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RESUMO

TAMY, Wagner Pessanha, M. Sc., Universidade Estadual do Norte Fluminense
Darcy Ribeiro; Fevereiro de 2011; Modelagem da massa de fibra no rdamen:
aspectos relacionados a capacidade do animal em reter a carga fibrosa da digesta;

Professor Orientador: Ricardo Augusto Mendonca Vieira.

O conjunto de dados coletados de conteudo ruminoreticular fresco, matéria seca,
fibra e lignina, bem como, taxa de consumo de matéria seca, fibra e lignina e cinética
de particulas, foi formado por medidas realizadas em bovinos, caprinos e ovinos. Os
objetivos foram estimar parametros relacionados ao conteddo dos componentes
guimicos no rumen-reticulo e parametros de taxa de passagem. Um modelo
alométrico foi usado com peso corporal (W) como uma variavel independente para
estimar padrdes de valores de referéncia para contetdo ruminoreticular fresco, seco,
de fibra e lignina. Estimativas de parametros de taxa de passagem foram obtidas por
um apropriado modelo compartimental de perfis de excrecdo de marcadores nas
fezes a partir de bovinos e ovinos. Considerando isto, outro modelo alométrico com
W e taxa de consumo de fibra (Fypr) como variavel independente foi usado para
escalonar o tempo médio de retencdo ou turnover de particulas fibrosas no raimen-
reticulo. Uma regressdo robusta nao-linear pelo procedimento de minimos
guadrados foi usada para ajustar o modelo. Na sequéncia, o melhor preditor linear
ndo viciado (BLUP) foi construido para estabelecer uma relacdo empirica entre a

ordem de dependéncia de tempo (N) no ajuste do modelo compartimental e o



escalonamento da taxa de consumo de fibra (Fypr = Fypr/W,gd 1kg™1). A
qualidade do ajuste de todos 0os modelos usados e a verossimilhanca das hipoteses
sobre os valores de referéncia dos seus parametros foram avaliados pelo computo
de critérios de informacdo. Taxas de consumo de matéria seca e fibra escalonaram
isometricamente a W, e o0 mesmo efeito de escalonamento foi observado para os
contetdos de matéria seca e fibra no ramen - reticulo. O conteddo ruminal fresco e
de lignina escalonaram a 3/4 de poténcia do W, considerando que a taxa de
consumo de lignina escalonou a W12°, Portanto, o turnover de lignina é mais lento
em caprinos e ovinos em relagdo aos bovinos porque € escalonado
proporcionalmente para W%75-120 = =045 QO tempo médio de retengdo, baseado
na cinética de marcadores de particulas, relaciona-se alometricamente a Fyp,r € W, €
o escalonamento do turnover de particulas foi inversamente relacionado para Fypp.
Para ilustrar, o turnover de particulas fibrosas escalona para (Fygpr) %% e W08,
Baseado no BLUP estimado para predizer N como uma funcdo de Fji,r, OS
seguintes critérios foram estabelecidos: para Fipr > 12, N = 1; para 9.5 < Fypr <
12, N=2; para 53<Fi,r<95 N=3; e para Fy,r <53, N=4. Por
consequéncia, os parametros de taxa de passagem dos modelos compartimentais
ajustados podem ser preditos como a seguir: A(h™) = (FSpp) W08 N /28.8; e
k(h™Y) = (F{pp)°°CW %8 N /50.4.

Palavras-chave: Ruminantes, Alometria, Fibra, Consumo, Turnover, Replecao

ruminal.



ABSTRACT

TAMY, Wagner Pessanha, M. Sc., Universidade Estadual do Norte Fluminense
Darcy Ribeiro; February 2011; Modeling the pool size of fiber in the rumen: aspects
related to the animal's ability to retain charge fibrous digesta; Adviser: Ricardo

Augusto Mendonca Vieira.

Collated data on pool sizes of fresh, dry matter, fiber and lignin in the
ruminoreticulum as well as dry matter, fiber, and lignin intake rates and particulate
kinetics were formed up by cattle, goats and sheep measurements. The goals were
estimating parameters related to the pool sizes of chemical components in the
ruminoreticulum and passage rate parameters. An allometric model was used with
body weight (W) as an independent variable to estimate standard reference values
for fresh, dry, fiber and lignin ruminoreticular contents. Estimates of the passage rate
parameters were obtained by fitting a compartmental model to marker excretion
profiles in feces from cattle and sheep. In this regard, another allometric model with
W and fiber intake rate (Fypr) as independent variables was used to scale the mean
retention time or turnover of fibrous particles in the ruminoreticulum. A robust
reweighted nonlinear least squares procedure was used to fit the models. In
sequence, a best linear unbiased predictable function was built to establish an
empirical relationship between order of time dependency (N) in the fitted

compartmental model and the scaled fiber intake rate (Fypr = Fypr/W,gd 1 kg™1).
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The quality of fit of all models used and likelihood of hypotheses about reference
values of their parameters were assessed by computing information criteria. Intake
rates of dry matter and fiber scaled isometrically to W, and the same scaling effect
was observed for pool sizes of dry matter and fiber in the ruminoreticulum. The fresh
and lignin contents in the organ scaled to 3/4 power of W, whereas lignin intake rate
scaled to W'2°, Therefore, the lignin turnover is slower in goats and sheep than
cattle because it scaled proportionally to W°75-120 = =045 Mean retention times
based on particulate marker kinetics related allometrically to Fypr and W, and the
scaled turnover of particles was inversely related to Fy,r. To illustrate, the turnover of
fibrous particles scaled to (Fiyr)~%%¢ and W°%_ Based on the estimated best linear
unbiased functions to predict N as a function of Fg,r, the following criteria were
arbitrarily established: for Fypr > 12, N =1; for 95 < Fypr <12, N =2; for 53 <
Fypr < 9.5, N = 3; and for Fypr < 5.3, N = 4. Thence, the passage rate parameters
of the fitted compartmental models could be predicted as follows: A(h™1) =
(Fipp) 56w =008 N /28.8; and k(h™1) = (F{pr)*56W =08 N /50.4.

Keywords: Ruminants, Allometry, Fiber, Intake, Turnover, Rumen fill.
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1 - INTRODUCAO

A criagdo de ruminantes segundo o paradigma do desenvolvimento
sustentado exige adequado manejo nutricional efetuado a partir de sistemas
nutricionais que precisam ser adaptados para as condi¢des tropicais (Malafaia et al.,
1999; Vieira et al., 2000c). Somente com o conhecimento quantitativo das
necessidades nutricionais dos animais e do valor nutritivo das forragens, gréos e
subprodutos agroindustriais empregados em sua alimentacdo, poderdo ser
formuladas racdes que minimizem os custos com a alimentacdo, as perdas em
nutrientes e resultem em maior eficiéncia para os sistemas de producdo animal
(Russell et al., 1992; Sniffen et al., 1992; AFRC, 1993; 1997; NRC, 1996; 2001).

Existem, basicamente, dois paradigmas acerca da retencdo da fibra no
ramen-reticulo. O primeiro, e aparentemente mais aceito pela comunidade cientifica,
parte da modelagem da massa ruminal de fibra minimamente dividida em dois
compartimentos: um representando a fracdo potencialmente digerivel e o outro a
fracdo indigerivel da fibra consumida. Este paradigma apresenta falhas em seu
poder preditivo (Huhtanem et al., 1995; Vieira et al., 2000; 2008), no entanto, é o
modelo em uso dentro dos diferentes sistemas nutricionais (Jarrige, 1988; AFRC,
1993; 1997; NRC, 1996; 2001; Fox et al., 2003).

Pesquisadores da Texas A&M (W. C. Ellis e J. H. Matis) propuseram uma
modelagem alternativa com base na hipotese de retencdo da fibra de Robert E.
Hungate. Esta modelagem foi construida sobre o fato de que os perfis de passagem

de material fibroso n&o digerido sdo produzidos por dois compartimentos de
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retencdo dentro do ramen-reticulo e, apds, obedecem a um fluxo laminar ao longo
do restante do trato gastrintestinal até o primeiro aparecimento deste material nas
fezes.

Esta interpretacdo cinética alternativa parece produzir predicdes mais
verossimeis sobre a dindmica da fibra no ramen e, também, de outras variaveis de
interesse por ela afetadas: o consumo voluntério, o crescimento microbiano no
ramen, a absorcédo e utilizacdo de nutrientes e a predicdo do desempenho das
funcbes zootécnicas dos animais. Todas estas variaveis impactam a
sustentabilidade dos sistemas de producdo de ruminantes, e sendo assim, de
grande importancia o seu estudo, para possibilitar diminuicAo dos custos de
producdo e evitar que animais ruminantes venham a ter problemas com relagdo a
guantidade de fibra na dieta.

A dindmica de passagem da massa de fibra no raimen pode ser predita em
alguns sistemas nutricionais, por técnicas de evacuacdo ruminal ou estimada
diretamente com base na cinética de marcadores de particulas excretados nas
fezes. As estimativas obtidas por estudos de marcadores proporcionam maior
acuracia para interpretar os perfis de taxa de passagem e determinar o tamanho do
pool de fibra no ramen (Ellis et al., 1991, 1994, 2002). A estimativa da taxa de
passagem, bem como as variaveis fornecidas por ela (N = ordem de dependéncia
de tempo, A1 = transferéncia de particulas do raft para o pool de particulas
escapaveis e k = escape de particulas elegiveis do rimen para o restante do TGl), e
tendo em vista que algumas variaveis como a massa corporal € 0 consumo exercem
influéncia em outras variaveis (por exemplo, contetddo ruminal de fibra), permitiram o
desenvolvimento de um modelo matematico que possibilita predizer o tempo médio
de retencdo ruminal ou turnover e as variaveis N, A e k, que por sua vez, descrevem
a dinamica da massa de fibra no rimen. Estas variaveis sao de extrema importancia
para calcular o contetdo ruminal de fibra como demonstrado por Vieira et al. (2008).

O objetivo central do presente estudo, portanto, foi o desenvolvimento de
modelos para predizer o turnover, bem como, 0 consumo e contelddo em
componentes quimicos da digesta no compartimento ruminoreticular, com base em
suas relagcdes com o consumo de fibra e a massa corporal para que possam ser
usados como restricdes em programas nutricionais de formulacdo de dietas para

ruminantes domeésticos.
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2 - REVISAO DE LITERATURA

2.1 - Tipos de ruminantes

Os ruminantes sdo animais que sofreram adaptacdes evolutivas ao longo do
tempo que lhes permitiram o aproveitamento dos nutrientes contidos em plantas
fibrosas. Estes animais ndo séo capazes de produzir as enzimas necessarias para o
processo de digestdo da fibra, mas possuem compartimentos gastrintestinais de
retencdo da digesta, como o rumen-reticulo (RR) que permitem o desenvolvimento
de bactérias, protozoarios e fungos que realizam essa funcéo.

Existem aproximadamente 150 espécies de ruminantes no mundo. Durante a
evolucdo desses animais surgiu uma fascinante variedade de formas, o que
culminou em uma impressionante amplitude de massa corporal na faixa entre
3-1200 kg, aproximadamente. Além disso, as espécies atuais da subordem
Ruminantia conseguem viver em uma enorme variedade climéatica e geogréfica
(Hofmann, 1989). O clima, as pressfGes do habitat e as oportunidades ecoldgicas
influenciaram notavelmente a diversidade dos ruminantes. Hofmann (1989), em
revisdo baseada em estudos detalhados de todas as partes do sistema digestivo dos
ruminantes, trabalhou com 65 espécies em quatro continentes e classificou os
ruminantes em trés grupos distintos de acordo com o seu tipo de alimentacado, que
podem ser descritos como pastadores (bovinos, ovinos, bdfalos, etc.),
selecionadores (alce, girafa, dikdik, etc.) e intermediarios (caprinos, gazela, antilope,

etc.):
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e Pastadores — somente 25% das espécies sdo classificadas como
pastadoras que se adaptaram a forragens ricas em parede celular, que por
seu turno contém carboidratos estruturais (ex. celulose, hemicelulose e
pectina), também denominados alimentos fibrosos;

e Selecionadores — mais de 40% das espécies, sdo caracterizadas como
selecionadoras, consomem alimentos de alta qualidade, plantas com
conteudo celular soluvel e pouca fibra;

e Intermediarios — em torno de 35% das espécies sao oportunistas, pois

misturam as dietas.

2.1.1 - Diferengas no trato digestorio dos ruminantes

Pesquisas tém demonstrado que a ecologia da alimentacdo e a dieta sdo
fatores adaptativos primarios na evolucdo dos ruminantes, sendo 0 peso e O
tamanho corporal, fatores secundarios na adaptacéao a diferentes tipos de alimentos.
Isto permite uma comparacao entre todas as espécies de ruminantes, que variam de
animais com 3 kg de peso vivo (ex: Dikdik), a animais com mais de 1000 kg de peso
vivo (ex: Gauro) (Hofmann, 1989).

Devido aos diferentes tipos de alimentacdo adotados por cada grupo de
ruminantes, sdo encontradas importantes diferencas no trato digestivo de acordo
com o grupo em que eles se encontram. Podem-se encontrar tais diferencas nas
glandulas salivares, ramen, reticulo, omaso, abomaso e intestinos.

As glandulas salivares séo indicadores de seletividade e nichos de dieta, este
orgao regrediu com o aumento da fibra na alimentacdo dos ruminantes, ou seja, a
glandula salivar € mais desenvolvida nos animais dos grupos selecionadores e
intermediarios do que nos pastadores (Hofmann, 1989). Kay (1987) encontrou
resultados semelhantes ao examinar glandulas salivares parétidas de ruminantes. A
maior producéo de saliva com caracteristica ainda mais serosa nos selecionadores e
intermediarios € uma contra-adaptacdao as defesas quimicas das plantas que
produzem compostos fendlicos com a propriedade de se complexar as proteinas
salivares (complexos tanico-protéicos) e torna-las insollveis no RR, 0 que permite a
ingestdo de moderadas quantidades de tanino e sua neutralizagéo pela saliva de
algumas espécies. Alguns experimentos tém demonstrado que o complexo tanino-

proteina é dissociado no meio acido abomasal (Hofmann, 1989; Van Soest, 1994).
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O rumen-reticulo é considerado uma camara de fermentagdo por permitir o
desenvolvimento de microrganismos simbidnticos que degradam compostos fibrosos
e liberam acidos graxos volateis que sédo absorvidos pelos animais ruminantes. O
ramen também apresenta diferentes caracteristicas de acordo com o tipo de
ruminante e o padrdo de alimentacdo que ele adota. O rimen é formado por uma
forte camada muscular, com poderosos pilares, arcos e pregas que o subdividem.
Nos ruminantes selecionadores esta musculatura € menos desenvolvida em relacéo
aos pastadores, independente do tamanho do animal; dois exemplos disto séo a
girafa e 0 alce que sao grandes ruminantes selecionadores, mas a musculatura do
seu rimen tem s6 a metade da espessura observada no budfalo. As papilas ruminais
tém como principal funcdo a absorcao de acidos graxos volateis, e de acordo com o
tipo de alimentacédo as papilas aumentam (plantas ricas em conteudo celular), ou
diminuem (plantas ricas em parede celular) em tamanho e quantidade. Em funcéo
do tipo de alimentacdo pobre em parede celular e rica em conteudo celular, os
ruminantes selecionadores possuem papilas ruminais maiores e mais desenvolvidas
em relacdo aos intermediarios e aos pastadores, pois estes tipos de alimentos ao
serem fermentados pelos microrganismos do rumen produzem maiores quantidades
de propionato e butirato em relacdo aos alimentos ricos em parede celular. Estes
acidos graxos, por sua vez, induzem a formacao de novas papilas ruminais. Outro
fator importante seria a taxa de passagem destes alimentos que é mais rapida, o
gue induz o animal a um maior numero de refei¢cdes por dia e gera maior producao
de acidos graxos volateis e, consequentemente, maior desenvolvimento de papilas
ruminais (Hofmann, 1989).

O reticulo também possui suas diferencas de acordo com cada grupo de
ruminantes e o seu tipo de alimentacédo. O reticulo dos ruminantes selecionadores é
maior em relacéo ao dos pastadores, este fato compensa a pequena parte dorsal do
ramen dos selecionadores, e tem funcdo importante na motilidade da digesta. O
omaso dos animais selecionadores é menor em relacdo ao dos animais pastadores.
O omaso tem a funcdo de ultimo compartimento de retencdo de particulas, que
seleciona e direciona as particulas elegiveis ao escape para o abomaso, bem como,
as que devem retornar para o rumen a fim de ganharem as caracteristicas
necessarias para seguirem o fluxo normal da digesta no sentido retal, e também
realiza a absorcdo de agua e eletrolitos, funcdo esta que o pequeno omaso dos

selecionadores e intermediarios ndo é capaz de realizar. Por este motivo em
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particular, os animais selecionadores e intermediarios possuem um longo colon
espiral que fornece tempo e superficie de absorcdo para &gua e eletrdlitos
(Hofmann, 1989).

A mucosa do abomaso é 100% maior nos animais selecionadores em relacéo
aos pastadores e 50% maior em relacao aos animais intermediérios. A propor¢céo de
HCI produzido nas células parietais é de 20% do tamanho do tecido da mucosa,
independente do tipo de alimentagdo que o animal consome, com isSso 0S
ruminantes selecionadores produzem HCl em maior quantidade, independente do
tamanho corporal e do tipo de alimentacdo. O HCI exerce fun¢des importantes no
estbmago dos ruminantes, como por exemplo: neutralizar em grande parte
nutrientes sollveis transportados pela saliva alcalina; digerir os corpos microbianos;
fornecer pH adequado para atividade da pepsina; dissolver calcio e fosforo das
plantas; quebrar o complexo tanino-proteina; e solubilizar a hemicelulose que
escapa da fermentacdo ruminal (Hofmann, 1989).

Gordon & lllius (1994, 1996) e Robbins et al. (1995) examinaram o0s
componentes da hipotese de Hofmann, e n&o encontraram apoio para as
adaptacdes morfo-fisioldgicas ao tipo de dieta nas classes de ruminantes, e sendo
assim, atribuiram as diferencas na funcdo digestiva a massa corporal ou as
caracteristicas alimentares. Como resultado, o consenso foi que a hipétese de
Hofmann quanto a morfologia do trato digestivo e fungcédo das classes de ruminantes
€ insuficiente (Robbins et al., 1995.; lllius, 1997). Embora valido cientificamente, os
estudos de Gordon e lllius (1994, 1996) e Robbins et al. (1995) ndo examinaram
completamente componentes da hipotese de diversificacdo dos ruminantes e,
portanto, ndo devem ser considerados para apoiar ou refutar a hipétese de Hofmann
(Ditchkoff, 2000).

Os ruminantes selecionadores e intermediarios ainda realizam fermentacéo
no intestino grosso, estes possuem o0 ceco bem desenvolvido como camara de
fermentacdo distal, o que aumenta o tempo de retencéo de particulas e melhora a
digestdo da fibra (Van Soest, 1994).

Os ruminantes, como um grupo bem definido de mamiferos herbivoros,
apresentam estas diversas caracteristicas evolutivas descritas acima, as quais foram
adquiridas ao longo de milhdes de anos, e proporcionam grandes vantagens em
relacdo as espécies ndo ruminantes, e mostram muitos sinais de evolucdo ainda em

Curso.
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2.2 - Fibra

A fibra representa a fracao de carboidratos dos alimentos de digestao lenta ou
indigestivel e, dependendo de sua concentracdo e digestibilidade, impde limitacdes
ao consumo de matéria seca e energia (Mertens, 1987).

A fibra é constituida por carboidratos que sdo usados como fonte de energia
pelos microrganismos do rumen e tem sido empregada na caracterizacdo de
alimentos para estabelecer limites maximos de ingredientes nas rac6es (Van Soest,
1994). No entanto, os nutricionistas ndo chegaram a um consenso sobre uma
definicdo de fibra, bem como sobre a concentracéo ideal de fibra para otimizar o
consumo de energia pelos ruminantes domeésticos. A fibra € essencial, pois 0s
acidos graxos volateis produzidos a partir de sua degradacéo e fermentacdo no RR
séo as principais fontes de energia para o animal (Mertens, 2001).

As forragens sé@o importantes fontes em nutrientes na nutricdo de ruminantes.
Além de proteina e energia, as forragens provém fibra necessaria as racdes para
promover a ruminacdo e saude do animal. Na formulacdo de dietas para 0s
ruminantes domeésticos, a qualidade e a quantidade de forragem sdo importantes
fatores a serem analisados para o atendimento as exigéncias nutricionais e de fibra
desses animais (Mertens, 1997). Os componentes concentrados sdo usados para
suplementar as contribuicbes nutricionais das forragens.

Os carboidratos sdo os principais constituintes das plantas forrageiras,
correspondendo de 50 a 80% da MS forrageira e dos grdos cereais. As
caracteristicas nutritivas dos carboidratos das forrageiras dependem dos acucares
gue os compBem, das ligacBes entre eles estabelecidas e de outros fatores de
natureza fisico-quimica. Assim, os carboidratos das plantas podem ser agrupados
em duas grandes categorias conforme a sua uniformidade de digestibilidade no trato
gastrintestinal, em fibrosos e nao fibrosos (Mertens, 2000; Huhtanen et al., 2006).

Os carboidratos néo estruturais (CNE) incluem os carboidratos encontrados
no contetdo celular, como glicose e frutose, e os carboidratos de reserva das
plantas, como o amido, a sacarose e as frutosanas. Os carboidratos estruturais (CE)
incluem aqueles encontrados normalmente constituindo a parede celular,
representados principalmente pela pectina, hemicelulose e celulose, que sé&o os
elementos mais importantes na determinacdo da qualidade nutritiva das forragens

(Van Soest et al.,, 1991; Hall, 2003). A natureza e concentragcdo dos carboidratos
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estruturais da parede celular sdo os principais determinantes da qualidade dos
alimentos volumosos, especialmente de forragens (Van Soest, 1994).

A classificagéo dos carboidratos em CF e CNF refere-se unicamente a fungao
desempenhada nas plantas e ndo deve ser confundida com papel dos carboidratos
na nutricdo animal (Mertens, 1996). Os CF sao encontrados na parede celular dos
vegetais e fornecem o suporte fisico necesséario para crescimento das plantas. Os
CNF estdo localizados no conteddo celular e s@o encontrados em maior
concentracdo nas sementes, folhas e hastes e representam reservas de energia
usadas para reproducéo, crescimento e sobrevivéncia durante periodos de estresse
(Mertens, 1992).

Embora muitas vezes usadas como sinbnimos, os termos parede celular e
fibra ndo representam fraces idénticas dos carboidratos, tanto em definicdo quanto
em composi¢cdo. Em relagcdo a composicao de alimentos, fibra € um termo usado
para estabelecer um conceito puramente nutricional (Nussio, et al. 2001). A fibra é
definida por nutricionistas como a fracdo indigestivel ou de lenta digestdo do
alimento que ocupa espaco no trato gastrintestinal. Assim a parede celular ndo pode
ser considerada como uma medida acurada da fibra, pois contém pectina, que além
de ser soluvel no liquido ruminal, possui digestibilidade alta e constante. Assim, 0s
carboidratos estruturais recuperados no preparado fibroso podem ser denominados
fibrosos e aqueles soluveis em solucdo detergente neutra podem ser denominados

nao fibrosos (Mertens, 1996).

2.2.1 - Fibra bruta (FB)

E isolada por &cidos e bases fortes. A extracdo &cida remove amidos,
aclcares e parte da pectina e da hemicelulose dos alimentos. A extracdo basica
retira proteinas, pectinas e hemicelulose remanescentes e parte da lignina (Mertens,
2001). A FB consiste principalmente de celulose adicionada de pequenas
guantidades de lignina e hemicelulose. Atualmente quase inexistem novos trabalhos
de pesquisa utilizando a FB, pois os métodos FDA e FDN desenvolvidos por Van
Soest & Wine (1968) passaram a ter maior precisao e verossimilhanca para serem

utilizados em pesquisa na nutricdo de ruminantes.



22

2.2.2 - Fibrainsoluvel em detergente acido (FDA)

A fracdo de fibra em detergente acido (FDA) dos alimentos inclui celulose e
lignina como componentes primarios, além de quantidades varidveis de cinza e
compostos nitrogenados. A concentracdo de nitrogénio insolivel em detergente
acido (NIDA) é usada para determinar a disponibilidade de proteina em alimentos
tostados. Taninos, se presentes, sdo uma possibilidade para aumentar a proteina
insolUvel associada com a parede celular da planta. Outra é a reacao de Maillard ou
ndo enzimatica causada pelo aquecimento e secagem. O nitrogénio nestas fracdes
tem baixa disponibilidade biolégica e tende a ser recuperado na FDA (Van Soest,
1994). A concentracao de NIDA em forragens tem uma alta correlacdo negativa com

a digestibilidade aparente da proteina.

2.2.3 - Fibrainsoluvel em detergente neutro (FDN)

A fracdo de fibra em detergente neutro inclui celulose, hemicelulose e lignina
como 0s componentes principais. Atualmente o método de FDN é o que melhor
representa a fracdo do alimento de digestdo lenta ou indigestivel e que ocupa
espaco no trato digestorio dos animais. O método original de FDN descrito por Van
Soest & Wine (1968) usa sulfito de sodio para remover proteinas contaminantes da
FDN partindo ligacdes disulfidicas e dissolvendo muitas ligacbes de proteina
(Mertens, 2001). Esse método passou por varias modificacbes desde sua
publicacdo, sendo essa a principal causa de variacdo nos resultados de analise
entre laboratérios. Foi demonstrado que o método original ndo remove
adequadamente amido dos graos e de silagem de gréaos.

Van Soest et al. (1991) desenvolveram o método do residuo de detergente
neutro (RDN), o qual usa amilase estavel a quente no procedimento para remover
amido, porém, o sulfito de sbédio foi removido do procedimento por causa de
preocupacdes sobre a possivel perda de lignina e compostos fendlicos. Embora o
método de RDN resolva muitos problemas para mensurar a fibra em alimentos com
amido, ndo eliminou todas as dificuldades necessarias para estabelecer FDN com
acuracia (Mertens, 2001).

Undersander et al. (1993) (citados por Mertens, 2000) desenvolveram um

método de FDN para medir fibra em todos os tipos de alimentos, chamado de FDN
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amilase-tratada (aFDN). O método de aFDN usa amilase e sulfito de sodio para
obter FDN com contaminagdo minima de amido e proteinas. Se o objetivo é medir a
fibra total com precisdo em alimentos com contaminagcdo minima através de proteina
digestivel ou amido, o método de aFDN deve ser o preferido.

Infelizmente, os resultados de todos os trés métodos (FDN, RDN, e aFDN)
sdo geralmente chamados FDN, embora os resultados dos trés métodos possam ser
bastante diferentes. Entdo, € importante saber o que esta sendo definido como FDN
e entender que algumas das discrepancias entre laboratérios e entre os resultados
de FDN podem resultar de diferencas devido ao método utilizado (Mertens, 2001).
Atualmente, o método de referéncia € o de quantificacdo da fibra por meio de
tratamento em solucéo detergente contendo sulfito de sédio e adicionada durante o
processo de digestdo a amilase termoestavel, sendo o residuo final corrigido para as
cinzas insoluveis e melhor denominado aFDNmo ou matéria organica fibrosa tratada
com amilase, o que vem do inglés aNDFom de amylase treated NDF organic matter
(Mertens, 2000; Udén et al., 2005).

2.2.4 - Lignina

A lignina € um polimero fendlico que se associa aos carboidratos estruturais
celulose e hemicelulose durante o processo de formacédo da parede celular vegetal,
0 que altera significativamente a digestibilidade destes carboidratos das forragens
(Van Soest & Wine, 1968).

Sua composicao, estrutura e quantidade variam de acordo com o tecido, 0s
orgaos, a origem botanica, a idade da planta e os fatores ambientais (Akin, 1989). A
lignina presente em leguminosas, geralmente, € mais condensada e se encontra em
maior quantidade, para um mesmo estagio de maturidade, do que as encontradas
em gramineas (Grenet & Besle, 1991)

O procedimento para determinacdo de lignina em detergente acido (LDA)
inclui ambos os métodos hidrolitico (acido sulfurico) e oxidativo (permanganato de
potassio); a variante acida sulfurica de LDA é a mais popular. A lignina Klason é o
residuo remanescente depois de uma hidrolise por acido sulfarico em duas fases,
gue € comumente usada para determinar os componentes de acucar neutro dos

polissacarideos da parede celular. A lignina Klason é melhor marcador para a

digestibilidade que a Lignina obtida apds oxidag&o por permanganato.
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2.2.5 - FDN efetiva e fisicamente efetiva

Estes dois conceitos sédo relacionados, pois a efetividade da fibra na
manutencdo da percentagem de gordura do leite € diferente da efetividade da fibra
em estimular a atividade de mastigacao. A FDN efetiva (eFDN) esté relacionada com
a capacidade total de um alimento em diminuir a fibra de maneira que a
percentagem de gordura no leite ndo se altere. A FDN fisicamente efetiva (feFDN)
esta relacionada com as propriedades fisicas da fibra (principalmente o tamanho da
particula) que estimula a atividade de mastigacdo e estabelece uma estratificacéo
bifasica dos contetddos ruminais (uma camada flutuante de grandes particulas sobre
a fase liquida contendo pequenas particulas dispersas). A feFDN vai sempre ser
menor que a FDN, no entanto a eFDN pode ser menor ou maior que a concentragédo
de FDN em um alimento (Mertens, 2000).

O feFDN fornece uma medida mais consistente da fibra efetiva do que a
atividade mastigatéria por estar em consonadncia com duas propriedades
fundamentais dos alimentos: fibra e tamanho de particula, e independéncia de
fatores animais. O conceito de eFDN pode representar todas as caracteristicas do
alimento que ajudam a manter a sintese de gordura do leite (Mertens, 2000).
Embora uma baixa porcentagem de gordura de leite seja um indicador de dietas
inadequadas, nem sempre a diminuicdo desta é causada pela dieta, o que sugere
gue a depressao na gordura do leite talvez ndo seja o melhor indicador de funcéo
ruminal ou de saude animal. Assim, a eFDN pode ser um indicador menos sensivel
gue feFDN da efetividade da fibra prevenindo depressdo de consumo, acidose,
laminite ou deslocamento de abomaso em vacas leiteiras (Hall, 2001).

Para Mertens (2001) uma reducéo no nivel de fibra efetiva na dieta resulta em
uma série de eventos que ocorrem em cascata: menor mastigacao pelo animal,
menor secrecdo de saliva (combinado com uma maior producdo de acidos graxos
volateis) resultam em decréscimo no pH ruminal, mudanca nas populacbes
microbianas, reducao na relacao acetato:propionato, depresséo da gordura do leite e
de nutrientes para engorda. Dos métodos de determinacdo de fibora a FDN € a
melhor medida do conteddo de fibra total de um alimento, servindo como base para

determinar fibra efetiva.
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2.3 - Formulacao de ra¢des

A formulagdo de racBes para ruminantes, além de prover os nutrientes
demandados para suportar um determinado nivel de producdo, é muito importante
para o normal funcionamento do metabolismo animal e a manutengdo de um
ambiente ruminal adequado para o crescimento de microrganismos, por esta razao é
necessario que um minimo de fibra seja inserido na dieta destes animais visando
manter sua saude e produtividade.

Uma das principais caracteristicas dos carboidratos, principalmente aquelas
relacionadas aos carboidratos das forragens, € a efetividade em promover a
atividade fisica motora do trato gastrintestinal. Os ruminantes retém fibra no rimen
por um tempo adequado de digestdo para cada classe animal, pois ingerem
particulas grandes enquanto comem, e estas particulas grandes estimulam a
atividade de ruminacdo (Leek, 1993), que por sua vez possibilita a acdo dos
microrganismos simbidticos, que utilizam os nutrientes contidos na fibra como
substrato para o seu ciclo de vida e consequentemente mantém a saude ruminal.

Segundo Mertens (2000), com o advento de programas de formulacdo de
racdes ou dietas de custo minimo, estimulou-se o interesse no desenvolvimento de
um método quantitativo para assegurar que um minimo de fibra de forragem seja
estabelecido. Foi observado que quando concentrados sao fontes de menor custo
relativo de nutrientes que as forragens, a operacao dos programas tende a resultar
em racfes que contém niveis baixos ou praticamente nenhuma forragem, o que
seria fatal a saude e a produtividade de ruminantes em longo prazo. Nessas
circunstancias ndo ha estimulo para o funcionamento normal do ramen, ou, por
exemplo, para manutencdo da porcentagem de gordura do leite.

Balch (1971) (citado por Mertens, 2001) propés que a atividade de
mastigacdo por unidade de matéria seca consumida poderia ser uma medida
biolégica das propriedades fisicas de um alimento, o que ele chamou de
caracteristica de fibrosidade. Sudweeks et al. ( 1981) padronizaram o procedimento
medindo a atividade de mastigacao e definindo um indice de valor de forragem (IVF)
para uma variedade de alimentos (minutos de mastigacao total por quilograma de
MS consumida). Além disso, ele propds que um minimo de IVF de 30 minutos de
mastigacdo/kg de MS consumida era necesséario em racdes de vacas leiteiras para

manter a porcentagem de gordura do leite.
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Considerando estas caracteristicas, Sauvant, et al. (1990) definiram o indice
de fibrosidade de um alimento como os minutos gastos na atividade de mastigacao
por kg de MS e avaliaram o seu potencial como uma ferramenta na formulagéo de
racdes de vacas leiteiras. Mertens (2000) observou que o indice de fibrosidade era
altamente correlacionado com a concentragao de fibra bruta nos alimentos e com o
nivel de ingestdo de matéria seca. Deve-se considerar que a atividade mastigatéria
(soma do tempo de mastigacdo e de ruminacdo) é afetada pela raca, tamanho
corporal, idade, ingestdo de matéria seca, concentracdo de fibra e tamanho de
particula do alimento e possivelmente pelo método de medir a atividade mastigatoéria
(monitoramento automatizado ou visual, tempo ndo monitorado durante a ordenha,

etc.).

2.4 - Aspectos relacionados a dindmica da fibra no rimen

O consumo de matéria seca (CMS) é a variavel mais importante a afetar o
desempenho animal, uma vez que engloba a ingestdo de todos os nutrientes e
determina a resposta animal (Mertens, 1987; Van Soest, 1994). Se por algum motivo
o CMS for muito baixo, ocorre uma reducdo na taxa de producdo, fazendo as
necessidades de mantenca compreenderem uma grande parte do consumo
energeético total; por outro lado, se o CMS for muito elevado e exceder as exigéncias
do animal, havera uma grande deposicao de reservas no corpo; portanto, o objetivo
da predicdo do consumo é o fornecimento de uma quantidade diaria de alimento
para os animais, de modo a atender as exigéncias nutricionais para um determinado
nivel de producéo (Forbes, 1995).

A digestibilidade é dependente do espaco de tempo que o alimento
permanece no trato digestivo para hidrolise e, consequentemente, tanto as taxas de
degradacdo como as de passagem estdo relacionadas com o consumo voluntario
(Figura 1), termo comumente utilizado para designar o limite maximo do apetite. As
variacbes no consumo resultam de uma interacdo complexa, a qual inclui a dieta
(composicdo bromatolégica e estruturas anatbmicas), 0os microrganismos do rumen
(condicbes para um crescimento 6timo), o hospedeiro (idade, tamanho, sexo e
estado fisioldgico) (Mertens, 1987; Thiago e Gill, 1990; Mertens, 1994) e, ainda, 0s
mecanismos psicogénicos que integram o hospedeiro ao meio (Mertens, 1987;
1994).
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Figura 1: Diagrama de fluxos que ilustra a compartimentalizagdo da massa ruminal
retida no ramen e as forcas que atuam para O Seu ingresso e
desaparecimento do 6rgédo (Waldo et al. 1972; Allen & Mertens, 1988).
Detalhes no texto.

A Figura 1 € uma representacdo esquematica do modelo de pool Unico de
fibra, onde, f; e f; correspondem as fracdes digeriveis e indigeriveis da fibra
insoltuvel consumida (consumo). O montante absorvido é diretamente proporcional a
massa ruminal de fibra potencialmente digerivel (D). O escape de matéria fibrosa do
ramen depende da quantidade total de fibra presente no ramen, que equivale a
soma das fracdes digerivel (D) e indigerivel (I). Ambos os compartimentos sao
alimentados pela taxa diaria de entrada de matéria fibrosa no ramen (input) ou taxa
de consumo de fibra (Consumo, Figura 1). Os simbolos k; e k também ilustrados na
Figura 1 denotam as taxas especificas de degradacao e escape e sdo expressas em
unidades reciprocas do tempo (¢t~1). Agregam em si, as forcas que atuam sobre os
montantes digeriveis e indigeriveis da massa ruminal de fibra. A pressuposicéo
basica que alicerca a descricdo do processo apresentado na Figura 1 é a que o
mesmo obedece a Lei de A¢do das Massas, 0 que O caracteriza como processo
cinético de primeira ordem, no qual apenas a disponibilidade de substrato limita a

reacao.
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2.4.1 - Modelagem alternativa para a dindmica da matéria fibrosa no

ramen

Blaxter et al. (1956) foram os primeiros a sugerir que o perfil de excrecéo fecal
do indicador poderia ser descrito matematicamente como a soma de dois
componentes exponenciais e de um tempo de retardo ou de transito no processo de
remocao das particulas alimentares remanescentes do processo digestivo no trato
gastrintestinal (TGI). De acordo com esses autores, a retencdo das particulas
ocorreria principalmente no rimen e no abomaso.

O fluxo de particulas é dependente também de atributos da digesta, e ndo
apenas funcdo da retencdo em segmentos anatdémicos do trato gastrintestinal
(Hungate, 1966), visto que, por definicdo, um compartimento pode existir em
gualquer segmento anatdémico do TGlI, desde que haja retencéo e mistura das particulas
recém-ingeridas com as ja existentes. Baseando-se neste conceito, 0 autor sugeriu a
existéncia de dois compartimentos no rumen, sendo 0 primeiro um compartimento
de ruminacdo com particulas grandes que ndo passam através do orificio reticulo-
omasal e, um segundo compartimento constituido por pequenas particulas dispersas

na fase liquida, elegiveis para o escape do rimen (Figura 2).
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Figura 2: Representacdo esquematica dos processos que envolvem o pool
heterogéneo no rimen-reticulo (Vieira et al., 2008). Detalhes no texto.
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Na Figura 2 as particulas alimentares ingeridas durante a alimentagéo
formardo o raft no rimen, o qual é considerado um pool de particulas segregadas
(PR, kg), que é formado por moléculas recém ingeridas e particulas de maior
tamanho. Os processos digestivos sofridos pelo PR no RR véo gerar uma entidade
digerivel nas particulas do raft (PR;, kg) e uma entidade indigerivel do raft (PR;, kQ).
Os processos de digestao foram cineticamente descritos pela taxa de digestéo (kg ),
suposta ser exponencialmente distribuida pelo tempo. As particulas do pool PR; ndo
conseguem escapar do rumen, assim sendo, ocorre uma transferéncia progressiva
de matéria do PR; para o pool de particulas diluidas no fluido ruminal (PE, kg). As
resultantes desses processos foram agregadas em uma taxa de transferéncia
simples (1) de particulas do PR para 0 PE, e assume-se que este processo obedeca
a uma distribuicdo gama ao longo do tempo. Particulas do pool PE potencialmente
digerivel (PE,;) seréo digeridas a taxa k,, e a porcao indigerivel (PE;) sera eliminada
como a taxa de escape (k), a qual supbe-se exponencialmente distribuida ao longo
do tempo (Vieira et al., 2008).

Com base no conceito de que existem dois compartimentos no rumen
(Hungate, 1966) e de que as taxas de passagem (Ae k) estdo associadas aos
processos de passagem pelo rimen-reticulo, o tempo médio de retencdo ruminal
(TMRR) e a taxa de passagem pelo ramen-reticulo (k,) para os modelos
bicompartimentais GnG1 podem ser calculados conforme as expressdes: TMRR =
N/2+1/k e k,=1/TMRR; em que N representa a ordem de dependéncia da
funcdo gama (Ellis et al., 1994). A conseqiéncia direta da aplicacdo deste
paradigma tedrico alternativo € a estimacao verossimil da digestdo da fibra e demais
variaveis afetadas pela dinamica ruminal da fibra nos ruminantes (Vieira et al.,
2000c; Wylie et al., 2000; Lira et al., 2006; Vieira et al., 2008).

A fase solida do ramen constituida basicamente pelas particulas fibrosas
observada em animais consumindo quantidades satisfatérias de fibra de forma a
evitar disfuncdes ruminais (Van Soest et al.,, 1991), pode ser alternativamente
descrita por meio de um sistema com base em cinética sequencial para a
transferéncia de massa entre compartimentos (k,, kg4, A e k), sendo acomodadas as
etapas iniciais de preparo (k,) das particulas alimentares recém ingeridas (P, e P;)

para o processo de degradacéo, a retencao seletiva (1) dentro do subcompartimento
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ruminal de particulas recém ingeridas (PR, e PR;) prontas para a degradacao (k,) e
o subcompartimento de pequenas particulas (PE; e PE;) elegiveis ao escape final (k)
do rumen-reticulo (Figura 3). O raft, analogo ao da Figura 2, é formado pelo
somatorio dos compartimentos Py, P;, PR, e PR; (Figura 3).

Os processos descritos na Figura 3 sdo resultantes da competicdo entre 0s
processos quimicos (enzimas microbianas) e fisicos (mastigacdo, ruminacdo e
motilidade) da digestdo no rumen. Estas forcas atuam para digerir, misturar e
propelir a digesta, mas existem ac¢des que fazem resisténcia a estas for¢as, como a
menor densidade intrinseca das particulas recém-ingeridas e o aumento de sua
capacidade de flutuacdo pela producdo de gases decorrentes da fermentacdo de
substratos potencialmente degradaveis, gases estes que ficam retidos no interior
dos fragmentos alimentares, o que reduz, inicialmente, a densidade das particulas
(Walz et al., 2004). Sua concepcao por Allen & Mertens (1988) foi, em parte, devida
ao conceito de estratificacdo da digesta ruminal proposto por Hungate (1966), e
apos constatacfes experimentais para bovinos, ovinos e caprinos (Wylie et al., 2000;
Ellis et al. 2002; Walz et al., 2004), € necessario considerar este paradigma
alternativo para a quantificacdo verossimil da dinamica da matéria fibrosa no trato

gastrintestinal dos ruminantes.
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Figura 3: Modelo da dinamica ruminal das frac6es alimentares incluindo o momento
de preparo e colonizacdo do substrato (Allen & Mertens, 1988). Detalhes
no texto.

Alguns autores questionaram a utilizacdo generalizada dos modelos simples

de primeira ordem (consequéncia da adocao do paradigma da Figura 1) e sugeriram
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alternativas para a descricdo dos perfis de degradacao dos nutrientes (Ellis et al.,
1994; Dhanoa et al., 1995), particularmente quando estes apresentarem
caracteristicas que nao atendam as pressuposi¢ées basicas para sua utilizagéao.
Estes modelos alternativos apresentam vantagens na interpretacdo da natureza néo
linear dos perfis de degradacdo e possibilitam estimativas verossimeis dos
parametros relativos a degradacao ruminal, particularmente de carboidratos fibrosos,
tanto in situ como in vitro (Vieira et al., 1997ab; Vieira & Fernandes, 2006). A
interpretacdo matematica dos perfis permite extrair informacées quantitativas sobre a
cinética ruminal da fibra, parte essencial ao processo de predicao do valor nutritivo
dos alimentos e do desempenho animal, o que torna a modelagem matematica
importante ferramenta da pesquisa no campo da nutricdo de ruminantes (Vieira &
Fernandes, 2006).

2.4.2 - Escalonamento da digesta, do consumo e da taxa de passagem da
fibra

Os dados utilizados em estudos de escalonamento devem ser adotados
segundo alguns critérios descritos por Cannas et al. (2003): as dietas devem conter
um minimo de 20% de fibra insolavel (FDN) oriunda de forragem (base da MS);
animais em lactacdo devem estar produzindo leite no minimo 20 dias, e animais em
gestacdo ndo devem estar no terceiro trimestre de gravidez, para evitar a influéncia
dos efeitos do final da gestacdo e parto no volume do rimen; o consumo deve ter
sido medido diretamente de preferéncia, para limitar variacbes metodoldgicas.
Porém, o consumo poderéa ser o estimado indiretamente se o0 experimento tiver sido
conduzido em pastagem; o contetdo do rumen deve ter sido medido por completa
evacuacao do rumen de animais fistulados ou ap0s o abate; a alimentacdo e o
contetdo ruminal devem ter sido analisados quanto aos teores de matéria seca,
proteina bruta, fibra, compostos sollveis em solucdo detergente neutra, lignina e
fibra indigerivel.

O escalonamento da taxa de passagem, permite realizar predi¢cdes a cerca da
dindmica ruminal de fibra e fornece parametros de extrema importancia para a
realizacdo de estimativas do TMRR e do conteado ruminal de fibra.

O estudo de escalonamento permite construir modelos matematicos para

prever o conteddo maximo da digesta que pode ser acomodada no compartimento
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ruminoreticular, bem como, explicar a dindmica de passagem da massa de fibra no
ramen. O pressuposto basico é que podemos predizer o maximo consumo animal,
se ambos o tempo médio de retencdo ruminal e conteddo ruminoreticular forem
conhecidos, e considerando condi¢cdes de equilibrio, de acordo com a funcéo
F=0Q/T.

De acordo com Vieira et al. (2007), a estratégia de escalonamento das
variaveis do consumo alimentar e conteldo do RR em relacdo a W deve ser
adotada para reduzir os efeitos de tamanho sobre os seus comportamentos
permitindo desta maneira que comparacdes possam ser feitas independentes da
massa ou tamanho animal.

As influéncias exercidas pela taxa de consumo de fibra e massa corporal
permitem estimativas razoaveis de parametros de taxa de passagem e conteudo
ruminal, e apesar da necessidade de uma avaliagdo empirica das predicoes,
estimativas derivadas de estudos de escalonamento sdo de extrema importancia em

programas de formulacdo de dietas na nutricdo animal.
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CAPITULO 1

O capitulo a seguir corresponde a um artigo integrante desta dissertacdo submetido
como manuscrito ao jornal cientifico Animal Feed Science and Technology (ISSN:
0377-8401) e, como tal sua redacéo e edicdo foram preparadas segundo as normas
deste periodico, normas estas constantes na pagina do mesmo na rede mundial de
computadores conforme o endereco a seguir:

http://www.elsevier.com/wps/find/journaldescription.print/503299/authorintructions

cujo acesso se deu em 04 de janeiro de 2010.
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Abstract

Collated data on pool sizes of fresh, dry matter, fiber and lignin in the ruminoreticulum
as well as dry matter, fiber, and lignin intake rates and particulate kinetics were formed
up by cattle, goats and sheep measurements. The goals were estimating parameters
related to the pool sizes of chemical components in the ruminoreticulum and passage
rate parameters. An allometric model was used with body weight (W) as an
independent variable to estimate standard reference values for fresh, dry, fiber and
lignin ruminoreticular contents. Estimates of the passage rate parameters were obtained
by fitting a compartmental model to marker excretion profiles in feces from cattle and

sheep. In this regard, another allometric model with W and fiber intake rate (Fypr) as
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independent variables was used to scale the mean retention time or turnover of fibrous
particles in the ruminoreticulum. A robust reweighted nonlinear least squares
procedure was used to fit the models. In sequence, a best linear unbiased predictable
function was built to establish an empirical relationship between order of time
dependency (N) in the fitted compartmental model and the scaled fiber intake rate
(Fipr = Fypr/W ,gd™t kg™1). The quality of fit of all models used and likelihood of
hypotheses about reference values of their parameters were assessed by computing
information criteria. Intake rates of dry matter and fiber scaled isometrically to W, and
the same scaling effect was observed for pool sizes of dry matter and fiber in the
ruminoreticulum. The fresh and lignin contents in the organ scaled to 3/4 power of W,
whereas lignin intake rate scaled to W29, Therefore, the lignin turnover is slower in
goats and sheep than cattle because it scaled proportionally to W075-120 = /=045
Mean retention times based on particulate marker kinetics related allometrically to Fypr
and W, and the scaled turnover of particles was inversely related to Fypp. To illustrate,
the turnover of fibrous particles scaled to (Fypr)~%°¢ and W°9%8, Based on the estimated
best linear unbiased functions to predict N as a function of Fy,p, the following criteria
were arbitrarily established: for Fypr > 12, N =1; for 9.5 < Fypr <12, N = 2; for
53<Fypr <95 N=3; and for Fgpr <53, N =4. Thence, the passage rate
parameters of the fitted compartmental models could be predicted as follows:

AR = (Fiipp)®56W =098 N /28.8; and k(™) = (Fiipp)*56W %8 N /50.4.

Keywords: Ruminants, Allometry, Fiber, Intake, Turnover, Rumen fill.
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1. Introduction

The prediction of the dry matter intake is necessary in many nutritional models
designed to feed domestic ruminants (AFRC, 1993; 1997; NRC, 1996; 2001; Luo et al.,
2004). Empirical equations (multiple linear regressions) are generally employed for
predicting intake in those models, but more mechanistic approaches have also been
applied. In this regard, some models were built to predict the pool size of digesta that
can be accommodated at the maximum capacity of the ruminoreticulum (Mertens and
Ely, 1979; Illius and Gordon, 1991). The basic assumption is that maximum intake can
be predicted if both dry contents of the gut or preferably dry ruminoreticular contents
and its mean retention times are known, which means that under steady-state
conditions the identity F = Q/T holds (see Table 1 for a complete list of symbols and
acronyms used throughout this text). For that reason, a given x chemical component of
the ruminoreticular contents and its nictemeral turnover should be accurately
determined for its intake prediction (Ellis, 1978; Mertens and Ely, 1979; Illius and
Gordon, 1991; Van Soest et al., 1992). Mertens (2002) has defined the neutral detergent
fiber fraction as the insoluble fiber in feeds that is either indigestible or slowly digested
that occupies space in the digestive tract of animals. Therefore, to accurately predict F
given Fypr = FCypp;, the variables Qypr and Ty, ¢ should be estimated (Ellis, 1978).

The task to estimate Qypr and Tpr can be accomplished by taking the advantage
that some influential variables exert over them. One of those influential variables is body
size. It has been used for modeling purposes in many fields of knowledge with special
reference to nutrition, metabolism and ecology (Brody, 1945; Kleiber, 1975; Demment
and Van Soest, 1985; Van Soest, 1996; Clauss et al., 2007; Fritz et al, 2009). Another
influential variable is intake itself, because passage rate as the reciprocal of mean

retention time or turnover time is directly related to the amount of food consumed, i.e.
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the higher the intake the faster the passage rate is (Ellis, 1978; Van Soest, 1994). In this
sense, passage rate parameters are predicted in some nutritional models (AFRC, 1993;
1997; NRC, 1996; 2001; Nsahlai et al., 2004; Seo et al.,, 2006), or could be estimated
directly on the basis of particulate marker kinetics (Udén et al., 1980; Ellis and Beever,
1984; Ellis et al., 2002) or rumen evacuation techniques (Cannas et al., 2003; Huhtanen
et al,, 2007). The advantage of the passage rate estimates obtained from marker studies
relies on the existence of a robust theory for interpreting passage rate profiles and
determining the pool size of insoluble fiber in the ruminoreticulum (Matis et al., 1989;
Vieira et al., 2008). Therefore, the goal of the present study was to develop models for
predicting Qypr and T, based on their relationships with Fyp,r and W to serve as
constraints for diet optimization applicable to the nutrition and feeding of domestic

ruminants.

2. Material and methods

Two sets of data were gathered to provide intake rates, live weights, particulate
turnovers and wet and dry contents in the RR. The first set (S1, Table 2) was formed up
by cattle and sheep data, and by dairy goat data of growing kids and lactating,
nonpregnant does. The variables F, Fypg, F;, W, FRC, Q, Qnpr and @, were directly
measured. Ruminoreticular contents of cattle and sheep were measured by evacuation
or at slaughter, and goat values were measured at slaughter. The minimum Cypg; as a
criterion for an experiment to integrate the S1 database was 200 g/kg DM to avoid
choosing data in which rumen dysfunction might have occurred (Cannas et al., 2003).

The second set of data (S2, Table 2) was formed by measured Fypr and W and

estimated T, for cattle and sheep. The S2 dataset was used to model the turnover of

particles in the RR as a function of Fypr. The estimated T,r values were based on
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particulate marker studies with sheep and dairy cows. Markers used were Yb for sheep
and mordant Cr for dairy cows. In the study with sheep (Sardinia, Italy), mean retention
times of particles in the RR were estimated from kinetic interpretation of Yb excretion
profiles in feces obtained at varying Fypr levels of pelleted diets. Extrusa samples
mordanted with Cr were pulse dosed to lactating, nonpregnant dairy cows managed
under rotational grazing on Stargrass (Cynodon nlemfuensis Vanderyst cv. nlemfuensis)
and Tanzania grass (Urochloa maxima (Jacq.) R. Webster cv. Tanzania) pastures during
the rainy season at Zona da Mata (MG, Brazil). Cows grazing on Stargrass received 2
kg/d of a concentrate mix with 200 g/kg of CP (760 g/kg of grounded corn, 200 g/kg of
soybean meal, 10 g/kg of urea, 10 g/kg of mineral mix and 20 g/kg of limestone),
whereas those grazing on Tanzania grass received 2 kg/d of grounded corn only. The
measured variables obtained from cows receiving solely ground corn as a supplement
are actually repeated measurements taken at two consecutive periods during the rainy

season.

2.1. Estimates of particulate marker kinetics

The time profiles of marker concentration in feces of cattle and sheep of the S2
dataset were fitted to the generalized compartmental model suggested by Matis et al.
(1989):

Ci=e,0<t<T; (1a)

(1b)
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Parameters of Eq. 1 are defined in Table 1. The mean retention times of the particulate
matter in the RR or T, were estimated on the basis of the biological interpretation in
which both the ascending and descending phases of the marker excretion profiles in
feces are related to the retention of particles in the RR (Vieira et al., 2008). Therefore,

T,r,; for the j-th animals of the S2 set were estimated as follows:

Tprj = Ni/ 24 + 1/k;. (2

2.2. Scaling variables

The variables of the S1 set of data were scaled to body size according to the
general scaling function shown in Eq. 3.
v=aWl +e 3)
The Y; was replaced by each variable in the S1 dataset, namely F, FypFg, F;, FRC, Q, Qnpr
and Q;. The approximate 95% CI for § were checked to verify whether intervals
encompassed the values zero, one or 3/4. Whether the interval estimate included or not
the value one, the model was fitted again by assuming g = 1. The same was done for
B = 3/4. Therefore, the new fitted model had a single parameter to be estimated,
namely a. Some hypotheses concerning parameters of Eq. 3 were evaluated in terms of
their respective likelihoods. The full model or Eq. 3 with two parameters to be estimated
(a,B), two versions of the reduced model with =1 and B =3/4 with a being
estimated, and the estimate for a (given f§ = 1) reported by Vieira et al. (2008) were
tested on the basis of information criteria as described in section 2.3.

The S2 set of data was used to estimate Tpf and to model this variable as a

function of Fypr, being both variables scaled to W#. The appropriate power (f) to scale

Fypr to W was chosen according to the most likely hypothesis regarding the fit of Eq. 3
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to the S1 set of data. Therefore, the resulting equation that relates T,f to Fypr and to an

appropriate power function of body size was:

8
Tor; = ¥(Fior;) W +ej. 4)
Actually, Fypr ; = Fyprj /VIG.E and Eq. 4 was fitted again as Eq. 5 below.

Tots = YFior W22 + ¢, (5)
Additional hypotheses about the parametric values of § and w in Eq. 5 were tested on
the basis of information criteria, namely Hy: w = 1/4 (Demment and Van Soest, 1985;
Van Soest, 1994). Because the observed behavior of Tpf/Wl/4 was inversely related to
Fypr/W the hypothesis Hy,:8§ = —3/4 and the joint hypothesis Hy,:w = 1/4 and
6 = —3/4 were also tested. Therefore, the fit of Eq. 5 with all parameters (full model)
and the additional hypotheses regarding some reference parametric values for § and w

(reduced models) were checked for their relative likelihoods according to information

criteria (section 2.3). In sequence, the T, ; was split into the mean retention times of
particles in the raft pool (Nj/Aj) and the pool of fluid diluted particles or escapable pool
(1/kj). The Eq. 5 was fitted again to the separated retention times of the two pools of
particles by taking the estimates of § and w that characterized the most likely
hypothesis regarding the fit of this equation to T, ;. The resulting estimates of y, for the

raft and y, for the escapable pools were standardized so that y; +y; =¥, being

Yi =77/ +72) andy, =77,/ (P1 + 72).

2.3. Statistical procedures and model evaluation criteria
The different nonlinear models were fitted with the NLIN procedure of SAS (SAS
System Inc., Cary, NC, USA). The Eq. 1 was fitted with the Newton method of estimation,

whereas Eq. 3, Eq. 4 and Eq. 5 were fitted by iteratively reweighted least squares, being
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the Tukey’s Bisquare the weighting function chosen to satisfy robust criteria. In the
cases of Eq. 3, Eq. 4 and Eq. 5, both algorithms of Newton and Marquardt were used.
The former was preferred due to its good performance in terms of convergence but
whenever correlations among estimates of parameters were high or the Hessian matrix
was positive definite, the Marquardt's algorithm was preferred (Bard, 1974).

The most likely N versions of Eq. 1 and the likelihood of the hypotheses
concerning the fit of Eq. 3 and Eq. 5 were evaluated by computing information criteria
(Akaike, 1974; Burnham and Anderson, 2004). The AICc; was calculated from the sum
of squares of the error, number of estimated parameters including the error variance
(@), and sample size (n) for the A-th different Nversions Vh = 1, ..., 6 for Eq. 1, for the
different hypotheses about Eq. 3 (Vh = 1, ..., 4), and for all hypotheses concerning Eq. 4
and Eq. 5, i.e. YVh =1,...,5. The differences among AICc, values (4;), the likelihood
probabilities (wy,), and the evidence ratios (ER;,) were computed according to Burnham
and Anderson (2004).

The natural logarithm of Fy,r of the jth animal in the S2 set of data was
considered a dependent variable (thj) in the following mixed model:

Yonj = U+ Sg+10p + egpj (6)

The fixed effects of Eq. 6 are the mean (1) and order of time dependency (ngh, h=N =
1, ...,6) chosen according to information criteria (A, wy, and ERy,). The random effects
are study (sg, g=172and 3) and the error term associated to the fecal marker profile of
the j-th animal, to which was ascribed the A-th order of time dependency within the g-th
study (eghj). The statistical model was fitted by using the PROC MIXED procedure of SAS
(SAS System Inc., Cary, NC, USA) with Maximum Likelihood as the estimation method,

the Kenward-Roger degrees of freedom option chosen, and the variance-covariance

1The SAS programs for fitting the nonlinear models can be requested by E-mail.
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matrix modeled for different structures (Littell et al.,, 2006). The tested matrices were
variance components, first-order ante-dependence and unrestricted structures. Once
AlCc is one of the SAS outputs, these different variance-covariance models were
evaluated by computing information criteria, i.e. Ay, wy, and ER},.

The basic predictable function of Eq. 6 is the expected value E(thj) =Ugn = U+
Sg +Mp. From this basic function, a broad inference predictable function was
constructed for each order of time dependency and generalized across studies

(McCulloch and Searle, 2001; Littell et al., 2006):

BLUPh =Z,nghngh/n.h,Vh= 1, 2,...,6. (7)
g

The number of observations at the intersection of study gand order of time dependency
his ngy, and the total number of observations for each A-th level is n., = X, ngp. The
point and interval estimates of the A-th BLUPs provided an empirical basis to establish

an arbitrary relationship between Nand Fg .

3. Results and Discussion

Gaps in the body mass continuum between small and large domestic ruminant
species are an important limitation of both datasets used (Table 2). The maximum
weight values observed for sheep, kids and does of the S1 set were 78, 33 and 78 kg,
respectively, whereas the minimum weight value for cattle was 439 kg. In the S2 set the
sheep maximum weight was 52 kg and the minimum cattle weight was 402 kg.
Therefore, there was a lack of information in the 80-400 kg range. The total number of
goats and sheep to the number of cattle in the S1 set might have caused some imbalance
in the scaling effect of body size because of the high leverage of small species data. The

ratios regarding numbers of small ruminants to cattle numbers for F, Fypr, W, FRC, Q
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and Quypr were approximately 3:1, and for F;, and Q, the ratios were 8:1 and 4:1,
respectively. In the S2 set the ratios were approximately 2:1 for W, Fypr and T),¢. There
are some papers that provide information on wet and dry gut contents, dry matter
intake and weights of several herbivorous species to demonstrate the scaling of body
size on those variables (Clauss et al.,, 2007; Fritz et al., 2009). Nonetheless, given the
prediction purposes of the present study and despite the prejudice to more generalized
interspecific comparisons, we avoided the inclusion of wild ruminant data that can be
found elsewhere for the sake of a better inference to farming conditions. Further studies,
however, are necessary to provide information in quantity and quality for strengthening
predictions and also for testing whether or not generalized interspecific estimates

applied to farm animals are useful.

3.1. Scaling variables to body size

The fit of Eq. 3 was performed within a small number of iterations (five to 12)
but high correlations were observed between estimates of parameters a and S for all
variables presented on Table 3, i.e. r = —0.99. This is an intrinsic problem observed
after fitting Eq. 3 to data using nonlinear least squares (Vieira et al., 2008). This means
that the true parametric values remain unknown because a sample-dependent
conditioning effect could cause the convergence of one parameter to a higher value
obligating the estimate of the other in the opposite direction or vice versa. In addition,
Hui and Jackson (2007) pointed out that many factors could influence the estimation of
the f scaling exponent, among them are sample size, method of estimation (nonlinear
vs. log-linear regression) and measurement errors, e.g. during weighing procedures.
Those authors explained that nonlinear estimation produces superior model

adjustments and higher estimates for the scaling exponent, and claimed that data of
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sufficient quantity and quality gathered from studies using similar protocols are
important for meta-data synthesis.

The robust interval estimate for [ obtained after fitting the complete
parameterized Eq. 3 (full model) to FRC from dataset S1 did not include one as a
reference value, and both hypotheses regarding a given f = 1 had no support (Table 3).
The robust estimate for @ provided by Vieira et al. (2008) did not differ from the
estimate of a given f§ = 1 obtained after including goat data in the present study. We
observed that FRC did not scale isometrically with body size, i.e. to W1. This variable
best scaled to W3/% and the likelihood probability value gave strong support to this
hypothesis despite the increased variability whether compared to & of the full model. In
herbivorous mammals, the wet contents of the gut scales isometrically with body size
(Parra, 1978, cited by Van Soest, 1996). There is, however, compensation for wet gut
contents between hindgut and foregut fermenters, with the former group presenting
more wet mass in the small intestine and large bowel and the latter retaining
proportionately more wet contents in the forestomachs (Demment and Van Soest, 1985;
Clauss et al, 2007). The fresh rumen contents without including goat data scaled
isometrically with body size according to a previous report (Vieira et al, 2008),
however, after including goat data in the present study, FRC scaled better to W3/%4. The
wet ruminoreticular contents are part of the total mass of the wet gut contents and as an
indirect measure of volume we expected that this variable scaled to W?! (Van Soest,
1996). Whether compared to strict browsers, sheep and goats with their relative large
rumens with respect to body size are animals that present natural adaptations to arid
and semi-arid areas of the tropics and sub-tropics (Van Soest, 1987; Silanikove, 2000).
In this regard the RR works as a water reservoir during periods of water deprivation

what might explain the particular success of goats to sustain marginal levels of
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production during drought conditions (Silanikove, 2000). Despite the high leverage of
sheep and goat data, the fact that both samples of small ruminant animals used came
from herds of improved breeds, and the gap in the body size continuum mentioned
before, the results observed in the present study indicated that the amount of wet
contents in the RR per kg of body mass was larger for sheep and goats than for cattle
because this ratio scaled algebraically to W~1/4(= W3/4=1). In this case, the larger
proportion of wet contents in the RR appear to be a specific adaptation conserved in the
small domestic ruminants rather than a possible anomaly to the generalized rule that
wet gut contents scales to W1 (Parra, 1978, cited by Van Soest, 1996; Clauss et al., 2007).

The variables that also represent mass contents in the RR, i.e. Q and Qypr scaled
more likely to W1 (Table 3). The inclusion of goat data did not differ from the estimates
obtained by Vieira et al. (2008), and additionally reduced the variability of the final
estimated standard deviations. The full model and the 3/4 power law were hypotheses
with less or no support for both variables. The isometric behavior observed for Q and
Qnpr explained the variability within the body mass range studied, and confirmed the
expectations that whenever a body part variable is a mass measurement with a three-
dimensional nature, its scaling power converges to unity (Van Soest, 1996).

The dry matter intake scaled to W' (Table 3). Despite its higher variability, the
estimate for a given f = 1 provided by Vieira et al. (2008) yielded the highest likelihood
probability. The introduction of the goat data in the present study did not change the
general trend, and the 95%CI for a given § = 1 included the previous estimate obtained
solely with sheep and cattle. The 95%CI for a obtained after fitting the full model
included both estimates for « given f = 1, and the 95%CI estimate for £ included the
value one. The fits of the full model and the reduced model to estimate « given g = 3/4

had no support. Therefore, for the sake of simplicity and lower variability, the best
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choice was the estimate for a given = 1 obtained from collated cattle, goats and sheep
data.

Energetic costs of the basal metabolism scale to body mass according to the
three-quarters power law (Kleiber, 1975; Clauss et al., 2007). Nonetheless, based on a
larger dataset Savage and co-workers (2004) estimated that the basal metabolic rate
scales to 0.712, with its 95%CI ranging from 0.699 to 0.724. Brody (1945), based on
estimates of basal metabolic rates from mice to elephants, suggested that the standard
reference value of the scaling exponent should be close to 0.7 (his actual estimate was
0.734), a hypothetical value that lies within the confidence interval reported by Savage
et al. (2004). Nonetheless, sample size affects location and dispersion estimates of the
scaling power and determines the magnitude of the error types I and II in rejecting or
not specific statistical hypothesis concerning the reference value of the scaling exponent
B (Hui and Jackson, 2007). In this regard, Hui and Jackson (2007) demonstrated that the
probability of rejecting the true null hypothesis (type I error) became smaller only when
the sample size achieved 61% (n = 380) of the “population size” used by those authors.
Using the same statistical tools, they also showed that the type II error or the probability
of not rejecting a false null hypothesis also felt below 0.05 when sample size reached
approximately 1/4 to 1/3 of the “population size” (n > 178). Although their
“population” is actually a sample and despite the fact that they have not addressed the
problem of high correlations between « and f estimates, they have demonstrated that
much of the debate in the literature about the reference value for f is useless because
the location and dispersion estimates have been usually produced from small samples.
The pB estimate presented by Clauss et al. (2007) for dry matter intake were originated
from a sample containing 49 hindgut fermenters and 46 foregut fermenters (25

ruminants among them), and confirmed that metabolic demands drive F as suggested by
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other scientists (Parra, 1978, cited by Clauss et al., 2007; Demment and Van Soest, 1985;
[llius and Gordon, 1991). The estimate for  obtained by Clauss and colleagues (2007)
has no doubt a broader inference for interspecies comparisons (their point and interval
estimates for ruminants were 0.77 and 0.69-0.86, respectively); however it appears to
be limited by sample size and method of estimation (log-linear regression). Any
numerical assumptions based on experience or theoretical derivations are probably
wrong simply because numerical guesses or derived numerical assumptions could be
rejected as null hypotheses by increasing sample size (Kobayashi and Salam, 2000;
Burnham and Anderson, 2004). Our estimate for § (Table 3) has the limitations
described previously and the additional limitation of sample size (n = 171).
Nonetheless, the estimates obtained nonlinearly are generally higher (Hui and Jackson,
2007). Besides, information criteria provide a new way to look at the usefulness of
models and their estimates not only allowing the identification of the best model or the
best subset of models, but yielding the quantitative information necessary to discern
how much a given model or models in the entire set of all possible models is rather
likely, a theory that deals with multiple hypotheses and rules out the all or nothing
nature of the traditional tests on null hypothesis (Burnham and Anderson, 2004).

We are not neglecting the fact that wild ruminants, particularly the permanent
resident ones like the African buffalo (Synceros caffer), rely on body reserves to sustain
nutritional needs in environments of fluctuating food supply, and they have to maximize
intake when food (e.g. leaves) are more abundant (Sinclair, 1975, cited by Demment and
Van Soest, 1985). In such instances these animals have to eat multiples of maintenance
to restore body reserves and somehow they resemble domestic ruminants. However,

our sample came from trials designed for inference to domestic ruminant species raised
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under farming conditions, which might possibly demand ad hoc estimates when
predictable purposes are of concern.

A greater likelihood probability was observed for the full model fitted to Fypp,
and its 95%CI estimate for § did not include the value one (Table 3). However, the ER,
of the estimated a given f = 1 was only 1.9, and the reduced model would be a better
choice due to its simplicity. The estimate for a given f = 1 provided by Vieira et al.
(2008) allowed a good prediction of the observed data too, given that ER; = 3.5. The
poorest choice would be the estimate for a given § = 3/4. We concluded that there was
no reason to reject the estimate for a given f = 1 based on information collated from
cattle, goats and sheep due to the shorter amplitude of its 95%CI whether compared to
the earlier estimate provided by Vieira et al. (2008). Some authors based on literature
findings have postulated that Fypr scales to W' because whenever dietary energy
contents are limited by Cypr;, intake rates become constrained by the physical capacity
of the animal and more dependent on diet characteristics (Mertens and Ely, 1979;
Mertens, 1987; Van Soest, 1994). Therefore, our empirical findings confirmed previous
reports regarding the scaling effect of body size on Fypr. The interval estimate for «
given f = 1 from the S1 dataset did not include the estimate 12 + 1 g d~* kg~ for Fypr
as suggested by Mertens (1987) for dairy cows producing 4% fat-corrected milk at
maximum yields. The range of our scaled values, was 3 —21 gd~! kg™, and included
the Mertens’ average value. Although Fypr was independent of the energetic demand, it
is important that more data of middle to high producing dairy does and dairy cows
should be gathered to improve predictions at high fiber intake rates.

The pool size of lignin in the RR or Q,, scaled better to W3/%, whereas the intake
rate of lignin or F; scaled better to W% (Table 3). Although the full model was equally

likely to the reduced one in estimating « given § = 3/4 as the standard reference of the
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lignin pool size, we choose the simplest form given that the 95%CI for g after fitting the
full model did not exclude the 3/4 power. Other hypotheses in Table 3 concerning Q;
and F; with w,, < 0.001 had no support. The corollary of these findings was the fact that
Q,/F, scaled algebraically to W ~%45(= W3/4-120) which means that sheep and goats
presented a higher mean retention time and, therefore, a slower turnover of lignin
within the RR than cattle. The mean fecal particle size appears to scale to W %22 as Fritz
et al. (2009) demonstrated after fitting the log-linear scaling function with a
phylogenetic generalized least squares algorithm to fecal samples of 193 mammalian
species. For functional ruminants, however, the authors argued that the selective
retention of particles within the RR lessens the scaling exponent to 0.15 (95%CI: 0.08 to
0.22), and confirmed previous observations that ruminants produce finer particles in
feces than other herbivores of equivalent size. The implicated result of the selective
retention is the necessity that smaller ruminants have to process a given mass of large
particles ingested into finer particles than the large ones. In cattle, larger animals have
more chewing efficiency because they spent less time in chewing and ruminanting the
same amount of fiber ingested than smaller animals do (Bae et al., 1983). Total time
spent chewing (ingestive mastication and rumination) per unity mass of fiber ingested is
lower in larger than in smaller goats (Hooper and Welch, 1983). In fact, small domestic
ruminants have a lower efficiency of rumination if it is calculated as total daily time
spent both chewing and ruminating for a given Fypr than the larger ones (Welch, 1982).
Therefore, it seems logical that goats and sheep need more time for comminuting the

more lignified forage tissues ingested and selectively retained within the RR than cattle.
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3.2. Scaling Ty s to Fypr andW

The correlations among parameters observed after fitting Eq. 4 to T,r from
dataset S2 were p,s = —0.289, p,, = —0.108 and ps,, = —0.917; whereas the estimated
correlations after fitting Eq. 5 were p,s = —0.289, p,, = —0.703 and ps,, = —0.449.
Despite the increased correlation observed between parameters y and w, the fit of Eq. 5
instead of Eq. 4 reduced the correlation between the scaling exponents § and w. Besides,
no correlation between parameters of Eq. 5 was greater than 0.7, approximately. The
estimate of the scaling exponent w of Eq. 4 was inflated by the true scaling effect of the
body size whether compared to the w estimate after fitting Eq. 5 (Table 4). Actually,
WO6* from the fitted Eq. 4 is equivalent to W%8+0-56 from Eq. 5. We can see in Table 4
that both Eq. 4 and Eq. 5 described the mean retention time of fibrous particles with
equal likelihood. Given that the estimates of the scaling parameters of Eq. 5 were more
independent, we choose this version to predict T,,s values (Figure 1). Other hypotheses
concerning the parametric values of Eq. 5 were tested but they had no support (Table 4).
At the beginning of the exploratory analysis of the data, we observed that Tpf/Wl/“‘

showed a decreasing behavior when plotted against Fypr, and seemed logical the
hypothesis that § from Eq. 4 and 5 could be equal to —3/4 to possibly relate mean
retention times to the three-quarters power law of energy demands (see section 2.2).
However, the sole scaling effect of body size (Eq. 5) did not amount to 1/4 as suggested
by Demment and Van Soest (1985), neither it was a case of nonscaling of body size
(w = 0) over mean retention times as reported by Clauss et al. (2007). We observed
somewhat lower but significant estimates for the scaling exponents of (Eq. 5, Table 4),
with the 95%CI for § and w ranging from —0.66 to —0.46 and from 0.02 to 0.14,
respectively. Vieira et al. (2008) used solely the body mass to scale the mean retention

time of particles, but the result was a weak model independent of Fypr. Clauss et al.
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(2007) have predicted that gut capacity scaled isometrically with body size, that basal
metabolic rate scaled to the 3/4 power, that no consistent relationship between mean
retention time and W could be established, and that mean retention time can be better
explained by the level of intake than W. In fact, Cannas et al. (2003) have demonstrated
that Fypr is a good predictor of the mean retention times of fiber and lignin in the RR.

The forces that pushes digesta for a faster passage and relieve space in the RR, as
well as hunger feelings and appetite desire between meals that characterize short-term
regulation of intake, and intake trends that are driven by the necessity to replenish body
reserves or sustain productive functions such as lactation and growth in the long run are
driven by homeostatic and homeorhetic mechanisms of intake regulation, which in turn
might be under genetic control (Mertens, 1996). Therefore, the scaling effect of body
size over many physiological and trait variables might be circumstantial, because as
Fritz et al. (2009) argued, a given allometric relationship should not be regarded as a
fixed natural law, but a picture of what we can see in a given discrete period of the
evolutionary time. For the reasons just listed, we believe that the relationship among
Tpr, Fypr and W is circumstantial rather than causal. Nevertheless, we combined the
powers of Fypr and W in Eq. 5, which have been demonstrated to influence, or at least
are circumstantially related to T, for an improved prediction.

The fit of Eq. 1a and 1b to the marker excretion profiles of the S2 dataset yielded
the estimates used to calculate T),; (Table 5), which in turn could be predicted by the
fitted Eq. 5 (Table 4). The objective here, however, was predicting in reverse sequence
N, A and k. The first step in this task was to establish the basis for predicting N. A BLUP),
was predicted for each A-th order of time dependency chosen according to information
criteria. The scaled Fypr is the ratio Fypr/W and Eq. 6 was fitted to the transformed

In F3pp. The variance-covariance matrix that most likely fit the data was the banded



58

main diagonal because the unrestricted structure did not fit. Five BLUP, were obtained
in the log scale: InBLUP; = 2.5489 + 0.1097, InBLUP, = 2.4478 + 0.1012, InBLUP; =
2.2415 1 0.2861, InBLUP, = 2.0417 £0.2612, and InBLUP; =1.4770% 0.6398.
Transformed back to the natural scale (g d~! kg~1), the predictable functions for the
different orders were: BLUP, =128 +1.1 (95%ClI: 10.3,15.9), BLUP, = 11.6 + 1.1
(95%CI: 9.5, 14.1), BLUP; =94+ 1.3 (95%(ClI: 5.3,16.6), BLUP, =7.7+ 1.3
(95%CI: 4.6,13.0), and BLUPs = 4.4 + 1.9 (95%CI: 1.2,15.6). Therefore, we established
arbitrarily the criteria to provide estimates for N as a function of Fypp: for Fypr > 12,
N =1; for 95 < Fypr <12, N =2; for 53 < Fypr < 9.5, N = 3; and for Fypr < 5.3,
N = 4.

Once defined the criteria to predict the order of time dependency as a function of
Fypr, the second step was predicting passage rate parameters, namely A and k. The
calculated T, s values were then split into its respective components N/ and 1/k (Table
5). In sequence, Eq. 5 was fitted by robust nonlinear regression to N/A values to
estimate y; given § = —0.56 and w = 0.08. Analogously, Eq. 5 was fitted to 1/k values to
estimate y, given the same conditions for y;. The resulting estimates for y; and y, were
1.1+ 0.1 and 2.0 + 0.1. These estimates were standardized so that y; = 1.2 and y; = 2.1
(see section 2.2). Therefore, for prediction purposes, the fractional passage rates of the
particles in the raft and in the escapable pools of the ruminoreticular fibrous digesta
could be calculated as follows:
N/A =y{(Fypp) 0 WO %8 . A(h7Y) = (Fypp)**°W ™" N/(24y1);  (Eq.7)

1/k = y3(Fypp) ~"°0W 0% = ke(h™) = (Fypp)*°°W %%/ (24y;).  (Eq.8)



59

3.3. Modeling applications

The voluntary food intake of domestic ruminants is a key variable to be predicted
in animal science, because it determines uptake of nutrients to meet all demands
generated by productive functions. Many variables can influence food intake but there
are variables that have been selected to improve its prediction (Mertens and Ely, 1979;
Mertens, 1987; Van Soest, 1994; Forbes, 2007). In this regard the hypothesis that intake
is regulated by biphasic chemical and physical constraints have been accepted as a
framework for intake prediction (Mertens, 1987; Allen, 1996; Mertens, 1996). Although
a natural criticism surrounds such a framework and despite the fact that there are other
hypotheses for intake regulation (Ketelaars and Tolkamp, 1992a; b; Tolkamp and
Ketelaars, 1992; Pittroff and Kothmann, 1999), there are physical constraints that can be
added or were used in models for intake prediction (Mertens and Ely, 1979; Illius and
Gordon, 1991; Vieira et al., 2008). The basic idea is that the pool size of fibrous particles
in the RR is limited to a maximum retaining capacity of the organ in a given physiological
condition. Once dietary characteristics are known such as the estimate of the fractional
digestion rate of the fibrous particles (k4, h™!), that ruminoreticular capacity of the
animal to retain a given amount of fiber could be predicted as a function of body size,
namely
Qnpr = 8.0W, (Eq.9)
and that estimates of the fractional passage rates of the fibrous particles obtained by Eq.
7 and 8 are provided, the constraint suggested by Vieira et al. (2008) could be applied as
follows. Maximize F, subjected to
N
2,

h=1

+UN/A+ 1/k)} < 8.0W,

Fnpr {A A1/ A+ kDM + AV /[(A+ kY (k + kg)]

(Eq. 10)
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with F > 0 and Fypr = FCypri- In Eq. 10, A is the fiber fraction available for digestion by
rumen microbes and U is the unavailable fiber fraction that is resistant to the digestive
actions of microbial and gut enzymes. Other parameters of Eq. 10 were defined
previously (Table 1). The amount of fiber in the RR predicted by the left-hand side of Eq.
10 is the result of the diet characteristics (k;) and the diet x animal interaction (passage
rates). By maximizing F as the objective function of the model, intake is the net result of
all nutritional constraints including the physical limit for retaining fiber in the RR
(Mertens and Ely, 1979; Illius and Gordon, 1991), and passage rate and pool size
parameters estimated in the present study can thus be used in models designed to feed

farm ruminants.

4, Conclusions

The ruminoreticular contents of dry matter and fiber as well as dry matter and
fiber intake rates scaled isometrically to body size in the present study. Therefore, on
the basis of an interspecific comparison among cattle, goats and sheep, whenever fiber
represents an important part of the diet, the dry matter intake appears to be limited by
ruminoreticular fill.

Interestingly, the wet and lignin contents of the ruminoreticulum and the lignin
intake rate were allometrically related to body size. In this regard, the amount of wet
and lignin contents in the ruminoreticulum in goats and sheep appear to be greater per
unit of body mass than in cattle, whereas turnover of ruminoreticular lignin contents is
slower for goats and sheep than cattle. Whether specific adaptations might operate or an
anomalous behavior to the well defined isometric rule has occurred, given the

limitations on sample size and gap in the body mass continuum of the dataset used in
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the present study the scaling power of body size on such variables deserves further
investigation.

The influences exerted by fiber intake rate and body size allow a reasonable
estimation of passage rate parameters and despite the need for an empirical evaluation
of the predictions, an important implication of this relationship is that fill constraints
derived from parameters estimated in the present study could be used in diet

formulation programs.
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Figure 1. Scaled true turnover (Y = T3, = T,;/W% , dkg0%®) of
particles based on kinetics of fecal marker excretion as a function of the
scaled intake rate (X = Fypr = Fypr/W,gd 1 kg™!) of neutral
detergent fiber. Crosses and circles are cattle and sheep data,
respectively.



Table 1. List of symbols and acronyms

Symbol

Definition (dimension?)

AlCcy,

BLUP,
Cxi

Ce

DM

e, ej

f

F,F,
FRC

>

)
e

75*@223?‘?‘\""'
L

el

Bﬂ:ﬂﬁ(ﬁ
\nkﬂ

X TR ™R TN XK

*

Q
>

T
w

95% CI

Corrected Akaike information criterion calculated for the A-th hypothesis related to a specific
model

Best linear unbiased predictable function related to the A-th order of time dependency (dmls)
Concentration of x chemical fraction in the intake

Concentration of a particulate marker in the faeces (g g™! of fecal dry matter)

Dry matter

General error term and error attributed to the j~th animal within a dataset

Subscript denoting the true feed component (dmls)

Steady-state dry matter intake rate (g d1) and intake rate of component x (g d™1)

Fresh ruminoreticular contents (g)

Subscript denoting order of time dependency Yh = 1, 2, ..., N, or a given hypothesis regarding
the fit of a specific model to data (dmls)

Subscript denoting intake (dmls)

Subscript denoting the jth animal within a dataset (dmls)

Fractional rate of escape of particles from the escapable pool (h™1) within the RR
Subscript used in place of x denoting Lignin (sa) (dmls)

Sample size of a given dataset (dmls)

Positive integer reflecting the order of time dependency for transferring a particle from the
raft pool to the escapable pool (dmls) within the RR

Subscript used in place of x denoting NDFom (dmls)

Measured ruminoreticular mass of digesta dry matter (g) and component x (g)

Pearson'’s coefficient of correlation

Ruminoreticulum

Superscript denoting that the variable was scaled to a specific power of W (dmls)

Time variable (d or h, according to the case)

Turnover of dry matter (d) and turnover of chemical component x in the rumen (d)

True turnover of particles in the rumen (d)

Subscript denoting a chemical component (g g~* of dry matter)

Denotes a generic independent variable

Denotes a generic dependent variable

Body weight (kg)

Standard scaled constant for variable Y (g kg=#d™")

Scaling exponent that makes a scaled Y variable independent of X (dmls)

Standard scaled constant for variable Y (kg®~“d®g =% or kg®#~-“d%g~9)

Exponent for Fypp that scales T,); (dmls)

A constant equivalent to A/(A — k) in Eq. 1 (dmls)

Fractional rate for transference of particles from the raft to the escapable pool (h™1) within
the RR

Initial and final estimates of the residual standard deviation related to the iteratively
reweighted nonlinear least squares (robust nonlinear regression)

Discrete lag representing the time of an escaped particle to transit from the reticulo-omasal
orifice to the feces (h)

Scaling exponent that makes T,,; independent from W (dmls)

95 percent confidence interval for a given point estimate

aDimensions within parenthesis are related to the main variable, and dmls means
dimensionless.



Table 2. Means (%) and standard deviations (sd) of the two sets of data used. Sample sizes are presented within parenthesis (n)

S1 S,
Variables? Sheep Cattle Sheep
X+ sd((n) X+ sd((n) X+ sd (n) X+ sd (n) X+ sd (n) X+ sd (n)
w 55+ 14 (27) 593 + 104 (43) 25 + 4 (53) 52 +9 (48) 489 + 51 (28) 45 + 4 (58)
FRC 8166 + 3460 (27) 76139 £ 15989 (40) 5549 + 1387 (53) 9360 + 2657 (48) - -
Q 879 + 314 (27) 9397 + 2968 (43) 582 + 225 (53) 997 + 340 (48) - -
QnpF 553 + 259 (27) 5422 + 2050 (43) 299 + 123 (53) 614 + 218 (48) - -
Q. 65 + 40 (13) 600 + 214 (34) 35 + 14 (53) 106 + 50 (48) - -
F 1134 + 341 (27) 13616 + 6175 (43) 552 + 212 (53) 1330 + 396 (48) 12253 + 4677 (28) 1530 + 820 (58)
Fnpr 597 + 203 (27) 5141 + 1996 (43) 299 + 114 (53) 639 + 172 (48) 7562 + 3378 (28) 583 + 394 (58)
F; 93 + 62 (10) 1018 + 287 (21) 21 +10 (53) 40 £+ 11 (48) — -
Source Vieira et al. (2008) Vieira etal. (2008) D.Lopes and M.T. - N. Felisberto and AM. Fernandesb Vieira et al. (2008)

Rodriguesb M.T. Rodriguesb

aSee Table 1 for definitions of symbols and dimensions of variables.
bUnpublished results.



Table 3. Likelihood probabilities (w) of the hypotheses designed for Eq. 3 with
respective point and 95% confidence interval estimates within parenthesis (95%CI),
and estimates of the initial (6*) and final () estimates of the residual standard
deviation used in the iteratively reweighted nonlinear least squares to satisfy robust
criteria

Variables Hypotheses w Parameter Estimates
for Eq. 3 h a (95%CI) B (95%CI) ot 6
FRC
Full® <0.001 259 (182,336) 0.90 (0.85,0.95) 9300 5252
g=1 <0.001 141 (137, 144) — 9300 5119
g =1b <0.001 140 (136, 144) — — 7111
g =3/4 0.999 601 (582, 620) — 9300 6448
Q
Full® 0.177 37.9 (22.3,53.5) 0.85(0.78,0.91) 1400 910
g=1 0.694 15.9 (15.3,16.5) — 1400 943
g=1>P 0.128 16.4 (15.6,17.2)  — — 1063
B =3/4 <0.001 68.4 (65.8,71.0) — 1400 905
QNDF
Full® 0.012 25.7 (16.1, 35.3) 0.81(0.75,0.87) 800 482
g=1 0.800 8.0 (7.7,8.3) — 800 510
g =1° 0.183 7.9 (7.3,8.4) — — 692
B =3/4 0.004 37.3(35.8,38.8) — 800 489
QL
Full® 0.490 4.2 (25,5.9) 0.77 (0.70,0.83) 105 67
=1 <0.001 0.9 (0.9,1.0) — 105 73
Bg=1° <0.001 1.7 (1.6, 1.8) — — 74
B =3/4 0.510 4.7 (4.5,4.9) — 105 67
F
Full? 0.017 27.7 (14.1,41.2) 0.96 (0.89,1.04) 1900 1271
p=1 0.312 21.9 (21.0,22.7) — 1900 1274
g=1"° 0.671 22.2(20.8,252) — — 2263
B =3/4 <0.001 100 (95, 104) — 1900 1396
Fypr
Full? 0.545 17.6 (9.7, 25.5) 0.89(0.82,0.96) 800 543
=1 0.295 8.5(8.2,8.9) — 800 557
g=1"° 0.158 8.4 (7.7,9.0) — — 783
B =3/4 0.002 40.7 (39.1, 42.3) — 800 556
Fy
Full® 0.999 0.5 (0.2, 0.7) 1.20(1.12,1.28) 94 49
=1 <0.001 1.7 (1.6, 1.7) — 94 55
g=1"° <0.001 0.9 (0.8, 1.0) — — 7438
B =3/4 <0.001 3.2 (2.9,3.6) — 94 34

aEstimates from Vieira et al. (2008).

bFull model or Eq. 3 fitted with all its parameters.



Table 4. Estimates of parameters? for hypotheses of Eq. 4 and Eq. 5 with respective
sample size (n), number of estimated parameters (0), corrected Akaike information
criterion (AICcy,), differences among the A-th AICc;, (Ay), likelihood probabilities (wy,),

and evidence ratios (ERy)

Hypotheses regarding Eq. 4 and Eq. 5 n, Ob AlCc, A, wy ERy,
T, = 3.3[0.4]Fy; ¢10 05y 0.64[0.07] 86 4 -121.7 0.0 0499 1
Ty, = 3.3[0.4]Fy oy ¢10:05)yy (0.08[0.031+0.56[0.05]) 86 4 -121.7 0.0 0499 1
T,y = 2.1[0.2]Fy i ?10:0%)yy (1/4+0.6900.05) 86 3 -1034 183 <0.001 9519
T, = 2.3[0.1]Fy 2L w @/++3/9) 86 2 -1044 17.3 <0.001 5819
Tpr = 3.2[0.3]Fy 22w (0-18[0.02]+3/4) 86 3 -1104 113 0.002 283

aValues within square brackets are standard errors
parameter estimate.

of the respective preceding

bThe residual variance 2 was included in the total number of estimated parameters.



Table 5. Mode of the order of time dependency (N) and mean (X) and standard deviation (sd) and minimum (Min) and maximum (Max)

estimates for passage rate parameters and mean retention time of particles?

Study 1 (cattle)

Study 2 (cattle)

Study 3 (sheep)

[tem Mode X+ sd Min Max Mode X+ sd Min Max Mode X+ sd Min Max
N 2 — 1 2 1 — 1 4 2 — 1 5

A — 0.2014 + 0.0930 0.0707 0.3592 — 1.2051 + 1.9622 0.0994 6.3578 — 0.5638 + 1.1458 0.0624 4.8666
k — 0.0240 + 0.0077 0.0149 0.0356 — 0.0643 + 0.0209 0.0343 0.1102 — 0.0728 + 0.0863 0.0191 0.6960
T — 11.8 + 3.3 6.4 15.4 — 11.4 + 3.9 6.1 16.6 — 11.7 + 4.9 4.6 28.4
Ty — 55.7 +12.5 36.4 72.9 — 23.7+5.7 15.1 37.9 — 30.7 +15.1 6.8 67.9

aSee Table 1 for definitions of symbols.



