimento sdo denominadas modelos de regressdo, sendo estas classificadas como:
modelos lineares, nao lineares ¢ os linearizdveis. Os modelos nao-lineares apresentam duas
grandes vantagens em relagdo aos lineares: sintetizam um vasto conjunto de dados em alguns
parametros e permitem a interpretagdo bioldgica dos mesmos (LOAIZA-ECHEVERRI et al.,
2013). Diferentes modelos nao-lineares estdo disponiveis para estimar os parametros do
desenvolvimento testicular, sendo que eles possuem diferencas nos ajustes estatisticos. Além
disso, possibilitam a formagdo das curvas de crescimento testicular e corporal, em fungdo da
idade. Sendo assim, a escolha do melhor modelo ndo deve considerar somente as
particularidades do modelo matematico, mas também a concordancia entre os resultados e as
interpretacdes bioldgicas. As fungdes logistica, Gompertz, von Bertalanffy e Richards tém
varias aplicagdes na area biologica, em especial no crescimento de animais e de plantas

(CARVALHO et al., 2014).

Em 1908, Robertson iniciou os estudos sobre a fun¢do matematica, a qual, mais tarde,
foi denominada como modelo de Brody, apds outros pesquisadores continuarem o
desenvolvimento da fun¢do -Brody em 1945 e Von Bertalanffy em 1957 (DUARTE, 1975;
MAZZINI, 2001). Neste modelo, o ponto de inflexdao coincide com o nascimento, uma vez que
o parametro P4 (a constante que define a forma da curva), assume o valor de um (1), resultando
em uma curva ndo sigmoide. Sendo assim, descreve o crescimento animal ocorrido apds o ponto

de inflexdo.

O modelo de Gompertz foi desenvolvido por Benjamin Gompertz, em 1825
(OLIVEIRA, 1995). Um dos primeiros a utilizd-lo para descrever o crescimento animal foi
Winsor, em 1931. Este modelo demonstra o comportamento sigmoidal, assumindo que o
crescimento € proporcional ao peso do organismo e, ao atingir o ponto de inflex3do, a velocidade
de crescimento diminui (FRANCE et al., 1996). O ponto de inflexao nesse modelo ¢ fixado em

0,37 do valor de B (PAZ, 2002).

Em 1910, a equacao de Hill foi proposta para a avaliacdo dos fendmenos fisioldgicos,

com o objetivo principal de previsdo do efeito maximo. Posteriormente, seu uso foi expandido
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para outros tipos de estudos. Segundo Goutelle et al. (2008) ¢ o modelo que aparenta ser

largamente flexivel em ajustar os dados.

O modelo Logistico proposto por Verhulst, em 1838, para expressar a lei do crescimento
de populagdes humanas (LAIRD, 1966) apresenta curva sigmoide e simétrica em relagdo ao
ponto de inflexdo. Neste modelo, o ponto de inflexdo ¢ fixado em 50 % do valor assintdtico

(NOTTER et al., 1985).

Em 1996, Meloun e Militk utilizaram o modelo de Mitscherlich e outros modelos nao
lineares para descrever o crescimento da estrutura auricular de fetos. Por efeito da grande
flexibilidade apresentada, estes modelos puderam ser expandidos para descrigdo das curvas de

crescimento de animais (SILVEIRA, 2010).

Michaelis e Menten propuseram um modelo para descrever a cinética de reagdes
quimicas (MICHAELIS e MENTEN, 1913), sendo que este ndo apresenta ponto de inflexao.
Atualmente, a aplicacdo desse modelo acontece em diversos contextos, como na avaliacdao de
crescimento animal (SOUZA et al., 2013). A difusdo do modelo original de Michaelis-Menten
com o objetivo de descrever curvas de crescimento sigmoides demonstrou que o modelo
proposto se ajustou muito bem para avaliar dados de peso corporal e idade de varias espécies
animais, apresentando resultados similares aos modelos Gompertz e Richards (LOPEZ et al.,
2000). Além disso, o parametro 2 pode ser considerado como indicativo de precocidade sexual

(OKANO et al., 2018; PENITENTE-FILHO et al, 2018)

Ludwing Von Bertalanffy (1938) apresentou sua equacao ao descrever o crescimento
de peixes. A caracteristica principal deste modelo consiste na fixacdo do ponto de inflexdo em
aproximadamente 30% do tamanho assintotico. Ele fundamentou seus estudos na hipotese de
que a taxa do crescimento estd na diferenga entre as taxas de anabolismo e catabolismo dos
tecidos (FORNI, 2007). Logo, este modelo tem o mais rigoroso suporte nas teorias bioldgicas,
o que lhe confere melhor acurdcia na interpretagdo de seus parametros (DUARTE, 1975;

MAZZINI, 2001).

Assim, a utilizacdo dos modelos ndo-lineares para especificagdo da curva de
crescimento € de extrema importancia no direcionamento dos programas de selegdo genética,
uma vez que descrevem relacdo funcional entre peso corporal e idade (SILVA et al., 2001),
além de possibilitar a explicacdo bioldgica dos pardmetros compreendidos nestes modelos

matematicos.
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2.7 Qualidade de Ajuste
Alguns requisitos precisam ser atendidos para que o modelo de regressdo ndo-linear
descreva adequadamente a relagdo entre a variavel e a idade: interpretacdo biologica dos

parametros, alta qualidade de ajuste e facilidade de convergéncia (FITZHUGH JR., 1976).

Os parametros que avaliam a qualidade de ajuste entre as comparacdes de modelos nao
lineares sao: critério de informagao de Akaike corrigido - AICc (BOZDOGAN, 1987), o critério
de informagao Bayesiana — BIC (SCHWARZ, 1978), Coeficiente de Determinacao ajustado —
Adj. R? -, a soma dos quadrados dos erros — ESS (LOAIZA-ECHEVERRI et al., 2013), o erro
absoluto médio — MAD (MENTZER & BIENSTOCK, 1998) e erro percentual absoluto médio
— APE (LOAIZA-ECHEVERRI et al., 2013).
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NONLINEAR MODELS TO DESCRIBE THE GROWTH CURVES OF TESTICULAR
BIOMETRICS AND MORPHOMETRIC TRAITS OF MANGALARGA
MARCHADOR STALLIONS

ABSTRACT

This study aimed to describe the testicular growth curve of testicular biometrics and body
morphometry in Mangalarga Marchador stallions, adjusting nonlinear models to total scrotal
width (TSW), testicular volume (TV), body weight (BW) and withers height (WH). A cross-
sectional study was conducted with 120 stallions, aging from 638 to 8006 days old. The
estimated parameters of nonlinear models (Brody, Gompertz, Hill, Logistic I and II, Meloun I
and II, Michaelis-Menten, Mitscherlich and von-Bertalanfty) were estimated by the Gauss-
Newton iterative process. The goodness of fit was evaluated by the corrected information
criteria of Akaike (AICc) and Bayesian (BIC), Adjusted R?, error sum of square (ESS), mean
absolute deviation (MAD) and average prediction error (APE). Based on the goodness of fit,
the Logistic I model better for the growth curve of TSW, BW and WH; while Logistics II proved
to be the best model for the TV growth curve. Despite the high and positive correlation between
TSW and TV (r = 0.85), the evaluation of testicular development by only TSW does not fully
describe the stages of development of the testicles, since it does not consider the growth of other
biometric measures, especially the testicular height that maintains growth for a longer period.
Therefore, to determine the testicular development phase that the stallion is through biometric
evaluation, the best option is to evaluate all testicular measurements and thus obtain the TV as
well, as it is the most reliable measure in relation to the stage of testicular development. In
addition, the moderate and positive correlation between WH with TSW and TV (r = 0.51 for
both) indicates that biometric and morphometric characteristics are associated, so testicular
biometry can be included in the genetic selection programs of Mangalarga Marchador stallions

with the same relevance as the morphometric characteristics.

Keywords: Mangalarga Marchador stallions, testicular biometrics, body morphometry,

nonlinear models, growth curves.
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1 INTRODUCTION

The Mangalarga Marchador horse, with approximately 200 years of selection and
declared as a Brazilian national breed (declaration n°. 12.975/2014), shows as main
characteristic to be a suitable animal for long periods of riding, due to the comfortable progress
generated by gait. There are other relevant features as well, such as endurance, elegant size,

beauty and docile temperament.

The knowledge of the reproductive parameters of different breeds is very important for
the identification of individuals with high and low reproductive potential, as well as to guide
important productive decisions. Within this context, testicular biometry is widely used in farm
animals, mainly the scrotal circumference (SC), due to the middle to high estimates of
heritability (LUNSTRA, 1982; KNIGHTS et al., 1984; BRINKS, 1994; LOAIZA-
ECHEVERRI et al., 2013), in addition to favorable correlations with other reproductive and
productive characteristics, in both males and females (COULTER & FOOTE, 1979; TOELLE
& ROBISON, 1985; NOTTER et al., 1993).

However, SC is not possible to be measured in horses, due to the horizontal positioning
of the testes. Therefore, to better estimate the testicular size of the stallion and, consequently,
evaluate its reproductive capacity (THOMPSON et al., 1979; LOVE et al., 1990; PICKETT et
al., 1993; STOUT & COLENBRANDER, 2011), the measurement of total scrotal width (TSW)
and testicular volume (TV), the second one by measuring testicular width, length and height,
might be considered. Testicular length, width and height might be used to estimate TV in
stallions (Love et al., 1990) and bulls, as important as TSW, since TV has a high correlation
with the production of sperm (LOVE et al., 1990; ROBALO SILVA, 2007; FREITAS, 2010;
ANGUS et al., 2011).

Although morphometric research is very associated with productivity in cattle and
sheep, in equine production systems, morphometric evaluations are relevant for the genetic
improvement of herds because they are related to functionality of the species. The Mangalarga
Marchador horse has as a peculiar characteristic the gait, which is resulting from the neuromotor
coordination of movements, training and appropriate morphometric measures (PINTO et al.,

2005).

Growth curves are characterized by correlating size measurements with age, providing
a visual description of growth with biological interpretation (KSHIRSAGAR & SMITH, 1995).

One of the ways to describe growth curves is by nonlinear models. These have been shown to
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be more appropriate when compared to linear models, as they allow evaluating a large number
of measures of different parameters, besides enabling the biological explanation of the results
(LOAIZA-ECHEVERRI et al., 2013). Biological interpretation includes the ability to qualify

an individual according to the evaluated traits by selection programs.

In this context, the main objective of this paper was to describe testicular growth curve
by fitting nonlinear models to measurements of TSW, TV, BW and WH in a cross-sectional
study. Therefore, this study was to indicate the possible phenotypic correlations between

morphometric measurements and reproductive characteristics
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2 MATERIAL AND METHODS

2.1 Ethics and Animals
This project (n° 196159) was submitted and approved by the Ethics Committee for the
Use of Animals - CEUA/UFV, whose protocol number is 86/2018, on December 20, 2018.

The evaluations were carried out in the field, on 30 farms located within a radius of 50
km around the city of Cruzilia (21° 50' 19" S and 44° 48' 30" W), Minas Gerais, Brazil. Data

were collected in September 2018 at the onset of the breeding season for equine species.

Data were collected from 120 Mangalarga Marchador stallions, all recorded by the
Associagdo Brasileira de Criadores de Cavalos Mangalarga Marchador (ABCCMM), within
awide age group (1,7 to 21,9 years). All animals were in good body condition during the study.

The data for the stallions, according to the age group, are shown in Table 1.

Table 1 - Number of Mangalarga Marchador stallions by age-group.

Group I II 11
N 36 41 43
Age <04 4e8 >8

During the data collection period, the animals were confined for a short time, so there
was no change in their conditioning on the farm; stallions that were housed in picket, remained
on the picket and those who were in stalls were kept in the bay to perform the measurements
that were performed by only one technician. Most farms created horses by extensive method,
so all had access to ad libitum water and native pasture (mainly Urochloa spp). Animals were
weaned at approximately seven to eight months of age, and they remained in the field until 2.5

to 3 years.

2.2 Data Collection

2.2.1 Testicular Biometry

To perform testicular measurements, the inherent temperament of the animal was
considered, in addition to conditioning management to manipulation. Therefore, most of the
animals were docile and easy to manipulate, so they were only manually contained using halter,
so as to cause as little discomfort as possible. In some animals it was necessary to bend one of

the thoracic limbs; a position similar to that used for trimming and shoeing methods.
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With the caliper, the following measurements were collected:

- Right and left testicular length (RTL/LTL): evaluation performed between head insertion and

epididymis cauda insertion (craniocaudal evaluation).

- Right and left testicular width (RTW/LTW): larger lateral diameter of each testis (lateromedial

evaluation).

- Right and left testicular height (RTH/LTH): evaluation between the epididymis corpus and its

contralateral end in the region of greater diameter (dorsoventral evaluation).

- Total scrotal width (TSW): evaluation of the largest laterolateral scrotal diameter, covering

the two testes positioned ventrally in the scrotum.
The epididymis was disregarded in all measurements.

Other relevant characteristics were also evaluated, such as testicular consistency, testicular
mobility and absence of fluid in the scrotum. Testicular consistency was classified as normal
and abnormal; abnormal consistency (flaccid or rigid) may be associated with insufficient

sperm production (PICKETT et al., 1987; PICKETT, 1993).

From measurements of length, width and height, we estimated the testicular volume of
each testis using the equation proposed by Love et al. (1990), based on the calculation of the

volume of the ellipsoid:

Testicular Volume (TV cm?®) = ML'TW'H)

Where, L = length (cm); W = width (cm); and H = height (cm).
The volume of both testes was used in analyses.

2.2.2 Body Morphometric

The thoracic perimeter was obtained with the aid of commercial tapes (Ruralban®)
developed specifically for horses. The thoracic perimeter of the horse was measured by passing
a tape through the place with the largest diameter, that is, on the highest part of the withers and
the external region, just behind the thoracic limbs. After adjustment in the horse chest, it is
possible to visualize the measurement in cm (left side) and the corresponding body weight

(BW), in kg (right side).

To measure one of the vertical distances of the horse, the wither height (WH) was

performed with the aid of the hypometer, according to that described by Godoi et al. (2012).



48

This was positioned on the left side of the animal, resting on a flat surface at the base and, the

movable branch, positioned on the withers of the animal.

Wither is the zootechnical name for the bulge formed by the thoracic vertebrae, so it is
the highest point of the animal chest. It is located immediately above the spinous processes of
the 5th and 6th thoracic vertebra. When observing a horse sideways, it is aligned with the

thoracic limbs.

2.3 Statistical Analysis

2.3.1 Nonlinear Models

Ten nonlinear models (Table 2) were evaluated. The cross-sectional analysis method
was adopted, that is, elaboration of growth curves from measures taken once from a sample of
Mangalarga Marchador stallions.

Table 2 — Nonlinear models used to describe the growth of TSW, TV, BW and WH in stallions
of the Mangalarga Marchador breed.

Model Equation References
Brody ye = Pi(1— preCF0) + g Brody, 1945
Gompertz y, = [gle(—ﬁze('ﬁ3t)) +e; Gompertz, 1825

. B, tFs .
Hill Ve =—Ff—t+¢; Hill, 1910

Bo" + th

Logistic I = L +e; Loaiza-Echeverri et al. 2013

ogistic Ve = 15 peC D T & .
Logistic II Ve = L + e; Richards, 1959

t71 + e(B2—P3t) L ’
Meloun I Ve = B1 — BoeFs) + g Meloun et al. 1996
Meloun II Ve = By —eCPBstd 4 g Souza et al. 2013
t
Michaelis-Menten Ve = . f_l g +e; Michaelis e Menten, 1913
2

Mitscherlich

Von Bertalanffy

Y = '31(1 - 9(5132—33151')) + e

Ve = .31(1 - ﬁze(_ﬁ3t))3 +e;

Souza et al. 2013

Von Bertalanfty, 1957
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The table elements above are: y,= variable analyzed, TSW (total scrotal width), TV
(testicular volume), BW (body weight) and WH (wither height); ; = asymptote, that is, the
estimated value of the variable at maturity; f, = integration constant to model the sigmoid
curve, but without biological interpretation, except for the Michaelis-Menten model, because
this parameter represents the age at which y, = 5, / 2; f3 = maturity index, therefore, establishes
the precocity with which the variable reaches the asymptote; and e; is the experimental error
associated with the variable, assumed to be random, independent and with normal distribution

N(0.62).

The parameters of the growth curve of TSW, TV, BW and WH (f;, [, and [3) were
estimated by the Proc MODEL of the Statistical Analysis System (SAS, 2002). The iterative
process used was Gauss-Newton. For these analyses, the age of the animals was considered in
days, considering the date of birth until the date of collection. The animals were identified in

the properties for subsequent confirmation of age in the database of genealogical records of

ABCCMM.

From the values found for the f;, 5, and §; parameters, the inflection point (IP) was
calculated, in addition to the age (in days) that the variable reached IP. Therefore, the IP is the
moment evidenced by the highest growth speed. The IP and age at the IP for the Gompertz,
Hill, Logistic I and II and von Bertalanffy models were calculated as shown in Table 3.

Table 3 — Inflection points (IP) and age at IP of the nonlinear models used to describe TSW,
TV, BW and WH growth curves in Mangalarga Marchador stallions.

Model Inflection Point (IP) Age at IP References
In In (0.368)
Gompertz 0.368p; —B, Nieto et al., 2006
—Ps
5 3, — 1
e g
+1 5 3
Hill P s F 31 Goutelle et al., 2008
5 Bs L ﬁz_ﬁs (33 + 1)
B2 +| = 7 -
B2 C(Bs+1)
~ 1 A
Logistic I & n(AﬂZ) Notter et al., 1985

2 B3
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Logistic 11 - — Richards, 1959
2 —PB3
1
In <0.2963§ — 1)
Von Bertalanffy 0.2963f; _Aﬁz Nieto et al., 2006
—P3

B., B, and f; are the parameters estimated by nonlinear models. ; = asymptote (estimated value of the variable
at maturity); [§,= integration constant; [/; = maturity index.

2.3.2 Goodness of Fit

Goodness of fit for all models was evaluated according to the following criteria:

The corrected Akaike information criterion (AICc), proposed by Bozdogan (1987), is

calculated by the following formula:
AlICc=-2 loglike + 2pn/(n—p—1)

Where, loglike the logarithm of maximum likelihood, considering parameter estimates;
p, the number of parameters adjusted independently within the model; and n, the number of

observations. Lower AIC values reflect better model adjustment (AKAIKE, 1974).

In turn, the Bayesian information criterion (BIC), proposed by Schwarz (1978), is given

by:
BIC =—2loglike +pInn

Where n is the number of observations used to adjust the curve; and In = natural

logarithm. Lower BIC values also reflect a better model adjustment (SCHWARZ, 1978).

The adjusted R?, responsible for determining the percentage of variation in the measures

explained by the statistical model, is calculated as:
-1
Raqj = R*~(—) x (1-R?)

R, is the coefficient of determination adjusted; R? is the square of the correlation
coefficient between observed and predicted values; p is the number of parameters of the model,

and n is the number of observations.
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The error sum of squares (ESS) considers that the deviation of a Yi observation was
calculated from its own estimated mean. Therefore, ESS is pointed out as an accepted fitting

control (LOAIZA-ECHEVERRI et al., 2013). It is calculated using the following formula:
ESS=X(Y; -Y)2%/N

According to Loaiza-Echeverri et al. (2013), the mean absolute deviation (MAD) of a
dataset is the average relative disagreement between observed and predicted values. It gives us
an idea about the variability in a dataset. This measure can be defined by the equation, where

the lower the value, the better the adjustment:
MAD=Y[Y; - ¥]/N

The average prediction error (APE) quantifies the relative distance between the
observed and predicted values, providing an indication of the average error size. Thus, its ideal

value would be equal to zero. It can be calculated using the following equation:
APE =Y [((Y; =¥)/Y;) * 100] /N

In ESS, MAD and APE, Y; = value observed; 171 = value estimated by the model; and N

= number of observations.

2.3.3 Absolute Growth Rate (AGR)
After defining which model best adjusted to the collected data set in relation to biometric
and morphometric variables (TSW, TV, WH an BW), the growth curve was configured and

presented in graphs.

After this step, other parameters were calculated, such as age at puberty (coincident with
IP), measurement to sexual maturity (asymptote or f;) and absolute growth rate (AGR), which
corresponds to the increase in the value of the variable for each unit time (t). The AGR

calculation is based on the derivate of the selected model (y) in relation to time (t).

dy
at
2.3.4 Phenotypic Correlations
The Pearson coefficient test was used by the statistical program SAS (2002) to analyze
the correlations, where p<0.05 represents a statistically significant difference. The classification
of correlations followed the scale of the Dancey and Reidy (2006), where r = 0.10 to 0.30
(weak); r=10.31 to 0.69 (moderate); r = 0.70 to 1.0 (strong).
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In order to evaluate the differences between the general means of the variables obtained,
the Tukey test (ANOVA) was performed, where p<0.05 represents a statistically significant
difference. In addition, the animals were divided into three age groups (GI, GII and GIII), which
were also submitted to the Tukey test (ANOVA) in order to evaluate the differences between
the means of each age group. Differences between sides (left and right) by paired t Test.
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3 RESULTS

Table 4 shows the overall average, standard deviation and amplitude regarding the
results found for the biometric and morphometric traits evaluated in Mangalarga Marchador
stallions.

Table 4 - Descriptive statistics of testicular biometry and body morphometry of Mangalarga
Marchador stallions

Variable Mean Std. Dev. Minimum Maximum
BW (kg) 418.42 44.87 310 520
TC (cm) 175.54 7.06 158 191
WH (cm) 147.92 3.81 139 157
TSW (cm) 9.80 1.28 6.60 12.20
TW (cm) 4.65 0.62 3.10 6.10
RTW (cm) 4.56 0.69 2.60 6.40
LTW (cm) 4.74 0.66 2.10 6.30
TL (cm) 9.01 0.99 5.80 11.25
RTL (cm) 8.95 1.21 5.00 11.50
LTL (cm) 9.06 0.96 5.70 11.40
TH (cm) 5.43 0.79 3.30 7.50
RTH (cm) 5.39 0.87 3.00 7.70
LTH (cm) 5.47 0.80 3.40 7.60
TV (cm?) 240.07 79.84 67.17 440.44
RTV (cm®) 116.36 42.96 22.02 230.86
LTV (ecm?) 123.70 41.15 36.53 225.63

BW = Body Weight; TC = Thoracic Circumference; WH = Wither Height; TSW = Total Scrotal Width; TW =
Testicular Width; RTW and LTW = Right and Left Testicular Width; TL = Testicular Length; RTL and LTL = Right and Left
Testicular Length; TH = Testicular Height; RTH and LTH = Right and Left Testicular Height; TV = Testicular Volume; RTV
and LTV = Right and Left Testicular Volume

Table 5 shows the values of the mean and standard deviation found for biometric traits
and morphometric characteristics evaluated (according to each age group). For the analysis of
body morphometry, all variables, when compared by the Tukey test, showed statistical

difference (p<0.05) among groups. In relation to biometric analysis, the comparison among all
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variables by the Tukey test, showed statistical difference (p<0.05) of GI in relation to GII and
GIII. However, groups II and III showed no statistical difference (p>0.05).

Table 5 - Mean £ SE values of the testicular biometry and body morphometry of Mangalarga

Marchador stallions

Group

of Age BW TC WH TSW ™ TL TH Volume
GI 39280+ 171.61+ 1455+ 880+ 422+ 8.40 + 4.83 £ 182.41 +
44.61° 7.28% 4.15¢ 1.38¢ 0.62% 1.22% 0.75¢% 77.04°
GII 41851+ 17544+ 14847+ 10.06+ 474+ 9.30 5.46 252,65+
41.07° 6.35° 3.40° 1.01° 0.57° 0.84° 0.73° 74.46 °
GIII 439.79+ 17893+ 14939+ 1040+ 492+ 9.24 + 5.84 + 276.33 +

37.53¢ 5.80°¢ 2.89° 0.88° 0.46° 0.66° 0.58° 59.03 ¢

Different lowercase letters in the same column indicate significant difference at p < 0.05.

BW = Body Weight; TC = Thoracic Circumference; WH = Wither Height; TSW = Total Scrotal Width; TW =
Testicular Width; TL = Testicular Length; TH = Testicular Height; TV = Testicular Volume.

In the table 6, there are the values of the mean and standard deviation found for the
evaluated biometric traits according to each age group. All variables, when compared by the
Tukey test, showed statistical difference (p<0.05) of GI in relation to GII and GIII. However,
groups II and III showed no statistical difference (p>0.05). In addition, the variables were
submitted to the T-test in order to attest to the difference between the left and right testicles.
For width, it is observed that there is statistical difference (p<0.05) in GI and GII. For length
and volume, the difference is present only in GI.

Table 6 - Mean + SE values of the testicular biometry evaluated of Mangalarga Marchador
stallions

Group of

Age RTW LTW RTL LTL RTH LTH RTV LTV

GI 409 + 435 £+ 823 £ 859 = 478 £ 489 £ 86.09 =+ 18241 +
0.78*A  0.60 " 1444 1,14 0.86* 0.70°** 4446 77.04 %8

GII 465 + 482 + 936 £ 923 + 546 £ 546 =+ 12437 + 12829 +
0.62°  0.60°B  095° 0.86°* 0.81° 0.75° 38.54% 40.26 A

GIII 485 + 499 + 916 +£ 931 + 578 £ 590 + 134.07 + 14227 +

0.44°  0.63°  097° 0.74"  0.69°* 0.66°* 31.58" 34.06 *A

Different lowercase letters in the same column and uppercase letters in the same row (only for each pair of characteristics =

right and left) indicate significant difference at p <0.05.
RTW and LTW = Right and Left Testicular Width; RTL and LTL = Right and Left Testicular Length; RTH and LTH = Right
and Left Testicular Height; RTV and LTV = Right and Left Testicular Volume
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In Table 7, phenotypic correlations are presented between the different testicular
biometric and morphometric traits of Mangalarga Marchador stallions. The correlations
between weight and all other parameters are moderate and favorable. However, all biometric
measurements correlated with age in a weak to moderate. It is possible to observe the moderate

and favorable correlation between all morphometric characteristics and TSW.

Moreover, most testicular biometric traits correlate each other moderately and
favorable, save some exceptions: high and favorable correlation between TSW and TL (r =
0.91); high and favorable correlation also between TSW and TV (r = 0.85).

Table 7 - Pearson Correlation Coefficients on the mean of testicular biometry and body
morphometric characteristics evaluated of Mangalarga Marchador stallions

Age BW TC WH TSW T™W TL TH Volume

Age 1

BW 0.43 ™ 1

TC 042" 099 1

WH 036" 0.63™ 0.61° 1
TSW 036" 0527 0517 051" 1

T™W 035" 049 048 050" 091" 1

TL 024" 0427 0427 0447 068 070" 1

TH 045" 0497 048" 048" 0717 070" 070" 1

TV 039" 0547 0537 053" 085" 0.89™ 0.847 0917 1

BW = Body Weight; TC = Thoracic Circumference; WH = Wither Height; TSW = Total Scrotal Width; TW =
Testicular Width; TL = Testicular Length; TW/TL = Testicular Width and Length Ratio; TH = Testicular Height;
TV = Testicular Volume. **p < 0.01

The data collected regarding the total scrotal width (TSW) are shown in Fig 1. The TSW

measurements ranged from 6.6 cm to 12.2 cm, with average equal to 9.8 cm.
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Fig. 1: Observed Total Scrotal Width (TSW) of Mangalarga Marchador stallions from 638 to
8006 days of age.

Table 8 shows the parameters of the growth curves and their respective standard error.
Regarding parameter estimates, Michaelis-Menten and Hill presented the highest asymptotic
values (f;), while Logistic I and II models presented the lowest, and the last two presented
reliable estimates about the inflection point (table 9). Logistic I and II and Gompertz presented
similar values for asymptote. For the Michaelis-Menten model, the £, value was 297.8147,
very close to the inflection point value of the Logistic I and II model, 277.89 and 279.69 (table
9). The Hill model presented the highest f; value, which allowed the calculation of the
inflection point, once it is only possible to calculate it when f; is greater than 1 (GOUTELLE
et al. 2008). The Brody model estimated the lowest value for the maturity index when compared

to the other models.

The estimated inflection point (IP) and age at I[P showed high variability among models.
The inflection point is evidenced by the high growth rate and is related to the process of puberty
of the animal (NOTTER et al., 1985; NIETO et al. 2006; LOAIZA-ECHEVERRI et al., 2013).
In this study, age and IP widely varied among models (63.44 days to 291.23 days). Von
Bertalanffy model estimated the IP at a very early age, while the Hill model had the highest age
value of IP. Logistic I and II models, in addition to presenting identical values for IP (5.23 cm),
estimated a very similar IP age (277.89 and 279.69 days). The Gompertz model, in this regard,
had very different results from the Logistic I and II models.
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Table 8 - Parameter estimates (+SE) for nonlinear models used to describe Total Scrotal Width

(TSW) of Mangalarga Marchador stallions.

Model B1 B: B3

Brody 10.48255 +0.1585 0.903135+£0.3094 0.001468 + 0.000335
Gompertz 10.47238 + 0.1540 1.222274 £ 0.4812  0.001641 +0.000371
Hill 10.60811 +£0.2288  512.7107 £82.5627  1.973821 £ 0.4818
Logistic I 10.46486 + 0.1507 1.654105 £ 0.7385  0.001811 + 0.000408
Logistic 11 10.46385 + 0.1505 0.507645 £ 0.4470  0.001815 + 0.000409
Meloun I 10.48239 + 0.1585 9.472019 £3.1871  0.001469 + 0.000335
Meloun II 10.48123 +0.1583 -2.25206 £ 0.3368  0.001473 £ 0.000336
Michaelis-Menten 11.21087 £ 0.2454  297.8147 = 49.8075 -

Mitscherlich 10.48162 +0.1584

Von Bertalanffy 10.47521 £ 0.1554

-67.1316 + 247.5

0.368589 + 0.1388

0.001471 + 0.000335

0.001585 £+ 0.000359

. B, = asymptote (estimated value of the variable at maturity); $,= integration constant. For the Michaelis-Menten
model, B3, is the age that the value of the variable is exactly half of the asymptote (5, ); f3 = maturity index.

Table 9 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and II,
and von Bertalanffy models used to describe the growth curve of Total Scrotal Width (TSW)

of Mangalarga Marchador stallions.

Model IP (cm) Age at IP (days)
Gompertz 3.85 121.67
Hill 2.62 291.23
Logistic 1 5.23 277.89
Logistic 1I 5.23 279.69
von Bertalanffy 3.10 63.44

The goodness of fit for all models is shown in Table 10. Logistic I and II models showed

the lowest values for the AICc and BIC, indicating a better fitting. The Gompertz model has
the closest values of the Logistic models for both AICc and BIC. Adjusted R? values differed
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greatly among models (0.3065 to 0.3613), with Logistic I and II showing the highest values,

followed by the Gompertz model. For ESS, Logistic I and Il models presented the lowest values,

followed by Gompertz. In relation to MAD, Logistic I exhibited the lowest value; Logistic II

and Gompertz models consecutively. The Logistic II model has the value of APE closest to 0,

followed by Logistic I model (table 10).

Table 10 - Goodness of fit for nonlinear models used to describe Total Scrotal Width (TSW) of
Mangalarga Marchador stallions.

Model AICc BIC Adj. R? ESS MAD APE
Brody 350.038697 350.069344  0.3553 1.027766  0.812711  -1.13298
Gompertz  349.402697 349.433344  0.3587 1022333 0.809973  -1.12046
Hill 353.549297 353.579944  0.3361 1.058279  0.825946  -1.14807
Logistic I 348.905297 348.935944  0.3613 1.018104  0.807735  -1.11522
Logistic II  348.905297 348.935944  0.3613 1.018104  0.807739  -1.11152
Meloun I 350.038697 350.069344  0.3553 1.027766  0.812734  -1.13762
Meloun IT  350.038697 350.069344  0.3553 1.027767  0.812767  -1.13784
ﬁ'ecnhtzil‘s 357.700164 357.755962  0.3065 1.114905  0.836525  -1.27439
Mitscherlich  350.038697 350.069344  0.3553 1.027766  0.812727  -1.13055
X:ﬁalanffy 349.598297 349.628944  0.3576 1.024003  0.827655  -1.12928

AICc = Corrected Akaike’s Information Criterion; BIC = Bayesian Information Criterion; Adj. R> = Adjusted R

ESS = Error Sum of Square; MAD = Mean Absolute Deviation; APE = Average Prediction Error.

Based on the goodness of fit, the Logistic I model was selected to describe the TSW

growth curve (Fig. 2), in addition to estimating the value of AGR (Fig. 3).
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Fig. 2: Total Scrotal Width (TSW) estimated by Logistic I model in Mangalarga Marchador
stallions.

The selected animals are older than the point of higher growth rate in relation to the total
scrotal width, therefore, it is not demonstrated in the graph (Fig. 3). It is observed that the period
between 638 and 2000 days, the total scrotal width increased by 0.00231 cm per day; between
2001 and 3000 days, growth was 0.00037 cm per day; and finally, between 3001 and 8006 days,
the increase is 0.000015 cm per day.
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Fig. 3: Absolute Growth Rate (AGR) estimated by Logistic I model in Mangalarga Marchador
stallions.
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Regarding Testicular Volume, the collected data are shown in Figure 4. TV

measurements ranged from 67.17 cm? to 440.44 cm?, with average equal to 240.07 cm?.
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Fig. 4: Observed Testicular Volume (TV) of Mangalarga Marchador stallions from 638 to 8006
days of age.

Logistic I and II and Gompertz presented similar values for asymptote (table 11).
Moreover, the Michaelis-Menten, Meloun II and Mitscherlich models presented the highest
asymptotic values, while Logistic I and II models presented the lowest (table 11). For the
Michaelis-Menten model, the 8, value was 855.8652, far from the inflection point value of the
Logistic I and II models, 939.32 and 939.51 (table 12). Regarding the maturity index (f3), the
Logistics I and II models are right after the Hill model; the values are 0.002176 and 0.002177,
respectively. The estimated inflection point (IP) and age at IP showed high variability among

models (table 12).
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Table 11 - Parameter estimates for nonlinear models used to describe Total Volume (TV) of
Mangalarga Marchador stallions.

Model B1 B B3

Brody 281.8382+10.9801  1.625667 +=0.6230  0.001294 + 0.000358
Gompertz 279.9971 £10.1026  3.542254+1.9573  0.001739 + 0.000475
Hill 283.963 £ 12.6363  970.0809 +83.4210  2.743131 +0.7671
Logistic 1 278.7374 £9.6379  7.721113 £5.6335  0.002176 + 0.000595
Logistic II 278.724 £9.6361 2.045306 +0.7299  0.002177 £ 0.000595
Meloun I 281.86 + 10.9846 457.7197 £ 167.6  0.001293 + 0.000358
Meloun I1 281.914 £ 10.9960 -6.12366 + 0.3659  0.00129 + 0.000358
Michaelis-Menten 334.4492 +£21.7143 855.8652 £ 207.0 -
Mitscherlich 281.8812 +10.9892 374.9735+200.4  0.001292 + 0.000358
Von Bertalanffy 280.5592 +£10.3369  0.907366 = 0.4486  0.001588 + 0.000435

By, B, and B; are the parameters estimated by nonlinear models. f; = asymptote (estimated value of the variable
at maturity); [§,= integration constant; ;3 = maturity index.

Table 12 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and
I, and von Bertalanffy models used to describe the growth curve of Testicular Volume (TV) of
Mangalarga Marchador stallions.

Model IP (cm?) Age at IP (days)
Gompertz 103.04 727.48
Hill 90.22 734.20
Logistic I 139.36 939.32
Logistic 1I 139.36 939.51
von Bertalanffy 83.13 630.61

The goodness of fit for all models is shown in Table 13. The results are very similar to
the results presented for TSW growth curve. Logistic I and I models showed the lowest values
for the AICc and the BIC, indicating a better fitting. The Gompertz model has the closest values
to Logistic models for both AICc and BIC. The adjusted R? values did not differ much among
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all models. Logistic I and II models presented the highest value, and then the Gompertz model.

For the sum of the squares of errors (ESS), Logistic I and Il models presented the lowest values,

followed again by Gompertz. Regarding MAD, Von Bertalanffy exhibited the lowest value;

successively, the Logistic I and II models. The Logistic II model has the value of APE closest

to 0; in sequence, the values for the Logistic I and Gompertz models are soon (table 13).

Table 13 - Goodness of fit for nonlinear models used to describe Testicular Volume (TV) of
Mangalarga Marchador stallions.

Model AICC BIC Adj. R? ESS MAD APE
Brody 1353.2489  1353.28 0.2934 602053 60.9122 -12.0314
Gompertz 1351.8729  1351.90 0.3015 6010.74 60.7067 -11.82
Hill 13533137  1353.34 0.293 6115.55 61.3695 11.7127
Logistic I 13512165  1351.25 0.3053 5981.01 60.6620  -11.7695
Logistic IT 13512169  1351.25 0.3053 5981.16 60.6626  -11.7644
Meloun I 1353.2497  1353.28 0.2934 6020.60 60.9118 -12.0339
Meloun II 1353.2489  1353.28 0.2934 6021.46 60.9145 -12.0267
Michaelis- 1358.6545  1358.71 0.2541 6188.12 63.2548 -13.1591
Menten
Mitscherlich 13532489  1353.28 0.2934 6021.80 60.9167 -12.0199
Von

1352.2389  1352.27 0.2993 6018.06 57.2891 -11.8547
Bertalanffy

AICc = Information Criteria Corrected Akaike’s; BIC = Bayesian Information Criteria; Adj. R? = Adjusted R?;

ESS = Error Sum of Square; MAD = Mean Absolute Deviation; APE = Average Prediction Error.

Based on the values of the parameters and the goodness of fit, Logistic II model was

selected to describe the TV growth curve (Fig. 5); in addition to estimating the value of AGR

(Fig. 6).
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Fig. 5: Testicular Volume (TV) estimated by Logistic II model in Mangalarga Marchador
stallions.

It is possible to observe the point of higher speed of growth of the testicular volume
occurred at 638 and 940 days, the testicular volume increased by 0.146483 cm per day, until it
reaches the highest growing point at 940 days; between 941 and 2000 days, growth was
0.107589 cm per day; between 2001 and 3000 days, the increase is 0.022064 cm per day; and
finally, between 3001 and 8006 days, the increase is 0.0006192 cm per day.
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Fig. 6: Absolute Growth Rate (AGR) estimated by Logistic Il model in Mangalarga Marchador
stallions.



64

(VT) AGR ===~ (TSW) AGR

0.16 - 0.0045

0.14 - 0.004 ~
T - 0.0035 =
g0 - 0.003 g
g 0.1 ' g
) - 0.0025 =~
> 0.08 3
= - 0002 @
“= 0.06 =
; - 0.0015 5
g 00 - 0001

0.02 " 0.0005

0 L0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Aged (days)

Fig. 7: Absolute Growth Rate (AGR) estimated by Logistic I (TSW) and Logistic II (TV) model
in Mangalarga Marchador stallions.

In order to identify which of the three biometric measurements (width, length and
height) most influenced the prolonged period of testicular volume growth, the Logistic I model
was used to elaborate the growth curve of each of the measurements (fig. 8). The upper curve
refers to testicular length (TL), the greatest measurement of the testicle. The middle curve
belongs to testicular height (TH) and is very close to the lower curve, related to testicular width
(TW), as both usually have similar values. Subsequently, analyzing the graph (fig. 8), it is
possible to observe that there is a subtle difference in the moment when each begins to form the
plateau of the growth curve: close to 1500 days, it is noted that the curve referring to The TW
is closer to the plateau in relation to TL and TH curves; and at 2000 days, it is noted that the
curves related to TL and TW have already reached the plateau, while TH still shows growth.
Table 14 presents the parameters By, iR and
f35) calculated by Logistic I model. It is observed that TL has the highest maturity index (83),
therefore, it is the measure that reaches maturity more quickly; while TH has the lowest index
(B3). The wide variation in age that the three measures reach IP demonstrates how long the
process is for each of them and, consequently, how long the testicular development process of
horses is. Table 15, in turn, presents the results found for IP and age at IP through the Logistic
IT model. There is a wide variation in age that the three measurements reach IP (18.63 days to
174.13 days). Finally, analyzing the graph for the growth rates of each of the curves (fig. 9), it

is possible to conclude that testicular height (TH) is the measure that remains with the highest
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growth rate over time, therefore, it is the one that most influences the prolongation of the

development of testicular volume.

Table 14 — Parameter estimates for Logistic II model used to describe testicular width (TW),
testicular length (TL) and testicular height (TH) of Mangalarga Marchador stallions.

Trait B1 B2 B3

T™™W 4955899 +0.0780  0.291147 +0.4775 0.001672 £ 0.000434
TL 9.364976 + 0.1285 0.035223 £0.6427  0.001891 + 0.000619
TH 5.844754 +£0.1131 0.173584 + 0.4837 0.001443 + 0.000424

B, = asymptote (estimated value of the variable at maturity); ,= integration constant; 85 = maturity index.
TW = Testicular Width; TL = Testicular Length; TH = Testicular Height

Table 15 - Inflection points (IP) and age at IP estimated by the Logistic Il model used to describe
the growth curve of testicular width (TW), testicular length (TL) and testicular height (TH) of
Mangalarga Marchador stallions.

Trait IP (cm) Age at IP (days)
T™W 2.477950 174.13
TL 4.682488 018.63

TH 2.922377 120.29
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Fig. 8: Testicular width (TW), length (TL) and height (TH) estimated by Logistic II model in
Mangalarga Marchador stallions.
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Fig. 9: Absolute Growth Rate (AGR) estimated by Logistic II model for TW, TL and TH in
Mangalarga Marchador stallions.

The data collected regarding the body weight of Mangalarga Marchador stallions are
shown in Fig 10. The Body Weight measurements ranged from 310 to 520 kg. The mean
population of stallions evaluated equal to 418.42 kg.
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Fig. 10: Observed body weight of Mangalarga Marchador stallions from 638 to 8006 days of
age.

Regarding parameter estimates, the models analyzed had similar values, with the
exception of four models whose values represent the extremes. Hill and Michaelis-Menten and
Hill presented the highest asymptotic values (B;), while Logistic I and IT models presented the
lowest (table 16). Logistic I and II models presented similar values for asymptote: 444.658 and
444.6614 (table 16). For the Michaelis-Menten model, the B, value was 203.9, too far from the
inflection point value of the Logistic I and II model, 1003.74 and 1004.03 (table 17). In
sequence, are the Logistic I and II and Gompertz models, whose values of the maturity index
(B3) are 0.000904, 0.000904 and 0.000838 respectively. Although the Hill model presented the
highest f; value, equal to 0.697922, not allowed the calculation of the inflection point (table
17), once it is only possible to calculate it when B; is greater than 1 (GOUTELLE et al. 2008).

Therefore, he was disregarded from the analysis.

The estimated IP and age at IP showed a small variability between the Gompertz,
Logistic I and II and von Bertalanffy models (table 17). None of models presented a reliable

inflection point (IP), because they estimated negative values for age at IP.
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Table 16 - Parameter estimates for nonlinear models used to describe Weight of Mangalarga
Marchador stallions.

Model B1 B: B3

Brody 445.8171 +9.4349 0.307816 +0.1191 0.000775 £ 0.000357
Gompertz 445.2204 +8.7018 0.351359 +0.1316 0.000838 + 0.000350
Hill 478.4369 + 52.6311 133.68 + 130.1 0.697922 + 0.5637
Logistic I 444.658 + 8.3541 0.403581 + 0.1631 0.000904 + 0.000367
Logistic 11 444.6614 + 8.3559 -0.90764 + 0.4040 0.000904 £ 0.000367
Meloun I 445.8357+9.1078 136.9039 + 46.2325 0.000773 £ 0.000333
Meloun II 445.8174 + 9.0895 -4.92167 +0.3380 0.000775 £ 0.000333
Michaelis-Menten 459.9254 + 8.5864 203.9465 + 39.4053

Mitscherlich 445.8192 +£9.0910 -1520.35 + 1070.6 0.000775 £ 0.000333
Von Bertalanffy 445.4101 + 8.8223 0.112058 + 0.0409 0.000817 £+ 0.000344

B, = asymptote (estimated value of the variable at maturity); $, = integration constant; f; = maturity index.

Table 17 - Inflection points (IP) and age at [P estimated by the Gompertz, Hill, Logistic
I'and 11, and von Bertalanffy models used to describe the growth curve of Weight of Mangalarga

Marchador stallions.

Model IP (kg) Age at IP (days)
Gompertz 163.84 -1247.76
Hill 2.62 291.23
Logistic I 222.33 -1003.74
Logistic 11 222.33 -1004.03
von Bertalanffy 131.98 -1334.29

The goodness of fit for all models is shown in Table 18. Logistic I and II models showed
the lowest values for the AICc and the BIC, indicating a better fitting. The Michaelis-Menten
model has the closest values of the Logistics models for both AICc and BIC. Adjusted R? values
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do not differ much among all models, with Logistic I and II the highest value, followed by the
Michaelis-Menten model. For the ESS, Logistic I and II models presented the lowest values,
followed by Gompertz. In relation to MAD, Meloun I exhibited the lowest value; Brody and
Logistic I models consecutively. Only the Logistic I model has the value of APE closest to 0
(table 18).

In this study, the values of AICc, BIC and ESS were lower for the Logistic I and II
models; for the adjusted R? value, both Logistic models presented the highest and identical
values. Although Logistic I and II models presented similar results in the quality of adjustment,
the Logistic I model had the lowest value for MAD and also presented the value of APE closer

to zero, indicating better adjustment between the body weight values observed and predicted.
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Table 18 - Goodness of fit for nonlinear models used to describe body Weight growth curve of
Mangalarga Marchador stallions.

Model AICc BIC Adj. R? ESS MAD APE
Brody 1227.5869  1227.61754  0.2149 1541.153 31.97887 -0.90447
Gompertz 1227.5521  1227.58274  0.2151 1540712 31.98131 -0.90856
Hill 1228.0111 1228.04174  0.2121 1546.617  31.93086 -0.91036
Logistic I 12275209 122755154  0.2153 1540.318 31.97974 -0.90162
Logistic IT 12275209 122755154  0.2153 1540318 31.98047 -0.90396
Meloun I 12275865 122761714  0.2149 1541.154  31.97864 -0.90324
Meloun II 1227.5865 1227.61714  0.2149 1541.153  31.97884 -0.90445
Michaelis-

1226.24696 1226.30276  0.2166 1551.006  32.05051 -0.90805
Menten
Mitscherlich ~ 1227.5865 1227.61714  0.2149 1541.153 31.97901 -0.90507
VYon

1227.5631  1227.59374 0215 1540.853 31.98037 -0.90679
Bertalanffy

AICc = Corrected Akaike’s Information Criterion; BIC = Bayesian Information Criterion; Adj. R> = Adjusted R?;

ESS = Error Sum of Square; MAD = Mean Absolute Deviation; APE = Average Prediction Error.

Based on the goodness of fit, the Logistic I model was selected to describe the Weight

growth curve, in addition to estimating the value of AGR (Fig. 12). The Weight growth curve

presented by the Logistic I model is shown in Figure 11.
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Fig. 11: Body Weight growth curve estimated by Logistic I model in Mangalarga Marchador
stallions.

The collected animals are older than the point of greatest growth rate in relation to body
weight, therefore, the peak of greatest growth velocity is not shown in the graph (Fig. 12). It is
observed that the period between 638 and 2500 days, the body weight increased by 0.03448 kg
per day; and finally, between 2501 and 8006 days, the increase is 0.003238 kg per day.
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Fig. 12: Absolute Growth Rate (AGR) estimated by Logistic I model in Mangalarga Marchador
stallions.

Regarding the Wither Height of Mangalarga Marchador stallions, the data collected are
shown in Fig 13. The Wither Height measurements ranged from 139 cm to 157 cm. The mean

population of stallions evaluated equal to 147.92 cm.
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Fig. 13: Observed Wither Height of Mangalarga Marchador stallions from 638 to 8006 days of
age.

The asymptote (B;) of all models presented very close values, except the Michaelis-
Menten model, whose value was the highest, equal to 151.2428 (table 19). The Logistic I and
IT models presented the lowest and similar values for asymptote: 149.347 and 149.3469 (table
19). For the Michaelis-Menten model, the B, value was 45.08869, too far from the inflection
point value of the Logistic I and II model, whose values are 665.53 and 665.03 (table 20). In
sequence, the highest values of the maturity index (B3) were from the Logistic I and II and
Gompertz models. The values are respectively 0.00198, 0.001981 and 0.00194. The Hill model
presented the highest S5 value, equal to 1.745171.

Estimated inflection point (IP) and age at IP showed an ample range of values between
the Gompertz, Hill, Logistic I and II and von Bertalanffy models (table 20). Even so, none of

models has a reliable inflection point (IP), because they estimated negative values for age at IP.
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Table 19 - Parameter estimates for nonlinear models used to describe Wither Height of

Mangalarga Marchador stallions.

Model B1 B: B3

Brody 149.3624 + 0.4615 0.236112+0.1117 0.001895 £ 0.000495
Gompertz 149.3533 + 0.4590 0.251914 +£0.1224 0.00194 + 0.000506
Hill 149.924 + 0.7397 153.1843 £ 76.5931 1.745171 + 0.5160
Logistic I 149.347 £ 0.4570 0.267735 + 0.1335 0.00198 + 0.000517
Logistic 11 149.3469 + 0.4569 -1.31742 + 0.4986 0.001981 £+ 0.000517
Meloun I 149.3608 + 0.4612 35.36988 + 16.7035 0.001898 + 0.000496
Meloun II 149.3614 = 0.4613 -3.56481 + 0.4720 0.001897 £+ 0.000496
Michaelis-Menten 151.2428 + 0.6387 45.08869 + 7.6837

Mitscherlich 149.3614 = 0.4613 -759.833 £442.0 0.001897 + 0.000496
Von Bertalanffy 149.3563 £ 0.4598 0.082188 = 0.0396 0.001925 £ 0.000503

B, = asymptote (estimated value of the variable at maturity); $, = integration constant; f; = maturity index.

Table 20 - Inflection points (IP) and age at IP estimated by the Gompertz, Hill, Logistic I and
I, and von Bertalanffy models used to describe the growth curve of Wither Height of
Mangalarga Marchador stallions.

Model IP (cm) Age at IP (days)
Gompertz 54.96 -710.48
Hill 32.01 72.56
Logistic I 74.67 -665.53
Logistic 11 74.67 -665.03

von Bertalanffy 44.25 -727.34

The goodness of fit for all models is shown in Table 21. Logistic I and II models showed
the lowest values for the AICc and the BIC, indicating a better fitting. The Gompertz model has
values very close to the Logistic I and II models for both criteria (AICc and BIC). Adjusted R?
values do not differ much among all models, with Logistic I and II the highest value, followed
by the Gompertz model. For the ESS, Logistic I and II models presented the lowest values,
followed by Gompertz model too. In relation to MAD, Logistic II exhibited the lowest value;
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Logistic I and Gompertz models consecutively. The Logistic I model has the value of APE

closest to 0 (table 21).

In this study, the values of AICc, BIC and ESS, were lower for the Logistic I and II
models; for the adjusted R? value, both Logistic models present the highest and identical values.
Logistic Il model had lower value for MAD; however, the Logistic I model presented the value
of APE closest to zero, indicating better fit between the observed and estimated WH values.

Table 21 - Goodness of fit for nonlinear models used to describe Wither Height of Mangalarga
Marchador stallions.

Model AICc BIC Adj. R? ESS MAD APE
Brody 630.3809 630.4115 0.2488 10.62882 2.549824 -0.04861
Gompertz 630.3309 630.3615 0.2491 10.62439 2.548928 -0.04863
Hill 631.5507 631.5813 0.2414 10.73297 2.569383 -0.04931
Logistic I 630.2809 630.3115 0.2494 10.62006 2.548388 -0.04806
Logistic 11 630.2809 630.3115 0.2494 10.62006 2.548265 -0.04888
Meloun I 630.3805 630.4111 0.2488 10.62882 2.549789 -0.04839
Meloun IT 630.3805 630.4111 0.2488 10.62882 2.549795 -0.04858
Michaelis-
631.86 631.9158 0.2325 10.95105 2.604472 -0.05026

Menten
Mitscherlich 630.3805 630.4111 0.2488 10.62882 2.549814 -0.04843
Von

630.3469 630.3775 0.249 10.62585 2.549202 -0.04849
Bertalanffy

AICc = Corrected Akaike’s Information Criterion; BIC = Bayesian Information Criterion; Adj. R> = Adjusted R?;
ESS = Error Sum of Square; MAD = Mean Absolute Deviation; APE = Average Prediction Error.

The Logistic I model was selected to describe the Wither Height growth curve, due to
the values for goodness of fit. In addition, it was used to estimate the value of AGR (Fig. 15).
The Wither Height growth curve presented by the Logistic I model is shown in Figure 14



75

160

155

[N
(O]
o

145

Wither Height (cm)
=
o

135

130
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Aged (days)

Fig. 14: Wither Height growth curve estimated by Logistic I model in Mangalarga Marchador
stallions.

The collected animals are older than the point of greatest growth rate in relation to wither
height, therefore, the peak of greatest growth velocity is not shown in the graph (Fig. 15). It is
observed that the period between 638 and 1500 days, the Wither Height increased by 0.00984
cm per day; between 1501 and 2000 days, growth was 0.002525 cm per day; and finally,
between 2001 and 8006 days, the increase is 0.0001260 cm per day.
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Fig. 15: Absolute Growth Rate (AGR) estimated by Logistic I model in Mangalarga Marchador
stallions.
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4 DISCUSSION

Regarding testicular biometrics, Oliveira (2014) and Rua (2014) reported higher general
means than observed in the present study for width and height of the right and left testicles; the
general means presented for the right and left testicular length are similar. Rua (2014) evaluated
Mangalarga Marchador stallions and reported values higher than the general means of TV

observed in the present study.

The values observed for BW, TC and WH were similar to those described in the
literature for the Mangalarga Marchador breed (ZAMBORLINI, 1996; CABRAL et al., 2004;
LAGE et al., 2009; GONCALVES et al., 2012; LIMA et al., 2012; SANTIAGO et al., 2016).

As presented by other authors (THOMPSON et al., 1979; MANSO FILHO et al., 2000;
OLIVEIRA, 2014; RUA, 2014), in the present study there are significant increase (p<0.05) of
testicular size with advancing age, including TV (HAFEZ & HAFEZ, 2004; RIBAS, 2006;
ANGUS et al.,, 2011; MENDES, 2012; OLIVEIRA, 2014; and RUA, 2014). The younger
animals (GI <4 years) mostly present lower testicular measurements than animals older than 8

years (GIII).

Regarding TSW, the mean values reported by Thompson et al. (1979) were similar to
observed in the present study. This author reported mean 9.6 cm, 10.0 cm and 10.9 cm for
groups 2-3 years, 4-6 years and more than 7 years, respectively. Thompson et al. (1979) found
a significant difference (p<0.05) when comparing these groups (GI and GII) with GIII,
suggesting the age at sexual maturity of the stallions is equal to or greater than 7 years. Oliveira's

work (2014) also presented similar results.

According to this study, stallions of GI (< 4 years) have lower mean TSW (p<0.05) than
animals of GIII (> 8 years). However, GII (4-8 years) has no statistical difference for TSW
(p>0.05) in relation to GIII (> 8 years), because the intermediate group encompasses both

developing animals and stallions have already reached sexual maturity.

Analyzing the data in table 5, the significant increase was evident (p<0.05) of BW and
CT within the three age groups (GI, GII and GIII). However, WH has different behavior:
between GI and GII, the mean of WH increases significantly (p<0.05), while GII and GIII
showed no statistical difference. This result reinforces the opinion of Nascimento (1999), which

suggests the body development of MM horses is concluded at the age of 5.
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In the present study, it was verified the tendency of LTW to be higher than RTW in GI
(<4 years) and GII (between 4 and 8 years), as well as LTV being higher than RTV in GI (table
6). Oliveira (2014) and Borges et al. (2010) also presented a difference in size between the
testicles, with the measurement of the left testicle the highest. Hafez and Hafez (2004) affirm
the left testicle develops earlier and faster than the right, which explains the divergence found

between the measurements of the left and right testicles.

Table 7 shows all testicular parameters moderately correlated (r = 0.42 to 0.54), positive
and with high significance (p<0.01) with the BW of the animal, similar to the results found by
Thompson et al. (1979) and Cruz et al. (2009). Regarding the correlation coefficient between
testicular parameters and age, the classification is low to moderate (r = 0.24 to 0.45), positive
and with high significance (p<0.01), as presented by Thompson et al. (1979) and Mendes
(2012). These results demonstrate the influence of body condition on reproductive
characteristics, and BW is the most influential characteristic on testicular development of

animals.

In the present study, there are the highly significant phenotypic correlations (p<0.01),
moderate and positive between WH and TSW (r = 0.51), as well as between WH and VT (r =
0.53). In other studies, these correlations were not found, making it impossible to compare the
results. Despite the lack of research, it is possible to infer the mathematically significant

interrelationship between body and biometric measurements.

The estimate of the phenotypic correlation between TSW and TV (table 7) was high,
positive and highly significant (r = 0.85; p<0.01), allowing the estimation of good breeders
based on TSW measurement, since VT is related to the amount of testicular parenchyma and
sperm production (THOMPSON et al., 1979; LOVE et al.,1990; ROBALO SILVA, 2007;
FREITAS, 2010; ANGUS etal., 2011; ). In cattle, there is also the report of the high and positive
phenotypic correlation between VT and scrotal circumference (parameter corresponding to
TSW), ranging from r=0.77 — 0.93 (UNANIAN et al., 2000; DIAS et al., 2008; SILVEIRA et
al., 2012).

The highest magnitude correlation between TH and TV (r = 0.91; p <0.01), in relation
to the other biometric measurements, as well as the moderate correlation coefficient between
TH and age (r = 0.45; p<0.01), suggest the greater influence of TH on TV, besides the growth

of the testicles mainly in height.
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The B1 parameter refers to the value of the variable to adulthood. Therefore, first it refers
to the total scrotal width (TSW); then to total testicular volume (VT); body weight (BW) and,
finally, at withers height (WH). In the four variables analyzed, logistic I and Il models presented

the lowest estimate, approximating the calculated result to the general mean of TSW.

The B2 parameter is considered an integration constant without biological interpretation,
except for the Michaelis-Menten model. Due to the overestimation of the asymptote (1) and
the low quality of adjustment for the four variables analyzed, the Michaelis-Menten model

proved not to be adequate to the data set of the present study.

The B3 parameter, in turn, is related to the maturation rate and determines the inclination
of the curve (LOAIZA-ECHEVERRI et al., 2013). The maturation rate can be understood as
indicator of the speed which the animal approaches its adult size. For the four variables
analyzed, logistic I and II models had very similar results, remaining in second position
regarding the decreasing classification of all the results obtained. Only the Hill model obtained
the highest value in all cases, but it also overestimates the asymptote (1) and presents low

quality of adjustment for the four variables analyzed

The low values calculated for the maturity index (3) of TSW and TV, demonstrate how
long the testicular development process is in stallions. This fact is demonstrated in the graphs
of the growth curves and corroborates with the literature (JOHNSON & THOMPSON, 1983;
NADEN et al., 1990; ROSER, 2000; HAFEZ & HAFEZ, 2004; and HESS & ROSER, 2005).

The inflection point is evidenced by the high growth rate and is related to the puberty of
the animal (NOTTER et al. 1985; NIETO et al. 2006; LOAIZA ECHEVERRI et al. 2013). The
interpretation of the results for IP and age at IP in this study was variable. For TSW and TV,
the results presented by the Gompertz models and Logistic I and II are reliable. However, the
PC and WH results were negative, invalidating their biological interpretation due to the age of
the animals collected after the period of highest rate of body weight gain (REZENDE et al.,
1984; NRC, 2007; GARCIA et al., 2011; SOUZA, 2017), as well as of the withers height
(SANTOS, 1989; JORDAO & CAMARGO, 1950).

For TSW, the inflection point (IP) may be related to the period called prepuberty by
Hafez & Hafez (2004), which explains the fact that the estimated age to IP is far below the age
at puberty recommended by Naden et al. (1990).



79

Based on the results of the 1, B2 and B3 parameters and the goodness of fit calculated in
this work, the function chosen to model the growth curve of TSW, BW and WH of the
Mangalarga Marchador stallions was Logistic 1. Logistic Il model was best fitted the VT. In all
cases, the results related to the Gompertz model were very close. The absence of information
on growth curves related to TSW and TV in horses makes it impossible to compare the values

of the parameters (B1, B2, B3), IP and age to IP.

Generally, in research on animal growth curves, the nonlinear models that best fit the
data set are Gompertz, Logistic, Brody, Richards and von Bertalanffy (SOUZA, 2017),
therefore, they are the most used. Logistic I model is commonly used to describe the testicular
growth curve of bulls with moderate quality adjustment (QUIRINO et al., 1999; LOAIZA-
ECHEVERRI et al., 2013). In addition, Logistic II and Gompertz models obtained results very
close to Logistic I, favoring it use in testicular growth curves in bulls (FRENEAU et al. 1997;
QUIRINO, et al., 1999; NIETO et al. 2006; LOAIZA-ECHEVERRI, 2013), as observed in the
present study. In the case of the growth curve for BW, the von Bertalanffy (SOUZA, 2017) and
Weibull models (SANTOS et al., 2007) were indicated in the literature. For WH, Logistic I
(RIBEIRO et al., 2018), Logistic I (SOUZA, 2017), Weibull (SANTOS et al., 1999) and
Richards models (SANTOS et al.,, 2007) were recommended. Considering the variation
between the experiments, mainly related to the methodology and management conditions of the
animals, it is common to find differences in the adjustment between the models for each

research (SANTOS et al., 2007).

In the present study, the TSW growth curve showed an increase in testicular size up to
approximately 2000 days. Additionally, TSW showed a faster growth rate in the period between
638 and 2000 days. This period coincides with the phase of sexual maturation described in the
literature consulted (JOHNSON & THOMPSON, 1983; ROSER, 2000; and HESS & ROSER,
2005). The period between 2000 and 3000 days approximately is marked by the plateau in the

growth curve; meanwhile, the speed became almost negligible.

For TV, the growth curve showed a rapid increase between 638 days and approximately
2000 days. From this point, the beginning of the plateau of the growth curve was evident and,
close to 3000 days, the curve established the plateau. Unlike what happened with TSW, the
speed of TV growth showed the peak maximum velocity in the period between 638 and
approximately 1000 days. This peak coincides with the inflection point calculated for Logistic
II model. After eminence, it was observed a considerable growth rate, although it was declining.

The speed becomes almost negligible from 3500 days. The evaluation of data on testicular
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volume growth velocity corroborates with the described by Hafez & Hafez (2004). The
mentioned period (638 to 3500 days) covers all phases of stallion’s development described in
the literature consulted (THOMPSON et al., 1979; JOHNSON & THOMPSON, 1983; NADEN
et al., 1990; ROSER, 2000; and HESS & ROSER, 2005).

TV is the most reliable measure of the prolonged testicular growth behavior of stallions,
which allows their binding to testicular maturity. In order to explain this statement, some
differences between the results obtained for TSW and TV are demonstrated. TV reached the
plateau near 3000 days of age, later than the plateau reached by TSW (approximately 2500
days). The age at IP found for TV was older than TSW.

In order to identify which of the three biometric measurements (testicular width, length
and height) directly influenced the dilation of the TV growth, logistic II model was used to
elaborate the growth curve of each of the measurements. First, we noticed the wide variation
between the three measures in relation to maturity index (B3) and age to IP. The growth curves,
in turn, demonstrated the subtle difference as to the moment at which each one begins to form
the plateau of the growth curve, at 2000 days, it was noted that the curves referring to TL and
TW have already reached the plateau, while TH still presents growth. Finally, the growth rates
of each of the curves (allows us to infer testicular height (TH) is the one that most influenced
the extent of testicular volume development, as it is the measure that remains with the highest

growth rate over time. We did not find any other report in the literature about this observation.

Analyzing the graph corresponding to the BW growth curve, a subtle increase is noticed
up to approximately 2000 days; while the evaluation of the graph referring to the speed of
growth shows, in the period between 638 and 2000 days, a considerable growth rate, despite
being declining. The plateau in the growth curve became evident after approximately 2500
days. The speed becomes almost negligible around 5700 days, demonstrating that the animals

still have weight gain for a prolonged time, but at a very small rate.

For WH, the graph corresponding to the growth curve (fig. 14) has a considerable
increase between 638 and 1500 days approximately; while the evaluation of the graph referring
to growth rate (fig. 15) demonstrates the presence of a considerable growth rate, despite being
falling abruptly. From approximately 2000 days, the plateau in the growth curve is evident (fig.
14); while the growth rate is very low, approaching abscissa just before 3000 days (fig. 15).
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5 CONCLUSION

Testicular biometry can be included in the genetic selection programs of Mangalarga
Marchador stallions with the same relevance as the morphometric characteristics. In addition,
the use of nonlinear models to describe the growth curve, by the cross-sectional method of
obtaining data, can be applied in the study of TSW, TV, BW and WH in Mangalarga Marchador
stallions, in a wide age group (638 to 8006 days). For TSW, BW and WH, the most indicated
model is Logistic I; while for TV, the Logistic II model.
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