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IMPACTO POTENCIAL DESTA PESQUISA

Os modelos desenvolvidos neste estudo permitem que nutricionistas incorporem o
sistema de energia liquida na formulacdo de dietas para galinhas de postura,
reduzindo os custos totais com alimentagdao e promovendo uma maior eficiéncia na
producdo de ovos. Além disso, o estudo oferece uma compreensédo aprofundada
sobre a utilizacdo de energia pelas aves, facilitando a implementacdo do sistema de
EL pela industria avicola, o que garante uma nutricdo de maior precisdo e maior

rentabilidade do setor.

POTENTIAL IMPACT OF THIS RESEARCH

The models developed in this study allow nutritionists to incorporate the net energy
system into diet formulation, reducing overall feed costs and promoting greater
efficiency in egg production. Additionally, the study provides a deep understanding of
energy utilization by laying, facilitating the implementation of the NE system by the
poultry industry, ensuring improvements in precision nutrition and higher profitability.
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SISTEMA DE ENERGIA LIQUIDA PARA GALINHAS DE POSTURA

RESUMO - O sistema de energia liquida (EL) representa uma abordagem
inovadora e eficiente para otimizar a formulacao de dietas, visando maxima producéo.
Este conceito ja foi amplamente estudado na nutricdo de suinos e bovinos onde € bem
difundido e aceito entre nutricionistas. Entretanto, essa abordagem ainda nao é
amplamente utilizada na nutricdo de aves. Diversos autores tém trabalhado para
desenvolver equacfes de predicdo de EL e implementar esse sistema no meio
avicola. Porém, a maior parte dessas pesquisas € realizada em frangos de corte,
sendo que a maioria das equacOes obtidas nesses estudos é extrapolada para
galinhas de postura. Entretanto, recentemente foi demonstrado que as galinhas
poedeiras sdo mais responsivas aos nutrientes da dieta do que os frangos de corte,
especialmente em relagcdo ao extrato etéreo e a proteina bruta. Deste modo, o
presente estudo visa desenvolver equacdes de predicdo das exigéncias de EL para
galinhas poedeiras em fase de postura, bem como equacgdes de predicao de EL dos
ingredientes a partir da composicdo nutricional das dietas. Os ensaios foram
realizados utilizando um sistema equipado com camaras respirométricas de circuito
aberto e analisadores especificos para determinar o consumo de oxigénio (VO2) e a
producédo de CO2 (VCOy). A partir da equacgéo de Brouwer (1965), a producao de calor
total (PCT) e a producdo de calor em jejum (PCJ) foram determinadas. As aves
utilizadas neste estudo foram alimentadas com diferentes dietas variando a
composic¢ao nutricional, visando obter uma ampla variagdo entre os nutrientes para
gerar equacOes de predicao robustas. Apds os céalculos de retencdo energética no
corpo e no ovo e dos valores de energia liquida, modelos néo lineares de efeito misto
foram ajustados com o intuito de determinar a exigéncia de energia liquida das aves,
e uma regressao linear multipla foi ajustada para determinar a NE dos alimentos em
funcdo dos componentes quimicos das dietas. Apdés o ajuste, os modelos foram
avaliados quanto a confiabilidade da predicao utilizando os residuos médios entre 0s
valores observados e preditos. Os modelos de efeito misto determinaram uma
exigéncia de 81.172 kcallkg®™ e 94.16 kcallkg®’®, para energia liquida e
metabolizavel, respectivamente. Os modelos ajustados a partir de regressao multipla
para predizer a energia liquida dos ingredientes foram: NE = 0.765xAME - 8.95xCP +
18.24xEE, e NE = 0.779xAME - 6.35xCP + 18.65xEE, para predicao dos valores de
NE a partir de AME e AMEN, respectivamente. Tais resultados contribuem para a
implementacéo do sistema de energia liquida na nutricdo de galinhas de postura, uma
vez que os modelos propostos fornecem informagdes acuradas sobre a exigéncia da
ave e a composicdo de NE dos ingredientes, possibilitando a formualcédo de dietas
praticas utilizando esse sistema.

Palavras-chave: Calorimetria indireta, respirometria, producdo de calor, analise

multivariada, energia liquida.



NET ENERGY SYSTEM FOR LAYING HENS

ABSTRACT - The net energy (NE) system represents an innovative and
efficient approach to optimize diet formulation for maximum production. This concept
has been extensively studied in swine and cattle nutrition, where it is well-established
and accepted among nutritionists. However, this approach is not widely utilized in
poultry nutrition. Several authors have worked on developing NE prediction equations
and implementing this system in the poultry industry. However, most of this research
is conducted in broiler chickens, and the equations derived from these studies are often
extrapolated to laying hens. However, it has recently been demonstrated that laying
hens are more responsive to dietary nutrients than broiler chickens, especially
regarding ether extract and crude protein. Thus, the present study aims to develop NE
requirement prediction equations for laying hens in the laying phase, as well as NE
prediction equations for ingredients based on the nutritional composition of diets. The
trials were conducted using a system equipped with open circuit respirometric
chambers and specific analyzers to determine oxygen consumption (VO2) and carbon
dioxide production (VCOz2). Using the Brouwer equation (1965), total heat production
(THP) and fasting heat production (FHP) were determined. The birds used in this study
were fed with different diets varying the nutritional composition. The idea is to obtain a
wide variation of nutrients to generate robust prediction equations. After calculating the
energy retention in body and eggs, as well as the values of net energy, nonlinear
mixed-effects models were fitted to determine the requirement of NE for the birds. Also,
a multiple linear regression was fitted to determine the NE of the ingredients based on
the chemical components of the diets. After fitted, the models were evaluated for
prediction reliability using the mean residuals between observed and predicted values.
The mixed-effects models determined a requirement of 81.172 kcal/kg®’®> and 94.16
kcal’kg®7® for net energy and metabolizable energy, respectively. The models adjusted
from multiple regressions to predict the net energy of the ingredients were:
NE=0.765xAME-8.95xCP+18.24%xEE, and NE=0.779xAME-6.35xCP+18.65xEE, for
predicting NE values from AME and AMERN, respectively. These results contribute to
the implementation of the net energy system in laying hen nutrition, as the proposed
models provide accurate information on the bird's requirement and the NE composition
of ingredients, enabling the formulation of practical diets using this system.

Keywords: Indirect calorimetry, respirometry, heat production, multivariate analysis,
net energy.
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CAPITULO 1: CONSIDERACOES INICIAIS



1. Introducéo

Embora a energia ndo seja considerada um nutriente per se, ela desempenha
um papel crucial no desenvolvimento e na producdo adequada das aves, sendo
essencial garantir quantidades adequadas de energia nas dietas (Hilton, 2020). Além
disso, os custos associados a ingredientes e alimentacao representam a maior fracéo
dos custos na producdo animal, com a energia representando até 60% dos gastos
totais atribuidos a dieta (Wu et al., 2018, Barzegar et al., 2019a). Isso se deve ao fato
das aves consumirem prioritariamente para atender as suas demandas energéticas.
Por isso, estimar de maneira acurada os valores de energia disponivel nos
ingredientes é determinante para melhorar o desempenho dos animais e reduzir os
custos com alimentacao (De Groote, 1974; Carré et al., 2014).

A energia metabolizavel (EM) vem sendo utilizada como o sistema mais
difundido que integra tanto o contetudo dos ingredientes e da dieta, assim como a
expressao das exigéncias de energia das aves, ambos na mesma base. Entretanto,
apesar de ser considerado um sistema pratico, ele ndo representa de forma acurada
a utilizacao energética da ave, pois ndo abrange o particionamento da energia no
corpo para manutencgédo, retencao de energia como tecido, e o incremento cal6rico
(IC). Para uma descricao acurada do destino metabdlico da energia, considerando tal
particionamento, sO seria possivel utilizando o sistema de energia liquida (EL), que
vem sendo proposto como um sistema que supre as limitacbes do atual modelo de
EM (De Groote, 1974; Carré et al., 2002; Swick et al., 2013; Barzegar et al. 2019a).

A vantagem do sistema de energia liquida (EL) € devido a avaliacédo
aprimorada da energia dos alimentos e da exigéncia da ave quando em comparacao
com o sistema de EM. Isto se deve ao fato do sistema de EM superestimar os valores
de energia retida (ER) em ingredientes com alto teor de proteina e subestimar em
ingredientes com alto teor de gordura. Dados obtidos por Barzegar et al. (2020)
mostraram que aves de postura sdo mais suscetiveis as variagbes nos niveis de
gordura e proteina da dieta, sendo que a formulacdo de racdo na base de EL traria
mais beneficios para galinhas poedeiras do que para frangos de corte. Porém, os
dados para a implementagédo do sistema de energia liquida para poedeiras ainda é
limitado (Chudy et al., 2003; Sakomura, 2004; Sakomura et al., 2005) sendo que a

utilizacdo dos valores de exigéncia de energia de frangos de corte em crescimento é



adotado também para poedeiras pela maioria dos nutricionistas (Janssen, 1989;
Bourdillon et al., 1990). Frangos de corte apresentam taxa de crescimento maior do
gue galinhas poedeiras, 0 que gera diferencas ao digerir, metabolizar e utilizar
componentes alimentares entre eles, condicionando grandes variacbes na
composicéo corporal. Por isso a utilizagdo de valores de EL de dietas para frangos
em poedeiras ndo é uma estratégia viavel (Ravindran et al., 2004; Adeola et al., 2018;
Barzegar et al., 2019b).

Embora existam diversas equacdes de energia liquida propostas na literatura
(Carré et al., 2014; De Groote, 1974; Pirgozliev and Rose, 1999; Swick et al., 2013;
Wu et al., 2018, Cerrate et al., 2019), a maior parte das pesquisas é direcionada para
frangos de corte, dada a significativa importancia econémica dessa linhagem nos
custos de alimentacdo na producao avicola. Por isso, ha ainda muita variabilidade
entre os valores de EL obtidos nesses experimentos, o que dificulta a sua utilizacao
futura na nutricdo de poedeiras. Portanto, torna-se necessario desenvolver pesquisas
visando construir equacdes de predicao de EL para poedeiras.

O presente estudo foi desenvolvido na Universidade Estadual Paulista
(Unesp/FCAV) e determinou as exigéncias de EL de galinhas poedeiras, quanto o
valor de EL dos ingredientes utilizados na alimentacdo das aves com o0 objetivo de

aprimorar esse sistema e tornar viavel a sua utilizacao na nutricdo de aves de postura.

2. Reviséo de literatura

2.1. Metabolismo energético em aves

A energia pode ser definida como a capacidade de realizar trabalho e produzir
calor, sendo mensurada somente quando ocorre a transformacdo de uma forma
energética para outra. No &mbito da nutricdo animal, o foco principal esta na energia
guimica e térmica. A primeira esta relacionada as ligacfes entre compostos quimicos
presentes nos nutrientes ingeridos pelos animais. A quebra ou formacdo dessas
ligacdes gera energia que o organismo utilizara para realizar atividades. A energia
térmica, por outro lado, esta associada a temperatura de um sistema e a producao e

transferéncia de calor (Kleiber, 1961).



Os principais nutrientes na nutricdo animal, como carboidratos, proteinas e
lipidios sé&o utilizados como fontes de energia e desempenham um papel crucial para
0 crescimento e desenvolvimento dos animais. Além disso, a energia contida nesses
nutrientes pode ser transferida de um animal para outro durante a gestacao, lactacao
e postura de ovos, por exemplo. A energia dos nutrientes também pode ser convertida
em calor por meios dos processos quimicos resultantes do metabolismo, sendo o
calor o principal subproduto que permite aos animais homeotérmicos manterem uma
temperatura corporal adequada para sustentar os processos vitais (Armsby, 1917;
Van Es and Boekholt, 1987).

Carboidratos, proteinas e lipideos passam por transformacfes quimicas que
envolvem a liberacdo, transferéncia ou utilizagdo da energia contida nesses
compostos. Esses processos, conhecidos como metabolismo energético, podem ser
analisados em diferentes niveis, desde os eventos celulares relacionados a
transferéncia de energia até as demandas energéticas de todo o organismo animal.
O entendimento destes processos, que abrange aspectos bioquimicos, fisioldgicos e
nutricionais, € crucial para obter uma compreensao mais abrangente sobre como os

animais utilizam a energia proveniente dos alimentos (Dauncey, 1979).

A energia derivada dos alimentos é prioritariamente destinada a manutencao
de processos vitais, como respiracao, regulacéo da temperatura corporal e circulacao
sanguinea. Essas atividades estédo inclusas no conceito de calor metabdlico basal
dentro do sistema de particionamento de energia. O excedente de energia consumida
pelos animais pode ser armazenado como tecido corporal ou liberado na forma de
calor. Este calor produzido sera utilizado para aquecer o corpo se necessario ou
simplesmente dissipado para o ambiente (Oliveira Neto et al., 2000). A soma de todo
calor metabolicamente produzido pelo animal é chamada de producédo de calor total
(PCT), uma medida valiosa para estimar o gasto energético e a eficiéncia de producao

dos animais (Yamamoto et al., 1979).

A eficiéncia na conversdo de nutrientes ingeridos pelos animais em energia
térmica pode ser mensurada através do particionamento da producdo de calor
metabdlico. Contudo, a realizacdo desse particionamento em componentes

fisiologicos € extremamente complexo e, por vezes controverso. Isto ocorre, em

partes, devido a falta de conhecimento e quantificagdo de todos 0s processos



fisiolégicos e metabdlicos que contribuem para a producdo de calor (Baldwin and
Bywater, 1984). Segundo van Milgen et al. (1997), a PTC é composta pelo calor
produzido para manutencdo ou producado de calor durante o jejum (PCJ) juntamente
com o incremento caldrico. Este ultimo abrange o efeito térmico da dieta e a producéo
de calor associada a atividade fisica em um estado normal do animal. A figura 1,
elaborada por Noblet e van Milgen (1999), ilustra o conceito do particionamento de
energia. A producdo de calor para mantenca também pode ser definida como taxa
metabdlica basal (TMB) e € frequentemente associada a PCJ. Por ser uma
caracteristica intrinseca do animal, ela ndo sofre alteragdo e representa a maior
fracdo do gasto caldrico (60%). Os outros fatores incluem os efeitos térmicos do
alimento a curto e longo prazo, enquanto a atividade fisica é a principal responsavel

pela variacdo na producédo de calor dos animais ao longo do dia.
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Figura 1. Componentes da producao de calor em um suino em crescimento (60kg)
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Assim, € fundamental realizar uma mensuracdo precisa da PCJ para
compreender o metabolismo energético animal. O procedimento mais acurado e
amplamente aceito pelos pesquisadores para obter uma estimativa confiavel dos

valores de manutencédo € a mensuragdo desse componente em condi¢des padréo de



jejum, repouso fisico e temepratura. (Bursztein et al., 1989; Garrow, 1974; Harris &
Benedict, 1919; Noblet et al., 1994).

2.1.1. Producéo de calor em jejum

A producéo de calor em jejum (PCJ) pode ser determinada por meio de anélise
de regressdo linear simples ou através da mensuracdo direta em camaras
respirométricas. No primeiro método, a PCJ é obtida ao calcular uma regresséao entre
a producao total de calor e o consumo diario de energia metabolizavel de aves
alimentas com diferentes niveis de ingestdo. A regressao é entdo extrapolada para
ingestao de AME igual a zero sendo o valor obtido da producéo de calor nesse ponto
definido como a producéo de calor em jejum. Neste método é necessario obter os
valores de PTC para cada um dos niveis de ingestdo de AME estudados, sendo
utilizado para tal, as analises de respirometria e calorimetria, ou a técnica do abate
comparativo (ambas as técnicas serdo discutidas no item 2.2.1 e 2.2.2 deste
trabalho).

A determinacdo da producdo de calor em jejum pelo ajuste de equacdes
lineares tem sido amplamente utilizada devido a facilidade que esse modelo
apresenta em predizer esse parametro. Entretanto, diversos autores tém criticado
esse método, pois ele apresenta limitacdes importantes, além de apresentar valores
de PCJ que muitas vezes sdo considerados inconsistentes (Blaxter, 1989; Koong et
al., 1983; de Lange et al., 2006). O fato de a producéo de calor ser mensurada em
uma determinada faixa de ingestdo de AME (geralmente entre 60% e 100% do
consumo ad libitum) e posteriormente ser extrapolada para um nivel de ingestédo de
AME igual a zero, acaba resultando em imprecisdes na inclinacdo e interceptacdo do
modelo. Ou seja, os valores obtidos de PCJ ajustando uma equacao linear serdo
significativamente menores do que os valores obtidos por meio do sistema de
calorimetria. Além disso, Renaudeau et al., 2007 observaram que 0s animais
conseguem adaptar o seu gasto energético basal ao nivel de ingestao de racéo e/ou
intensidade de crescimento, resultando em valores subestimados de producao de
calor. A figura 2, representa o efeito que o nivel de alimentacédo apresenta sobre a
mensuracao da PCJ. O modelo linear emprega um valor de PCJ para cada nivel de
alimentacao utilizado, quando quatro niveis, ou mais, séo utilizados no modelo o valor

obtido para mantenca (PCJ) acaba sendo subestimado, afetando os valores de



energia liquida (EL) e eficiéncia (k) de utilizacdo da dieta. Deste modo, os valores de
PCJ obtidos por meio de regresséao entre PCT e AME néo seriam adequados para
determinar a taxa metabdlica basal. Em vez disso, preferencialmente, deveria se
utilizar a PCJ mensurada em animais que foram alimentados ad libitum, mas que

estdo em jejum por um determinado periodo (Labussiere et al., 2011).
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Figura 2. Representacdo esquematica do efeito do nivel de alimentacéo (FL, sigla
em inglés) sob a producédo de calor e na producéo de calor em jejum (FHP, sigla
em inglés) em animais monogastricos. Cada FHP corresponde a producao de calor
extrapolada ao nivel de alimentacao igual a zero para cada FL, durante o periodo
imediatamente anterior. O FHPr (r de regresséo) é obtido a partir da regressao entre
producéo total de calor e todos os niveis de alimentacdo (energia metabolizavel —
ME, sigla em inglés). A inclinacdo é o incremento cal6rico (HI, sigla em ingés).
Figura adaptada de Labussiére et al., (2009).

Uma outra maneira para determinar a PCJ é com a utilizacdo da camaras
respirométricas, podendo ser utilizado a calorimetria indireta de circuito aberto ou
fechado (Close e Mount, 1975). Neste método, a producéo de calor e mensurada apés
a retirada do alimento por no minimo 15 horas. Espera-se que a producéo de calor do
animal reduza regularmente até atingir um platd, o que corresponde a digestédo
completa e ao inicio do metabolismo dos nutrientes consumidos. De acordo com
Close e Mount (1975), ap06s a retirada do alimento o animal pode expressar uma
atividade fisica excessiva, 0 que pode levar a uma variabilidade dos dados de PCJ

obtidos durante esse periodo. Portando, a maioria das mensuragdes de PCJ em aves



séo provenientes de dados de producé&o de calor obtidos ao longo de 18 a 24 horas
de jejum. Além disso, os animais podem ser mantidos no escuro para reduzir a
atividade fisica e assim obter uma producdo de calor fidedigna a taxa metabdlica
basal. (Li et al., 2017). Van Milgen et al. (1998) propés um método mais sofisticado
para estimar a PCJ. Milgen sugeriu que a PCJ fosse padronizada e derivada
matematicamente da PCT noturno em estado livre de atividade fisica, em associacao
com o platdé da producédo de calor de animais em jejum de pelo menos 24 horas. De
acordo com van Milgen & Noblet (2000) essa estimativa de PCJ embora seja medida
durante um periodo em que o animal estd em estado catabdlico, ainda mantém uma
relacdo com a fase anabdlica da producao de calor, ndo sendo tao influenciado pelo
nivel de alimentacdo em comparacdo com as estimavas de PCJ que utilizam o

meétodo da regressao.

O PCJ também pode ser assumido como uma funcdo alométrica em relagcéo
ao peso corporal do animal, sendo PCJ=a*PVP®, onde a e um coeficiente constante
em kcal e PV e o peso vivo metabdlico (kg) que correlaciona o peso corporal a area
de superficie do corpo do animal (Vohra et al., 1975). A utilizacdo do valor de 0,75
para o coeficiente alométrico vem do compilado de varios trabalhos sobre o valor de
PCJ para varias espécies de animais adultos. A utilizacdo do chamado peso
metabdlico calculado como PV”0,75 permitiu uma constancia nos valores de PCJ
entre diferentes animais adultos com diferentes pesos corporais (Bowes et al., 2021,
Brody, 1945; Kleiber, 1961). Entretanto, a utilizacdo deste conceito para animais em
crescimento foi questionada por Koong et al., (1982) que sugeriu que o PCJ nao era
proporcional ao peso metabdlico no caso de animais em crescimento. Estes dados
foram posteriormente confirmados por Noblet et al., (1999). Além disso, de acordo
com van Milgen et al., (1998) as caracteristicas do animal como o genétipo no caso
de suinos e as condi¢cdes alimentares anteriores a mensuracdo deveriam ser
consideradas na estimativa da PCJ. Noblet et al., (2015) sugeriu 0s expoentes de
0,60 e 0,70 seriam mais apropriados para suinos em crescimento e frangos de corte,
respectivamente. De acordo com Labussiére et al., (2011) os valores apresentados
em literaturas mais antigas sobre animais em crescimento expressos em kg de PV%-7°
cujo resultados foram obtidos por meio do método de regressao aplicado a animais

alimentados com niveis diferentes de alimentacdo, deveriam ser abandonados e



substituidos por valores mais recentes de PCJ obtidos por meio de mensuragdes
diretas, onde o expoente € especifico a cada espécie.

2.1.2. Incremento calérico

O aumento na taxa metabdlica apos a ingestdo de alimento € definido como
incremento calérico (IC), também denominado de acao dindmica especifica (ADE) ou
termogénese induzida pela dieta (Rubner 1902; Maynard e Loosli 1969). Este
aumento da producéo de calor apos a alimentacdo esta relacionado aos processos
guimicos e fisicos envolvidos na mastigacéo, digestdo, absorcdo e metabolismo dos
nutrientes (Smith et al., 1978). Durante os anos o IC tem sido considerado como uma
perda inevitdvel ou um grande desperdicio de energia ingerida, entretanto, Simek
(1975) sugeriu que o calor advindo do IC era utilizado para manutencdo da
temperatura corporal dos animais endotérmicos, reduzindo os custos associados a

energia de mantenca.

Diferentes nutrientes requerem diferentes quantidades de energia para serem
digeridos e metabolizados, desse modo a producdo de calor resultante dos
ingredientes é diferente entre eles. Em aves e mamiferos o IC resultante do
metabolismo de proteinas e muito maior que o IC advindo dos carboidratos e
gorduras. Assim, podemos particionar o IC advindo dos nutrientes, como por exemplo,
o IC resultante da gordura quando expresso como uma porcentagem da energia
metabolizavel varia de 4% a 10%, o carboidrato de 6% a 15%, ja a proteina representa
em torno de 30% do IC (Brody, 1945; Smith et al., 1978). De acordo com Blaxter
(1989), a proteina é uma fonte de energia menos eficiente quando comparada com o
carboidrato e a gordura. Uma explicacao para isso € que quando a proteina é utilizada
como fonte de energia os residuos nitrogenados decorrentes do metabolismo
requerem energia para serem excretados. Além disso, a proteina dietética estimula a
deposicao e renovacgao proteica que requerem um gasto de aproximadamente 71 kcal
EM/g para alimentar as vias metabdlicas. (Reeds et al., 1982; Reeds and Fuller, 1983;
Musharaf e Latshaw, 1999).

A correta determinacdo do incremento caldrico traz informacfes importantes
sobre a eficiéncia de utilizacdo da energia pelos animais. Quanto maior for a relacéo

EL/EM maior sera a conversao da energia metabolizavel em energia liquida, o que



resultard em um menor incremento caldrico. Neste aspecto podemos determinar a
eficiéncia de uma dieta baseado em sua ineficiéncia, ou seja, nos valores de IC. Um
exemplo disso, Musharaf e Latshaw (1999), apresentaram dietas mais eficientes
(EL/JEM) quando houve reducdo no teor de proteina bruta da dieta, jA que esse
nutriente apresenta um alto valor de IC, como demonstrado anteriormente. Além
disso, Liu et al. (2017) determinaram que a ingestéo de energia metabolizavel também
pode alterar a eficiéncia EL/EM e IC. Esses autores afirmaram que o aumento na
ingestdo de alimentos em frangos de corte reduziu a eficiéncia de utilizacdo de
energia, pois com 0 aumento do consumo uma maior quantidade de IC é produzida,
resultando proporcionalmente em uma menor EL. MacLeod et al. (1979), mostraram
em seus estudos que galinhas poedeiras em restricdo de consumo apresentavam

menor IC e maior EL/EM do que galinhas alimentadas de forma ad libitum.

Deve ser enfatizado que a producao de calor de manutencao inclui uma fragao
do IC (Musharaf e Latshaw, 1999). Blaxter (1989) mostrou que proteinas, carboidratos
e gorduras quando usadas pelo animal para manutencao apresentam uma eficiéncia
20% maior do que quando utilizadas para producdo. Ou seja, o IC € menor quando
0S nutrientes sao usados para manutencéo do que para crescimento e producao. Em
resumo, o IC é menor quando os animais sdo alimentados até o nivel de mantenca,
0 que aumenta a eficiéncia de utilizacdo da energia dietética para ser usado para
PCJ. Entretanto, o excedente de energia as necessidades basais do animal leva a um
aumento do IC, que sera liberado ao ambiente diminuindo a eficiéncia energética
(Musharaf e Latshaw, 1999).

2.2. Metodologias para avaliar o metabolismo energético em aves

2.2.1. Calorimetria indireta

A calorimetria indireta € um sistema que tem sido amplamente utilizado para
investigar e compreender o metabolismo energético em animais e seres humanos
(Riveros et al., 2023). Esse método parte do pressuposto de que a energia liberada
pelos processos de oxidagdo dos nutrientes pode ser quantificada através da relagao
estequiomeétrica entre o consumo de oxigénio (O2) e a producao de dioxido de carbono
(CO2) (Brouwer, 1965). O sistema de calorimetria indireta apresenta dois tipos de

design: o circuito fechado e o circuito aberto. Os primeiros pesquisadores dessa area



utilizaram o circuito fechado por um longo periodo de tempo, e ainda hoje ele é
considerado um excelente sistema para mensurar trocas gasosas. Neste circuito, as
taxas de consumo de oxigénio e producdo de CO2 sdo medidas através de mudancgas
no volume e pressao. Isso significa que, conhecendo o fluxo de entrada, o volume
inicial e o volume final dos cilindros que alimentam o sistema, é possivel mensurar a
utilizag&o dos gases pelos animais. Por outro lado, no circuito aberto, o sistema possui
duas aberturas em suas extremidades para capturar o ar atmosférico por meio de
uma bomba de fluxo que cria pressdo negativa. O ar que entra no sistema é analisado
guanto a parametros como pressao atmosférica, temperatura ambiente e pressao
parcial de vapor de 4gua. Em seguida, uma amostra € seca e analisada com
equipamentos especificos para quantificar a quantidade de oxigénio e CO:
consumidos. Sabendo-se as concentracfes dos gases na atmosfera, apds a
expiracdo dos animais, é possivel mensurar a utilizacdo de oxigénio e a producao de
COz2 (Simonson 1990).

Tanto o sistema fechado quanto o aberto sdo eficientes para mensurar a
producédo de calor, uma vez que ambos os sistemas levam em consideracdo que a
oxidacao completa de carboidratos, lipideos e proteinas é um processo exotérmico
gue resulta na produgéo de CO2 e H20 como produtos metabdlicos. Dessa forma, por
meio do consumo de Oz e producgéo de CO:2 € possivel ter uma estimativa acurada da
guantidade de calor gerado no metabolismo dos animais. No caso das proteinas, além
da producao de CO2 e H20, também ocorre a liberacéo de nitrogénio, que é excretado
na urina e fezes. Desse modo, a correta mensuracao da excrecao de nitrogénio nas
excretas das aves € essencial para obter estimativas precisas da producéo de calor
por meio da calorimetria indireta. (McLean e Tobin, 1987; Ferrannini, 1988). (Jequier,
1987.

A determinacdo do volume de oxigénio (VO2) e CO2 (VCO2) pelo sistema de
calorimetria indireta permite a determinacdo do calor gerado pela oxidacdo de
diferentes substratos por meio de equacgdes de estequiometria. O oxigénio gasto e o
CO2 produzido nos processos de oxidagao varia entre cada nutriente. Um conceito
fundamental nesse sentido € o quociente respiratorio (QR) que expressa a relagéo
entre a producédo de CO2 e o consumo de O2. O QR fornece informagdes sobre qual
substrato esta sendo predominantemente utilizado pelo metabolismo na formacao de

energia, em um determinado momento. Para a glicose, o QR € igual a 1, o que indica



gue o oxigénio utilizado na oxidacao € equivalente ao CO:2 produzido. Diferentemente,
proteinas e lipideos demandam uma maior quantidade de oxigénio para serem
completamente oxidados e produzem uma menor quantidade de CO2, resultando em
um QR de 0,80 e 0,70 respectivamente. As principais equacfes estequiométricas
foram desenvolvidas por Ferrannini (1988) e Simonson (1990) e podem ser
observadas abaixo:

1g glicose + 0,746L 02 - 0,746L CO2 + 0,60g H20 (Eq.1)
1g lipideo + 2,019L 02 — 1,427L CO2 + 1,09g H20 (Eq. 2)
1g proteina + 0,966L 02 — 0,774L CO2 + 0,45g H20 (Eq.3)

A partir dos calculos acima € possivel demonstrar um conceito fisiol6gico
importante. A maneira mais eficiente de utilizar oxigénio para produzir energia é
através da oxidacdo da glicose, sendo a oxidacdo de gordura e proteina mais

dispendiosas em termos de "moeda de troca" de Oo:.

A partir dos trocas gasosas utilizadas na oxidacdo dos nutrientes, e
desconsiderando as perdas na forma de metano (CH4) e nitrogénio € possivel

determinar a producéo de calor utilizando a equacgéao de Brouwer (1965), onde:
PCT (kcal) = 3,87 litros de 02 consumidos + 1,23 litros de CO2 produzidos (Eq. 4)

Uma vez que os valores de PCT sdo obtidos, a energia liquida pode ser
determinada pela diferenca entre o incremento calérico e a ingestdo de energia

metabolizavel diaria (McDonald et al., 2011).

2.2.2. Técnica do abate comparativo

A técnica do abate comparativo € um método classico utilizado para avaliar
mudancas na composicdo corporal em um determinado periodo de tempo.
Desenvolvido por Sibbald e Fortin (1982), esse método envolve o abate de uma
guantidade representativa de aves no inicio e ao final do periodo experimental. As
aves sao depenadas, congeladas, serradas, moidas, homogeneizadas e, por fim
liofilizadas para analises proximais. Apds a secagem, as amostras sao submetidas a

analises de matéria seca, nitrogénio, extrato etéreo, e cinzas. Os dados resultantes



séo combinados com as medi¢des de peso vivo para prever a composi¢ao da carcaca
(Wolynetz e Sibbald, 1984).

Embora seja um método eficiente para determinacéo da energia retida, o abate
comparativo ndo apresenta resultados precisos como a calorimetria indireta. 1sso
ocorre porque aves da mesma idade e peso podem apresentar composicoes
diferentes, gerando imprecisfes nos valores obtidos por este método (Just et al.,
1982). Além disso, 0 abate comparativo é muitas vezes evitado devido a dificuldade
de preparar e homogeneizar as amostras, principalmente no que diz respeito a
resisténcia das penas ao processo de maceracéo, além da necessidade de abater as
aves e nao ser possivel acompanhar as mudancas corporais ao longo do tempo no
mesmo animal (Sibbald and Fortin, 1982 Salas, et. al., 2012).

2.3. Sistemas de energia

2.3.1. Energia bruta

A energia contida nos ingredientes pode ser determinada pela quantidade de
calor liberado durante uma reacdo de combustdo. Embora diferentes unidades de
medidas possam ser utilizadas, a quilocaloria (kcal) € a mais utilizada no contexto da
nutricdo. Essa unidade corresponde a quantidade de calor necesséria para elevar a
temperatura de 1000g de agua em 1°C. Assim, utilizando uma bomba calorimétrica,
€ possivel determinar as quilocalorias associada aos ingredientes. Através de uma
pequena quantidade de amostra que é completamente oxidada a liberacdo de calor
€ medida e quantificada pela bomba calorimétrica adiabética (Buskirk & Mendez,
1980).

O contetdo de energia bruta (EB) presente nos ingredientes varia
consideravelmente, sendo essas diferencas exclusivamente atribuidas a composicéo
guimica. A partir dessas mensuracdes foi possivel determinar que entre todos os
componentes organicos, os carboidratos (amido, aclcares e fibra) apresentam menor
conteudo de EB, enquanto a gordura esta associada a valores altos de EB (Sauvant
et al., 2004).

Ao contrario de outros sistemas de energia, a EB ndo esta diretamente

associada ao metabolismo animal, o que a torna facilmente mensuravel e de facil



predicdo por meio de modelos lineares. A partir de dados de diferentes estudos,
Noblet et al., (2004) propuseram a seguinte equacao para predicdo da EB a partir da

composicao quimica:
EB = 54,97 PB + 92,97 EE + 41,58 Amido + 39,43 Acucar + 44,93 FDN + 42,30 Residuo (Eq.5)

Onde, PB é proteina bruta, EE € extrato etéreo, FDN é fibra em detergente
neutro, e residuo é a diferenca entre a matéria organica e as outras fracoes
identificadas na equacdo. Como demonstrado, os coeficientes associados aos
carboidratos sdo menores, intermediarios para proteina e mais alto para lipideos, o
gue reflete bem o valor energético individual desses nutrientes. Alguma variacdo nos
valores de energia pode existir, por exemplo, a diferenca nos valores de energia entre
amido e agucares esta relacionada principalmente ao grau de polimerizagdo dos
carboidratos. Além disso, os valores associados a PB e EE estdo sujeitos a variagdes
dependendo da composicdo de aminoacidos e, em menor grau, da composicao de

acidos graxos, respectivamente (van Milgen et al., 2003).

2.3.2. Energia metabolizavel

O sistema de energia metabolizavel (EM) tem sido utilizado a décadas para
determinar os valores energéticos dos alimentos e as exigéncias das aves, além de
ser considerado 0 modelo mais pratico e simples de ser utilizado no processo de
formulacdo de dietas (Sauvant et al., 2004; Rostagno et al., 2017; Barzegar et al.,
2020). Esse sistema foi inicialmente desenvolvido por Hill & Anderson na
Universidade Cornell em 1958, utilizando dois grupos de aves, em diferentes idades
(14 e 28 dias) e duas dietas com concentracdes diferentes de glicose (5% e 45%).
Para padronizar o método, ainda foi utilizado 6xido crémico (Cr203) como indicador
indigestivel. Durante os quatro ultimos dias de ensaio, as excretas foram coletadas,
e posteriormente homogeneizadas, secas e moidas. O teor de umidade, nitrogénio,
energia bruta e a recuperacao do 6xido crémico tanto da dieta quanto das excretas
foram determinados. Com base nos resultados, equacgfes foram propostas para
calcular os valores de energia metabolizavel (EM) e energia metabolizavel corrigida

pelo balanco de nitrogénio (EMn), conforme as seguintes férmulas:

EB ingerida — EB excretada
EM =

Eq.6
Matéria seca ingerida (Eq. 6)



EB ingerida — (EB excretada + 8,22 X Balango de nitrogénio)
EMn = — . , (Eq.7)
Matéria seca ingerida

Sendo o balaco de nitrogénio determinado pela diferenca entre nitrogénio
ingerido e nitrogénio excretado. Hill e Anderson (1958) assumiram que, se 0
nitrogénio ndo for retido no corpo ele sera excretado como acido Urico, propondo o
fator de correcdo de nitrogénio de 8,22 kcal/g. A correcdo para retencdo zero de
nitrogénio simplifica os calculos, considerando que os componentes da dieta sao
totalmente utilizados como fonte de energia (McNab e Boorman, 2002). Além disso,
esse fator de correcdao foi justificado pela capacidade de comparar dados de aves em
diferentes estagios de desenvolvimento (Lopez e Leeson, 2008).

Farrell (1978) atribuiu o conceito “aparente” ao sistema de EM, assumindo que
parte da energia obtida nas excretas é advinda da renovacado celular que ocorre
normalmente no organismo, sendo, portanto, energia enddégena das aves e nao
apenas dos nutrientes ndo digeridos. Diante disso, 0 sistema de energia
metabolizavel verdadeira (EMV) foi proposto para superar as limitagdes do sistema
anterior. Aves adultas, geralmente galos, eram submetidas a 24 horas de jejum prévio
para esvaziar o tubo digestivo e, em seguida, alimentadas forcadamente. Apds a
ingestao de racdo, os animais eram submetidos novamente ao jejum, e as excretas
eram coletadas quantitativamente durante esse periodo. Além disso, uma ave era
mantida em jejum constante, e dessa forma, as perdas endogenas e metabdlicas
eram determinadas (Sibbald, 1976). No entanto, o sistema de EMV foi rapidamente
criticado, pois a alimentacdo forcada ndo representa a sinergia que ocorre em
condic¢des fisioldgicas normais em aves alimentadas ad libitum (Leeson e Summers,
2001).

Apesar de ser um método confidvel e amplamente utilizado, o sistema de EM
apresenta limitacdes que devem ser consideradas. Por exemplo, o valor de EM
atribuido aos alimentos ir4 diferir de acordo com o estdgio de desenvolvimento,
aptidao (carne ou ovos) e idade das aves (Garnsworthy et al., 2000; Svihus e Gullord,
2002). Portanto, diferentes valores de energia podem ser obtidos dos ingredientes
devido ao estado fisioldégico e aos processos digestivos dos animais. (Begin, 1967;
Pym e Farrell, 1977; Lopez e Leeson, 2005; Cozannet et al., 2010). Sakomura (2004)
observou um incremento na energia corporal devido ao aumento da deposicédo de

gordura & medida que a idade das aves avancava. Além disso, a forma e composi¢ao



da dieta também podem alterar os valores de energia metabolizavel. Wu et al. (2018)
observaram diferentes valores de utilizacdo de energia em ingredientes como farelo
de soja, 6leo de soja e milho em ragdes para frangos de corte quando comparado
com aves de postura. Por fim, o sistema de EM néo explica a particdo da energia no
corpo da ave para as diferentes fungfes e atividades, ndo sendo possivel determinar
a eficiencia de utlizacdo dos nutrientes para produgcdo, ou retencdo corporal
(Barzegar et al., 2019a).

2.3.3. Energia liquida

Considera-se que o sistema de energia liquida foi desenvolvido quando
Armsby e Fries (1915) introduziram a perda de energia como incremento calérico ao
sistema de energia metabolizavel, definindo-o como: EL=EM-IC. Este sistema foi
entdo sugerido como mais acurado para mensurar o valor energético dos
ingredientes, uma vez que leva em consideracdo o efeito térmico da dieta na
producédo de calor associada aos animais (van Milgen et al., 1997). Considerar o IC
na avaliacdo da energia dos alimentos aprimoraria os valores obtidos na utilizag&o
dos nutrientes. Portanto, ao comparar os sistemas de EL e EM para avaliar a energia
dos alimentos, o sistema de EL apresenta valores mais acurados (De Groote, 1974).
Pirgozliev e Rose (1999) estudaram 40 diferentes ingredientes frequentemente
utilizados na formulacdo de dietas para aves e obtiveram valores mais precisos da

utilizacdo de energia quando utilizaram o sistema de EL no lugar do sistema de EM.

O sistema de EL é considerado economicamente mais vantajoso, uma vez que
racdes baseadas nesse sistema apresentam reducdo no conteudo energético e
proteico da dieta e garantem o0 mesmo desempenho dos animais. De acordo com De
Groote (1974), racBes formuladas no sistema de EL sdo, em média, 2,43% mais
baratas do que aquelas baseadas no sistema de EM. Isso ocorre porque o sistema
de EL leva em consideracédo as diferencas na eficiéncia da utilizacdo metabdlica da

energia.

Carré et al. (2014) determinaram que a relagcdo EL/EM para proteina bruta,
lipideos, e amido sdo de 76, 86 e 81% em frangos de corte, elucidando que a
eficiéncia de utilizacdo de energia (EL/EM) das proteinas € menor que a das gorduras,

0 que comprova que o modelo de EM subestima o valor energético da gordura e



superestima o valor energético dos ingredientes proteicos. Isso permite uma
avaliacdo energética mais precisa dos ingredientes da dieta, podendo ser explorado
na formulacéo de menor custo, resultando em uma melhoria substancial na eficiéncia
nutricional e econdémica da producédo de aves (De Groote, 1974). Dessa forma, a
adocao do sistema de EL possibilitaria que nutricionistas formulassem dietas mais
eficazes e com custos reduzidos (Barzegar et al., 2019).

Enquanto as medicdes de EB e EM sé&o relativamente faceis e podem ser
realizadas em um grande ndmero de alimentos a um custo razoavel, a medi¢do de
EL é muito mais complexa, cara e envolve teorias complicadas que devem ser
levadas em consideracdo (Noblet et al.,, 1994). Por exemplo, como descrito
anteriormente, a PCJ deve ser mensurada de maneira adequada para obter valores
fidedignos de EL, ndo sendo recomendado a mensuragdo do PCJ através de niveis
de alimentacao e ajustes de modelos lineares, uma vez estes subestimam o valor de
PCJ (Figura 2) (van Milgen et al., 1997). Além disso, para evitar o viés no calculo da
NE em diferentes alimentos é necessario realizar medicées em animais semelhantes
(ou seja, mesmo sexo, mesma linhagem, e na mesma faixa de peso corporal),
mantendo esses animais dentro da zona termoneutra e minimizando a variagdo no
comportamento alimentar, mantendo o mesmo nivel de alimentagcédo entre as aves.
Nessas circunstancias, a melhor alternativa é utilizar de equacbes confidveis de

predicdo de NE estabelecidas a partir de medi¢des padronizadas (Noblet et al., 2022).
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Abstract

This study aimed to develop mathematical models that can overcome the limitations
of linear energy partitioning models in laying hens. Three linear models and two
nonlinear mixed-effects models were fitted to predict the energy utilization efficiency
for body and egg deposition, as well as the maintenance requirements for
metabolizable energy (MEm) and net energy (NEm). Thirty diets were individually
formulated to achieve values below and above the nutritional recommendation of Hy-
line guidelines. Heat production and energy metabolism were measured in laying hens
during the production phase using six open-circuit respirometric chambers. Diets were
randomly divided into five groups; each diet was replicated four times with 6 hens per
replication. The experimental protocol included a five-day adaptation to the
experimental diets, two days of chamber adaptation, four days of data collection under
feeding conditions, and one day of measurement under fasting conditions. Feed
intake, bird weight, egg production, egg mass and excreta production were measured
daily. The variables for total heat production (THP) and fasting heat production (FHP)
were obtained through the Brouwer equation using VO2 and VCO2 measurements.
Apparent metabolizable energy (AME) was determined by measuring ingested and
excreted gross energy (GE) content. Retained energy (RE) was determined as the
difference between metabolizable energy intake (MEi) and THP, and subsequently
partitioned between retained energy in body and egg. RE in eggs and body were
partitioned into energy retained as protein and fat. Statistical analyses involved linear
regressions and nonlinear mixed-effects regressions of the main variables described.
The values obtained for MEm, NEm and the efficiency of energy retention in body (Koody)
and egg (kegg) in the linear models were 106.41 kcal/kg®’®xd, 90.36 kcal/kg®"xd,
0.843 and 0,779, respectively. For nonlinear models the values were 94.15
kcal/kg®®xd, 81.72 kcal/kg®®xd, 0.463 and 0.638 for MEm NEm, Kbody and Kegg
respectively. Nonlinear models were considered the ideal choice to determine MEm
and NEm requirements due to the lowest error (RMSE). The NE system showed lower
RMSE compared to the ME system and was therefore more accurate in expressing

the energy requirements of laying hens.

Keywords: Energy metabolism, net energy, heat production, fasting heat production,

indirect respirometry.



Introduction

Over the last few years, significant progress in poultry genetics has led to the
development of highly efficient laying hen strains improving egg production. These
birds were selected to be smaller-sized, with lower feed intake, and have
demonstrated a remarkable persistence in egg production rate. However, as these
laying hen strains advanced genetically, their nutritional requirements must be
adjusted, especially regarding energy intake, which represents the largest fraction of
feed cost (Luiting, 1990; Gous, 2007; Sakomura et al., 2019). Hence, understanding
energy utilization is essential to accurately determine energy requirements for
maximum efficiency (Barzegar et al., 2019). Several studies have been conducted to
determine the requirements of energy based on the metabolizable (ME) and net
energy (NE) system, following the factorial approach to estimate the coefficients of
maintenance (km) and production for both systems (Waring and Brown, 1965;
Grimbergen, 1970; Burlacu and Baltac, 1971; Davis et al., 1972, 1973, Sakomura,
2004). However, the estimation of these parameters has been based on simple and
multiple linear regression models, and statistical issues have been associated with this
approach. These models assume a constant ratio relationship between energy intake
and energy expenditure, regardless of changes in dietary composition or the animal
metabolic status (Koong, 1977; Moraes, 2019).

A more detailed and flexible approach for modeling energy utilization, avoiding
the limitations of linear equations, is provided by mixed models (Romero et al., 2009;
Strathe et al., 2010). Mixed models incorporate fixed and random effects and have
been considerably extended in the past two decades with the complete
characterization of the biological interpretation under different feeding conditions,
maintenance requirements, and efficiencies of energy utilization for production (Feng
et al., 2009; Moraes, 2019). Moreover, this model has been successfully applied to
determine energy deposition and partitioning for pigs (van Milgen and Noblet, 1999;
Strathe et al., 2010), dairy cows (Moraes et al., 2015), fish (Azevedo et al., 2005), and
broiler breeders (Romero et al., 2009; Teofilo et al., 2023). However, there is limited
information regarding the utilization of this approach for laying hens.

Additionally, coefficients of energy efficiency (k) and the estimates of

metabolizable (ME) and net energy (NE) for maintenance have been determined by



subjecting birds to various levels of ME intake through feed intake restriction.
However, despite being a widely used technique, feed intake restriction induces
metabolic and physiological changes in the birds and does not fully express the
necessary biological aspects for accurately determining these coefficients (De Lange
et al., 2006; Labussiére et al., 2011). Consequently, this approach influences the
values of energy retention, which are typically partitioned between retained energy in
the body tissue and for egg formation. As a result, the efficiency of energy deposition
in the egg (kegg) €xhibits a wide variation in coefficients reported in the literature, such
as, 81% (Titus, 1928), 63% (Bird and Sinclair, 1939), 74% (Bolton, 1959), and 78%
(Barzegar, 2019).

Therefore, we hypostatized that the estimation of ME and NE requirements
through nonlinear mixed models in birds fed ad libitum is a feasible alternative,
providing more reliable values. Thus, this study aimed to compare linear and nonlinear
mixed-effects models in determining ME and NE requirements for maintenance, as
well as coefficients of energy deposition efficiency in the body and egg of laying hens

fed with different diets, varying the chemical composition.

Material and methods

Birds and experimental design

ForcC:\for this experiment was used Hy-line W80 laying hens obtained at 19-wks-
old from the commercial farm (Granja Mayra, MG, Brazil). The birds were allocated in
individual cages equipped with feeders and nipple drinkers in a climate-controlled
poultry house. During the pre-experimental period, birds were fed a standard
commercial diet based on corn and soybean meal formulated to meet the nutritional
recommendations of the genetic guidelines (Hy-Line W80, 2020). The lighting program
followed the recommended guidelines and water, and feed were provided ad libitum

throughout the entire experiment period.

The measurements (biological assays) were periodically conducted in groups
of six experimental units per assay, since the respirometry system have capacity for
six chambers. All the experiment consists of 30 experimental diets with four replicated,
totalizing 120 experimental units of birds randomly distributed. At each assay, six diets
were randomly selected to compose a group (1 diet per chamber). Before the

measurement, 36 laying hens were selected from the initial population based on
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average body weight (BW) and egg production and allocated in six birds per cages
(0.60 m x 0.20 m x 0.10 m). Birds were fed experimental diets for five days to allow
diet adaptation. After this period, the birds were transferred to the Respirometry
Laboratory and habituated to the chambers for two days. Afterwards, the data
collection began under feeding conditions with the respective experiment diet for four
days. On the last day, the feed was withdrawn, and the gas exchange measurements

were conducted under fasting conditions for 24 hours.

Experimental diets

A total of 30 experimental diets were formulated to have a wide variation in the
metabolizable energy (ME) value (Table 1). Additionally, a criterion of feed formulation
was adopted considering the same ratio between the digestible lysine and energy (Lys
SID: AME = 2.95%). The experimental diets were performed using traditional and non-
traditional ingredients to provide flexibility in the nutritional composition and allow a
wide range of energy intake to be evaluated between experimental diets. The variation
in the nutritional composition of the diets, on a dry matter basis, ranged from 2419 to
3096 kcal/kg of metabolizable energy (ME), 12.88 to 22.75% crude protein (CP), 1.34
to 10.25% ether extract (EE), 1.36 to 5.35% crude fiber (CF) and 35.83 to 45.24%
starch. Additionally, crystalline amino acids were supplemented to the diets to correct
the balance between AME and amino acids, thus ensuring that the variation in feed
intake did not limit amino acid intake. The concentration of Ca (4.51%) and available
P (0.36%) were attended according to the management guide (Hy-line W80, 2020).

Respirometric chambers and gas analyzer system

Six open-circuit respirometry chambers (0.90 m x 0.85 m x 0.80 m) with
temperature and humidity automatic controllers were used in this trial. The average of
temperature and humidity were 21°C and 59% respectively, as recommended by the
management guide (Hy-line W80, 2020). The respirometry system consisted of a
mass flow pump (FK-100; Sable System, USA) that pulled the atmospheric air into the
chamber under negative pressure at a flow rate of 12 L/min to maintain the CO2
concentration below 1% (Lighton, 2018). 160 mL/min air sample was constantly
extracted by a pull-mode sub-sample pump (SS4; Sable System, USA) and flowed

through the analyzer system. The air analyzers consisted of the water vapor pressure



analyzer (RH -300; Sable System, USA), and scrubbing columns with 99.5% calcium
sulfate (CaSOa4) to capture the water vapor molecules (Drierite, W. A. Hammond
Drierite Co., LTD). Subsequently, the dry air was analyzed by an infrared analyzer of
CO2 (CA-10A; Sable System, USA) and a paramagnetic analyzer of Oz (PA- 10; Sable
System, USA). The flowmeter and analyzer signals were coded by a universal
interface (Ul-2; Sable System, USA) and saved one record per second using

ExpeData software (version 1.9.22, Sable Systems).

Gas sampling was programmed from each chamber and baseline using a
multiplexer (MUX RM-8; Sable System, USA) in an intermittent sequence: initial
baseline (180 seconds), chambers (540 seconds per chamber), and final baseline
(180 seconds). This procedure was repeated in a loop for 24 hours per day. At the
beginning and the end of each data collection, the gas analyzer was calibrated with
concentrated gas (>99.99% N2) and a certified gas mixture (21% Oz and 1% CO2).

Performance and heat production calculations

Body weight (BW), feed intake (FI), egg mass (EM) and laying were recorded
daily. Additionally, total excreta collection was performed during the feeding phase (3
days) to determine apparent metabolizable energy (AME) and apparent metabolizable

energy corrected for nitrogen (AMEn).

The air ingoing flow (Fin), volumetric Oz consumption (VO2, L/d), and CO:2
production (VCO2, L/d) were calculated following the methodology described by
Lighton (2018) for an open circuit indirect calorimetry.

(100-[O2]out-[CO2]0ut)

Fin(L/ = Fou X ~60.10,1,-1CO )

% 1.440 minutes (Eq. 1)

VOZ(L/d)z Fin x [OZ]in - I:out x [02]0ut (Eq- 2)
VCO,(L/d)= Fout * [CO2]out - Fin X [CO2]in (Eq. 3)

Where Fout is the air outgoing flow, [Oz]in and [COz2]in are the atmospheric gas

concentrations or baseline.

The total heat production (THP) and fasting heat production (FHP) were

calculated using the Brouwer equation (1965):



HP (kJ/d) =16.17 xVO, +5.02 x VCO, (Eq. 4)

The FHP was determined as the plateau of HP decline under fasting condition

(around after 14 hours of fasting) during the dark period (Bennett and Harvey, 1987).

Chemical analysis and calculations

Samples of eggs, feed and excreta were collected and homogenized for
laboratory analysis. All samples were subjected to dry matter content determination
through forced air oven drying at 105°C for 16 hours. In eggs, the dry matter was
determined through freeze-drying for 72 hours. The nitrogen content of the samples
was measured using the Kjeldahl method (AOAC, 2000), and the crude protein content
was calculated using the coefficient of 6.25 g of crude protein per g of nitrogen. The
ether extract of the feeds was determined through extraction with petroleum ether
(ANKOM Technology® apparatus) and, the gross energy was obtained by the total

combustion of samples using the adiabatic calorimeter (IKA C 2000 basic, USA).

The AME was determined using the total excreta collection method (Bourdillon
et al., 1990). The AME values were converted to AMEnN using the nitrogen balance
and the coefficient 8.22 kcal/g of N as a correction factor (Hill and Anderson, 1958) for
zero N retention in the body and eggs. The intake of apparent metabolizable energy
(MEj) was determined by multiplying the difference between the gross energy in the
feed and excreta by the respective intake and excreta production values. The total
energy retention (RE) was determined by the difference between MEi and total heat
production (THP), then RE was partitioned as RE in the body (REbody) and RE in the

egg (REegg).

The REegg Was obtained by multiplying the gross energy value of the egg
(GEegg), determined using adiabatic bomb calorimetry, by the egg mass (EM): ERegg
= EM x GEegg. The REegg Was partitioned into RE in the egg as protein (REegg-pt = EM
x N content in the egg x 6.25 g N/g protein x 5.69 kcal/g protein) and the RE in the
egg as fat (REegg-fat), Which was obtained by subtracting the REeggpt from REegg.
Finally, the REnody Was determined by subtracting the REegg from RE.

Retained energy in the body (REbody) was determined by subtracting the REegg
from RE. The partitioning of REnody into protein and fat was calculated from nitrogen

retention (NR = N intake — N excreted) to determine the total RE as protein (REp: = NR



x 6.25 gN/g Protein x 5.69 kcal/g Protein). The energy retained as fat (REfa) was
calculated from the difference between RE and REra. Finally, the REbody was
partitioned into REbody-pt (REpt - REegg-pt) and REbody-fat (REfat - REegg-fat).

Design of models

Linear and nonlinear mixed models were used to describe energy utilization by
laying hens during the production phase. BW, BWG, EM and energy retention as total,
body and eggs were used to determine the requirements for maintenance based on
ME and NE (kcal/kg®"®). For all models the allometric coefficient of 0.75 was used to

determine metabolic BW to allow a direct comparison with other reports.

Model 1 was used to determine the MEm using a simple linear regression model

of RE as a function of AMEi as proposed by Farrell (1974).
RE = a + bAMEIi + € (Eq.5)

Where the metabolizable energy for maintenance (MEm) can be estimated by
the ratio between a and b (RE=0).

Model 2 used multiple linear regression to determine the energy retention

efficiencies in the body and egg based on the energy difference between ME and MEm.

ME — ME,, =

1
X REpody + 7—— X REcgg + £ (Eq. 6)
body egg

In this model, knody @and Kegg represent the energy cost for retaining 1 kcal of

energy as body and egg, respectively.

In model 3, heat production was calculated using a simple linear regression by

its logarithmic relationship with AME; as proposed by Lofgreen & Garret, (1968).
log,o THP = a + b x AME; + ¢ (Eq.7)
The net energy for maintenance (NEm) was assumed to be the intercept of a.

In model 4 a nonlinear mixed model was used to describe NEi utilization by
using the parameters a, ¢, and d to express the energy required for maintenance,

weight gain, and production, respectively.

NE; = a X BW%75 + ¢ X BWG + d x EM + g; NE;~N (u, 02) (Eq.8)



For the MEi (model 5), additional parameters were included to estimate the
efficiencies of utilization for maintenance (km), weight gain (knody), and production

(Keeg).

1
ME; = a—BW?%7> + ¢ BWG + d

EM + g; ME;~N (y,02)(Eq.9)
km body kegg

The predictability of the models was subjected through residual size
comparisons. The models were compared by assessing their accuracy in predicting
the kcal/bird/day energy requirements using ME or NE. Each model was evaluated
using the root mean square errors (RMSE), which was calculated through the

comparison of observed and estimated values using the following equation.

RMSE = \/ Z?=1(Yobs - Ypred)z
n

Statistical analysis

Before the model construction, the dependence between variables was tested
using Pearson correlation between the performance and energy metabolism
parameters. This analysis was performed using the PROC CORR procedures.
Additionally, it was fitted using the PROC REG to perform the linear regression
analysis to estimate the parameters of Eq. 5, 6 and 7. On the other hand the nonlinear
mixed-effects models were fitted using the PROC NLMIXED procedure from SAS
Institute (SAS Systems Inc., Cary, NC).

The parameters adjusted in the models were considered statistically significant
when the P<0.05.

Results

A total of 10 observations were removed from the 120 total measurements due
to low FI or technical issues in the respirometry chambers. The results of performance
and energy metabolism variables with their respective average, minimum, maximum,
and standard deviation values are shown in (Table 2). The variables of performance,
BW, FI, EM and BWG varied from 1.48 to 1.69 kg, 0.088 to 0.124 g/bxd, 50.33 to
65.02 g/bxd and -13.10 to 11.90 g/bxd respectively. Also, the variables of energy



metabolism response of AMEIi, THP, FHP and RE varied from 214.56 to 301.01
kcal/bxd, 120.30 to 139.75 kcal/kg®’®xd, 63.37 to 84.34 kcal/kg®">xd and 56.93 to
106.28 kcal/kg® ">xd respectively.

The Pearson correlation was obtained to determine the degree of linear
relationship between the main variables included in the models (Table 3). A high
degree of variability in nutrient partitioning response was achieved exclusively through
the variation of the chemical composition of experimental diets, without the restricted
feed intake. A positive correlation between daily feed intake and AMEi (r=0.48;
P<0.001) showed considerable variation. Fl ranged from 0.088 to 0.124 (kg/birdxd),
and AMEi from 214.56 to 301.01 kcal/bxd. These results were favorable for observing
energy retention in birds as this is the main parameter for constructing ME and NE

models.

The correlation between AME; and RE, as well as AMEI and REnody, were r=0.95
(P<0.001) and r=0.77 (P<0.001) respectively. These results indicate a strong degree
of linear association between these variables. The values of RE ranged from 46.93 to
106.28 kcal/kg®7®xd, while REbody Values varied from -37.03 to 29.09 kcal/k9%-75xd,
indicating significant catabolism and anabolism in the laying hens. On the other hand,
the different levels of AMEi showed no influence on REegg, as no correlation was
observed between these variables (r=-0.06; P>0.05). The relationship between RE,
REbody and REeggs With AME: is illustrated in Figure 1-A.

Exploring the relationship between AMEI and REbody partitioning, a strong
correlation between AMEi and REbody-fat IS evident (r=0.78; P<0.001). However, no
such correlation is observed between AMEi and REbody-pt (r=0.12; P>0.05). Similarly,
the components of REegg: REeqgg-fat and REegg-pt, Wwere unaffected by the varying levels
of AMEi. Additionally, a significant correlation was observed between FHP and AME;
(r=-0.22; P<0.01), indicating that the different levels of metabolizable energy intake
had a substantial effect on the maintenance of laying hens.

The estimated parameters obtained from the models for ME and NE energy
requirements, based on the BW%75, BWG, EM and RE, are presented in Table 4. All
the models and parameters showed significance (P<0.05). Using linear regression
approach, model 1 shows that the values of MEm (for RE=0) and FHP (for AMEI=0)
are 106.41 and 82.47 kcal/kg®"°xd, respectively, with an efficiency of AMEi utilization



for energy retention of 77.5%. For model 2, a multiple linear regression was calculated
using the difference between ME and MEnm as the dependent variable (y), and REpody
and REegg as independent variables. From the reciprocals of the coefficients, it was
observed that birds deposit energy in the body with an efficiency of 84% and in the
egg with an efficiency of 78% from the metabolizable energy for production (MEp). In
other words, this results in a cost of 1.186 and 1.283 kcal/bxd of metabolizable energy

for each gram of energy deposited in the body and eggs, respectively.

In model 3, a simple linear regression between the logarithmic values of HP
and AMEi was used to determine the FHP. According to Lofgreen and Garret (1968),
extrapolating a linear regression model between HP and AME:i to an energy intake of
zero results in a more accurate estimate of fasting heat production. The logarithm of
the fasting heat production by birds is thereby found to be 1.956 + 0.0306, in this case
the antilogarithm ranges from 84.21 to 96.96 kcal/kg®">xd, with an average value of
90.36 kcal/ kg®7>xd.

To describe the utilization of NEi and MEi, models 4 and 5 were used,
respectively, using metabolic body weight, body weight gain and egg mass as
variables to predict model parameters. The purpose of these models was to overcome
the limitations of linear models, which have traditionally been employed as the
classical method for energy partitioning in birds. By incorporating nonlinearity and
accounting for random and fixed variability in the relationships between the
independent and dependent variables, models 4 and 5 offer a more comprehensive
approach. Determining the requirements of NEi and ME; using these models would be
more appropriate, given the influence of multiple variables on the response, which is
crucial in the context of energy partitioning.

All estimated parameters in models 4 and 5 showed significant differences
(P<0.05). While in model 4, the value for parameter a which represents NE for
maintenance, was estimated as 81.17 kcal/bxd, in model 5, a value of 94.15 kcal/bxd
for MEm was observed, resulting in an energy utilization efficiency for maintenance
(km) of 0.862. Moreover, the assigned values for the body weight gain variable
expressed as parameter ¢ were 0.4169 and 0.901 in models 4 and 5, respectively,
leading to a body energy deposition efficiency (knoay) Of 0.463. Finally, the assigned

values for egg mass, represented by parameter d were 1.512 and 2.37 in models 4



and 5, respectively, corresponding to an efficiency of egg energy deposition (Kegg) Of
0.638. Furthermore, the predictive quality of the models was assessed using RMSE,
with the NE prediction system showing higher accuracy (RMSE = 11.25) compared to
the ME system (RMSE = 14.00).

Discussion

Based on the results obtained in this study, it becomes evident that the variation
in metabolizable energy of the diets and the levels of energy intake affected THP, RE,
and FHP, as a result of a strong correlation between these variables. The linearity
between THP, RE, and AME:i has been well established and studied by several authors
(Lofgreen and Garrett, 1968; Leeson et al., 1973; Reid et al., 1977; Luiting, 1990),
suggesting that these variables are sensible to changes on MEi. However, even with
the extensive studies about energy metabolism, some questions still persist, especially
regarding the accurate measurements of FHP. Luiting (1990) suggested that FHP is
an intrinsic characteristic of the animal and should be measured under specific
conditions, such as fasting birds for at least 24 hours, in a stress-free and
thermoneutral environment. In other studies, like the one reported by Burlacu and
Baltec (1971), FHP was measured in birds subjected to different feed levels based on
ad libitum intake. However, despite its widespread use, the approach of using feeding
levels has received criticism due to the possible adaptation of the animal to a catabolic
condition, which may not accurately represent the true energy expenditure of fasting,
underestimating the real value of FHP (Koong 1977, 1982; De Lange et al., 2006;
Labussiere et al., 2011).

In the current study, FHP was measured using indirect calorimetry in laying
hens fed ad libitum and previously adapted to the diets but subjected to a prior fasting
period before measurement. This method is considered the most accurate for
measuring FHP, according to Noblet et al., (2022). It can be supported by the RQ, a
parameter with biological meaning related to the nutrient sources used (Gerrits et al.,
2017), FHP was also predicted using classic energy partition models (models 1 and
3) and nonlinear mixed effect models where the NEm was assigned to the coefficient
a in model 4 (Table 4). The respirometry chamber trials results showed an average
value of 75.05 kcal/kg®’®, with a variation ranging from 63.37 to 84.34 kcal/kg®’® due
to the diets (Table 2). For the regression models, the value obtained was 82.47



kcal/kg® > for the regression between RE and AMEi (model 1) and 90.27 kcal/kg®® for
the regression between logHP and AMEi (model 3). The estimation from the
regression depends on the dataset, and their variations, also, it should be closer that
observed, as was shown in our study. These values agree with the variation reported
in the literature, ranging from 69.28 kcal/kg®® reported by Reid et al. (1977) to 90
kcal/kg® "> reported by Wu et al. (2016), using linear models. Model 3 showed a higher
FHP value than the other models and the values obtained from the respirometry trials.
This result may be related to what Noblet et al., (2022) defined as the relative energy
utilization efficiency. In other words, the coefficient of energy utilization efficiency (km),
represented by the slope of model 3, is not an absolute value, as it considers the
efficiency of using dietary energy for maintenance and the efficiency of using energy
from body reserves. In this sense, km represents the average of energy efficiency
utilization by body and from the diets. Although tissue mobilization was observed in
animals subjected to different experimental diets in this study, there was no feed intake
restriction to determine the FHP. This model may explain the higher value obtained
for this variable. Additionally, the independent regression of each component (HP and
RE) from the MEi has a statistical implication since the extrapolation of each parameter
presents their shelf error, and when this is integrated to predict the requirement by the

factorial approach, the error is additive, inducing a higher bias (Romero et al., 2022).

Linear regression analysis between RE and AME: estimated the MEm by
extrapolating RE=0 in model 1. The 106.41 kcal/kg®7® value for MEm obtained in this
study is close to the results obtained by Waring and Brown (1965) who reported a
value of 105.80 kcal/kg®’®. The km, obtained through the slope of the equation, was
0.775. This value is close to that obtained by Barzegar et al. (2019), which was 0.75.
However, the MEm obtained by Barzegar was higher (120 kcal/kg®’®) than the one
presented in the present study. The difference between MEm values can be explained
by the approach adopted by Barzegar et al. (2019) who formulated diets with the same

AME levels to minimize the effects of energy on feed intake.

Although the linear model is widely used due to its simplicity and a strong data
fit (Birkett & De Lange, 2001), this model has been criticized for its limitation in
expressing the accurate values of maintenance components. The energy expenditure
associated with production can be portioned among several components, such as,

REbody and REegg, as well as REprotein and RErat. Each of these components have a



coefficient of efficiency associated, however, model 1 compromise the MEm by
standardizing the utilization efficiencies for all components (Emmans, 1995, Sakomura
2004). Furthermore, there is also the effect of multicollinearity due to the high
correlation among the variables used as input in the model (Slinker and Glantz, 1985).
In this regard, alternative approaches and methodologies should be considered to
develop robust models that predict coefficients with higher accuracy, considering the

main intrinsic factors that influence energy utilization.

The mixed-effects models have been used as an alternative to overcome the
limitations of the linear model once it does not assume independence between the
components of partitioning or collinearity. Additionally, this model considers important
parameters that are correlated with the maintenance energy requirement of laying
hens, such as body weight, daily body weight gain, and egg mass. The NEm value
obtained through the mixed model fitted in this study was found to be 81.72
kcal/kg®7®xd (Table 4). This value is in accordance with the range of FHP obtained in
the calorimetry trials. Moreover, it corresponds to the maintenance requirement of
82.46 kcal/kg®"®xd reported by Sakomura (2004). The MEm obtained by NEmx1/km
was calculated as 94.15 kcal/kg®"5xd, with km=0.84. This value is lower than those
reported by Reid (1977) and Sakomura (2004), who reported values of 111 and 112
kcal/kg®7°xd, respectively. The lower MEm requirement observed in model 5 can be
explained by the higher energy utilization efficiency (km=0.86) than the values reported
in the literature, ranging from 62.35% (Reid, 1977) to 80.1% (Burlacu & Baltec, 1971).
According to Azevedo et al. (2005) the estimates of MEm were highly dependent on
the approach and assumptions used to determine this variable. These authors
reported higher and less accurate values for MEm and k with the factorial approach

than with multivariate analysis.

In addition, a linear relationship exists between AMEi levels and the retained
energy in body. However, the same behaviour is not observed in energy retention in
eggs (Table 3, Figure 1-A). This suggests that the energy used for egg formation is
constant, regardless of the energy intake level (Chwalibog, 1991; Teofilo et al., 2023).
It seems that laying hens adopt a hierarchical system for energy utilization, prioritizing
the egg production, as suggested by Leeson and Summers (2009). Thus, to sustain
metabolic work and egg laying the efficiency of energy utilization changes according

to the nutritional composition of the diets, and energy intake. Excess or lack of energy



triggers variations in body energy retention (Romero et al.,, 2009; Leeson and
Summers, 2009; Zuidhof, 2019; Teofilo et al., 2023). Analysing the Pearson correlation
in Table 3 and the graphical response between AMEI and body energy partitioning
(Figure 1-B), evidencing that the energy intake have higher clear effect on the adipose
than the protein tissue deposition. In other words, higher energy intake results in
greater fat tissue retention, while mobilization of reserves is observed at lower energy
intake levels. These variations are part of a fluctuating energy dynamism aimed at

supporting egg production.

The energy utilization efficiencies for body and egg obtained by multiple linear
regression (model 2) were 0.84 and 0.78 respectively. These values are slightly higher
than those Barzegar et al. (2019) reported, who found values of 0.75 and 0.60 for Kpody
and kegg, respectively (recalculated values). Analysing the same coefficients obtained
from the mixed-effects model (model 5), a drastic reduction in the efficiency of these
parameters can be observed (knoay=0.46 and kegg=0.63). The obtained values are
similar to those reported by Romero et al. (2009), who obtained knody=0.49 and
kegg=0.66 using the same mixed-effects model approach for broiler breeder hens.
These discrepancies in values found for the same parameters but analysed with
different approaches was reported by van Milgen and Noblet (1999) in trials with
growing pigs. According to these authors, using mixed-effects models allows
simultaneous analysis of multiple dependent variables (REbody, REegg) t0 determine
AME: (independent variable), which positively affects k. The analysis procedure using
mixed-effects models allows considering that the energy utilization efficiencies in the
body and egg are the results of the variation in energy intake, rather than the reverse,
as assumed in the factorial approach. Unfortunately, information about using more
complex models to explore the relationships between variables in the energy
metabolism of laying hens is limited in the literature, making it challenging to compare
NEm, MEm, and k coefficients. Also, the accuracy in determining the requirements
using an integrated model that takes into consideration all energy parameters, can be

helpful in estimating the energy requirement in different systems.

In conclusion, only through the variation in the nutritional composition of diets
was it possible to determine the partitioning of energy between the body and egg, as
well as the maintenance values of ME and NE, without subjecting the birds to feed

intake restriction. Furthermore, the wide variation in AMEi has no effect on the REegg,



which remains constant regardless of the diets. This suggests that laying hens
prioritize the use of energy to maintain constant demand for egg formation.
Additionally, both evaluated models provided estimates of ME and NE requirements,
with the NE system offering more accurate information about energy utilization for
laying hens. However, nonlinear mixed-effect models demonstrated a more precise fit
than the linear models. These models considered the variation in body energy
retention and egg production, improving the fit and reducing bias in the estimates.
Thus, the nonlinear mixed-effect models proposed in this study proved to be more
accurate than the linear models in terms of quantifying energy partitioning, estimating
ME and NE requirements, and evaluating diets based on the estimated coefficients.
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Table 1

Composition and nutritional content of experimental diets (n=30).

Ingredients (%) Mean Minimum Maximum SD

Corn, Grain (7.86% CP) 42.73 1.13 68.80 18.11
Rice Bran 7.87 1.74 16.10 4.57
Sorghum Grain, Low Tannin 26.37 16.70 36.84 7.08
Millet, Grain 28.95 14.50 49.00 13.57
Soybean Meal (45% CP) 9.74 1.84 26.84 6.46
Peanut Meal 3.93 1.99 8.86 2.17
Corn, Gluten Meal (60% CP) 6.11 0.62 11.76 4.03
Soybean Protein Conc. 6.67 3.27 10.15 2.93
Meat and Bone Meal (48% CP) 6.75 2.37 9.52 2.13
Feather & Poultry by-product meal 2.80 2.00 5.00 1.30
Fish Meal (54% CP) 2.47 0.39 6.78 2.25
Oil, Soybean 2.50 0.08 7.00 2.07
Fat, Poultry 2.95 0.12 5.31 1.59
Canola Meal 3.23 2.10 4.00 0.70
Barley, Grain 9.50 3.00 15.00 4.93
Cottonseed Meal (39% CP) 5.22 0.75 8.23 2.46
Wheat Bran, Midds 12.84 1.45 18.80 6.21
Wheat, Grain 19.37 7.62 35.00 8.51
Inert 2.38 0.24 3.80 1.08
Limestone 10.55 9.03 11.00 0.58
Dicalcium Phosphate 1.19 0.00 1.76 0.53
Salt 0.10 0.02 0.26 0.06
Sodium Bicarbonate 0.59 0.36 0.96 0.14
Potassium Carbonate 0.28 0.00 1.01 0.24
L-Lysine HCI 0.47 0.00 0.73 0.14
DL-Methionine 0.41 0.20 0.57 0.08
L-Threonine 0.23 0.04 0.36 0.08
L-Tryptophan 0.06 0.00 0.12 0.03
Arginine 0.17 0.00 0.40 0.10
L-Valine 0.33 0.00 0.59 0.15
Isoleucine 0.21 0.00 0.37 0.09
Choline chloride (70%) 0.10 0.10 0.10 0.00
Mineral Premix* 0.10 0.10 0.10 0.00
Vitamins Premix? 0.10 0.10 0.10 0.00
Nutritional content

MES3, kcal/kg 2773 2419 3096 169.9
Crude Protein3, % 17.64 12.88 22.75 2.02
Total Ca, % 455 451 4.74 0.07
AVP, % 0.41 0.36 0.55 0.05
Lysina SID, % 0.81 0.67 0.92 0.06
Methionine + Cystine SID, % 0.78 0.67 0.90 0.05



Threonine SID, % 0.61 0.49 0.71 0.05

Ether Extract® % 5.09 1.34 10.25 2.27
Crude Fiber 3 % 2.90 1.36 5.35 0.97
Starch 3 % 39.52 35.83 45.24 2.09
NE3,kcaI/kg 2029 1695 2432 147

SD: Standard deviation, CP: Crude protein, Avp: Available phosphorus, Content/kg
of premix: lron: 22 g, Copper: 4500 mg, Manganese: 25 g, Zinc: 25 g, lodine: 500
mg, Selenium: 125 mg; 2Vit. A: 4,850,00 UI, Vit. D3: 1,350,000 UI, Vit.E: 8500 UI, Vit.
K3: 1395 mg, Vit. B1: 1000 mg, Vit. B2: 2570 mg, Pantothenic acid: 5295 mg, Vit.
B6: 1525 mg, Vit. B12: 7500 mcg, Niacin: 19.45 g, Folic acid: 500 mg, Biotin: 41.50
mg; 3Nutrients assayed.

Table 2
Mean, minimum, and maximum values of performance, calorimetry parameters, and
retained energy of laying hens.

Variable! Mean Minimum Maximum SD
Performance
BW (kg) 1.60 1.48 1.69 0.05
Feed intake (g/b*d) 0.105 0.088 0.124 0.01
Egg mass (g/b*d) 58.19 50.33 65.02 3.48
Body weight gain (g/b*d) -0.36 -13.10 11.90 5.01
ME intake (kcal/b*d) 249.89 214.56 301.01 17.25
ME intake (kcal/kg® ">*d) 208.25 177.83 238.96 14.32
Calorimetry parameters (kcal/kg®75*d)
THP 129.29 120.30 139.75 4.64
FHP 75.06 63.37 84.34 4.68
HI 54.22 42.50 68.28 5.52
RQ 1.006 0.923 1.070 0.025
Retained energy (kcal/kg®75*d)
Total 78.96 56.93 106.28 11.65
As protein 40.49 28.73 57.91 5.54
As fat 38.47 15.87 69.46 12.36
Egg 79.84 58.78 101.92 8.11
Body -0.88 -37.03 29.89 14.95
Body as fat -9.57 -39.15 29.40 14.42
Body as protein 8.96 -3.55 26.60 6.03

1The value of each variable represents the average of six birds. BW: Body weight,
Egg mass: Weight of eggs laid calculated as the total weight of eggs/number of days;
THP: Total heat production, FHP: Fasting Heat production, HI: Heat increment, SD:
Standard deviation.



Table 3

Paired Pearson Correlation between variables (kcal/kg®75*d)

FI AME THP FHP RE REBody REegg EM REBody-ptn
AME R 0.471*
THP R 0.396**  0.683**
FHP R -0.077ns -0.228* 0.301**
RE R 0.420**  0.955** 0.437**  -0.403***
REBody R 0.390**  0.778** 0.290** -0.450***  0.841***
REegg R -0.096ns -0.019ns 0.112ns 0.233* -0.069 ns  -0.597***
EM R 0.273** 0.474** 0.394**  -0.085ns 0.425***  0.072ns 0.496***
REBodypn R 0.375***  0.107 ns -0.087 ns  -0.287**  0.168ns  0.395*** -0.480**  -0.120 ns
REBody-Fat R 0.220** 0.785*** 0.343*** -0.340** 0.828*** 0.904*** -0.439*** 0.143ns 0.015ns

FI. Feed intake; AME: Apparent metabolizable energy; THP: Total heat production; FHP: Fasting heat production; RE: Total
retained energy; REbody: Retained energy in body; REegg: Retained energy in eggs; EM: Egg mass; REbody-pt: Retained energy in
body as protein; REbody-Fat: Retained energy in body as fat. Pearson correlation significance level expressed as *(P<0.05),
**(P<0.01), ***(P<0.001), and ns is non-significative.



Table 4
Parameters of metabolizable and net energy utilization models

Model Parameters Estimated SE t-value P-value RMSE
RE = a + bAMEi

1 a -82.47 4.824 171 <0.001 3584

b 0.775 0.023 33.62 <0.001

1
ME — MEm = - REpody + k—REegg

2 body €99 35.91

Kbody 1.186 0.026 42.57 <0.001

Kegg 1.283 0.005 257.1 <0.001

logTHP = a + bAMEi

3 a 1.956 0.0161 121.39 <0.0001 43.38

b 0.00075 0.0001 9.70 <0.0001

NEi = aBW%7> + ¢cBWG + dEM
4 a 81.172 13.116 6.19 <0.001 11.95
c 0.4169 0.209 2.00 0.048
d 1.5127 0.271 5.59 <0.001
1
MEi = 81.17—BW?%75 + 0.416 BWG + 1.512 EM
km kbody kegg
5 km 0.862 0.151 5.710 <0.001  14.00
Kbody 0.463 0.136 3.390 0.001
Kegg 0.638 0.092 6.960 <0.001

a is the estimated parameter per unit for maintenance (kcal’kg0.75), b is the energy
efficiency for AMEi utilization, ¢ and d are the estimated parameters for weight gain
(kcal/g*d) and egg production (kcal/g egg mass) respectively, km is the efficiency of
energy utilization for maintenance, kbody is the efficiency of tissue deposition for body
weight gain for the ME system, kegg is the efficiency for egg production, RE: Retained
energy, AMEi: Metabolizable energy intake, ME: Metabolizable energy; MEm:
Metabolizable energy for maintenance, REbody: Retained energy in body, REegq:
Retained energy in eggs, THP: Total heat production; BW: Body weight, BWG: Daily
body weight gain, EM: Egg mass; SE: Standard error; RMSE: root mean square errors.
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Figure 1. Dispersion plots are used to compare the relation between the retained
energy and apparent metabolizable energy. (A) The relation between the intake of
metabolizable energy and the simultaneous retention in the body and eggs (n=110),
o Retained energy in body, e Retained energy in eggs. (B) The relation between the
intake of metabolizable energy and the simultaneous retention in the body as protein
and fat energy (n=110), o Retained energy in body as fat, m Retained energy in body
as protein. Linear regression significance level expressed as *(P<0.05), **(P<0.01),
***(P<0.001), and ns is non-significative.
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Abstract

The net energy (NE) system provides a more precise way to express the energy
content of feed and the energy requirements of birds. However, most of the available
data in this area has been developed for swine and broilers, making it challenging for
this system to be successfully applied to laying hens. Therefore, the aim with this study
was to develop prediction equations of NE for laying hens during the production phase.
Multiple linear regression models were fitted based on the nutritional composition and
metabolizable energy (ME) of thirty-two diets. Gas exchanging measurements (VO:2
and VCOz2) and heat production were measured in Hy-line W80 laying hens using an
open-circuit respirometric chambers. Employing a completely randomized design,
each diet was assigned to a chamber and replicate four times, with six birds per
replication. Birds were previously adapted to the experimental diets and respirometric
chambers for five and two days, respectively, before data collection. Daily
measurements of feed intake (FI), excreta production, individual body weight (BW),
egg mass (EM), and total heat production (THP), were collected over a four-day
period. Fasting heat production (FHP) was measured for 24 hours after the last day of
data collection. NE values ranged from 1725 to 2424 kcal/kg, and the efficiency of
energy utilization of diets (NE/AME) ranged from 69 to 79%. The results demonstrated
that AME and NE equations can be predicted based on the nutritional composition of
the diets. Prediction equations for AME and AMEn were positively related to ether
extract (EE) (41.20; 40.17 kcal/kg) and starch (11.53; 10.55 kcal/kg), while crude
protein (CP) showed no significant effect in the model (P>0.05). The fitted model for
NE revealed a significant (P<0.05) and positive effect for AME (0.765), AMEn (0.779),
and EE (18.24; 18.65 kcal/kg) for this system. However, CP was negatively related to
NE (-8.95; -6.35 kcal/kg), while starch showed no significance in the model (P>0.05).
The NE equations developed in this study exhibited a low residual standard deviation
(RSD), indicating a high level of reliability of the adjusted coefficients.

Keywords: Energy metabolism, indirect calorimetry, heat production, fasting heat

production.



Introduction

Providing the appropriate nutrients and energy for laying hens is a crucial
strategy to ensure a proper development and improve the efficiency of production and
better resources utilization. Specifically, the dietary energy requires a special attention,
as it is used for maintenance, growth, and egg production. It is widely known that the
feed energy content is the main driver of feed intake in laying hens, impacting directly
on the performance. (Noblet., 1994; Kong & Adeola., 2014). Additionally, the energy
content accounts for a significant portion of the cost of poultry production, representing
approximately 70% of the total feeding cost. (van der Klis et al., 2010). This high cost
is mainly related to the variability in prices of high-energy ingredients caused by a
rising demand for energy yielding commaodities (Yu et al., 2006; Harri et al., 2009, Wu
et al. 2019). Therefore, accurate estimations of the available energy values in the
ingredients are crucial for enhancing animal performance and improving the

profitability over feeding cost (De Groote, 1974; Carré et al., 2014).

The poultry industry has predominantly relied on metabolizable energy (ME),
and its fraction corrected for zero nitrogen retention (MEnN) as the main energy system.
For many years, ME and MEn have been the basis for feed formulation, mostly due to
the relative constancy of the values and also because this system express the energy
of the bird’s requirements and nutrient content on the same basis (Reid et al., 1977,
Lopez & Leeson., 2008). Despite the ME system providing estimates of energy with
acceptably low variability and repeatability, this system does not explain the bird’s
energy utilization, as it does not explain the partitioning of energy into all components.
Additionally, modern laying hen strains are highly productive due to advances in
genetics, and consequently these birds present a high dynamic of energy utilization to
support a higher levels of egg production requiring a more precise formulation
techniques, particularly in terms of energy levels (Pirgozliev e Rose., 1999; Gous,
2007; Sakomura et al., 2019). Formulating diets for poultry based on net energy (NE)
may be a potential alternative to represent in a more relevant way the energy utilization

from the feed according to the productive levels (Wu et al., 2019).

A precise description and understanding of the metabolic pathway of nutrients
and how it is expressed in terms of energy utilization, considering its partitioning as

maintenance (i.e., fasting heat production), the dynamic of tissue retention and



mobilization (protein and fat), and production (eggs), can be achieved through the NE
system. The accuracy associated with this system is related to its consideration of all
components of energy loss, including the heat increment (HI), often seen as a
measure of system inefficiency, since this energy fraction is not utilized for production
(Birkett et al., 2001). In previous studies by De Groote et al. (1994), improved feed
efficiency in broilers was demonstrated using the NE system, suggesting an economic
advantage when considering precisely the energy utilization that comes from the
nutrients. In addition, Pirgozliev & Rose (1999) and Carré et al. (2014), through their
analysis of different ingredients with a wide range of energy levels, demonstrated that
the ME system tends to overestimate ingredients with high protein content, while
ingredients rich in fat are underestimated in comparison to carbohydrates. The
application of these concept has yielded the development of the practical models and
equations for prediction the NE of feed and feedstuffs. These models aim to estimate
the energy derived from the nutritional composition, offering a more accurate
evaluation of the available energy content on the diet than can be efficiently used by
the animals, as opposed to the traditional ME system. This advancement enhances
our ability to accurately optimized the feed energy utilization (Schiemann et al., 1972;
Just, 1982; Noblet et al., 1994).

In this context, NE represents the most readily available portion of energy in the
diet, offering a potential solution to overcome the limitations of the current ME system.
Moreover, this approach finds an extensive application in the formulation of diets for
cattle and pigs. (Ferrell and Oltjen, 2008; Noblet et al., 2010). Thus, several authors
have developed models to predict NE for poultry, aiming to incorporate this system
into poultry nutrition (Schiemann et al., 1972; Hoffmann & Klein., 1980; Swick et al.,
2013; Carré et al., 2014; Barzegar et al. 2019; Wu et al., 2019; Cerrate et al., 2019).
Nevertheless, the majority of these studies have focused on broilers and broiler
breeders. Therefore, there is still a considerable variability in the NE values derived
from these studies, making it challenging their potential application in the nutrition of
laying hens. A previous study developed by Barzegar et al. (2019) indicated that laying
hens exhibit greater sensitivity to variations in fat and protein levels in the diet,
suggesting that formulating feed based on NE would bring greater benefits for laying

hens compared to broilers. Despite this, there is still limited data for the implementation



of the NE system for laying hens (Chudy et al., 2003; Sakomura, 2004; Sakomura et
al., 2005).

This present study aims to propose equations for predicting net energy for
laying hens during the production phase, fed with 32 diets with a wide variation of

chemical composition.

Material and Methods

Birds and Experimental Design

A total of 288 Hy-line W80 laying hens were obtained at 19 weeks of age from
a local commercial production (Granja Mayra, Minas Gerais, Brazil) and allocated in a
climate-controlled poultry house with temperature and humidity control. Birds were
randomly allocated in individual cages (0.20 m x 20 m x 10 m) equipped with feeders
and nipple drinkers.

The trial was divided into the pre-experimental and experimental period. During
the pre-experimental period, birds were fed with a standard commercial diet based on
corn and soybean meal, formulated to meet the nutritional recommendation of the
genetic guidelines (Hy-line W80, 2019). Water and feed were provided ad libitum
throughout the entire experiment period, the lighting program adopted was to provide

16L.:8D following the guidelines recommendation.

When the birds reached sexual maturity (more than 50% of egg production) and
peak of egg production (around 24-old-wks), they were distributed under a completely
randomized design and divided in different batches (assay) of allocation to determine
the net energy content of 32 diets. The different batches of bird’s allocation to the
experiment are needed since the respirometry laboratory is equipped with six
chambers. For this reason, the measurements were performed by grouping Six
experimental diets per assay. Six diets were randomly selected for each assay to
compose a group (1 diet per chamber) replicating each diet four times. Before the
measurement, 36 laying hens were selected from the initial population (288) based on
average body weight (BW) and egg production and divided into six groups. Each group
was allocated in cages (0.60 m x 0.20 m x 0.10 m), and the experimental diets were
randomly assigned to each group (6 birds/diet). Birds were fed with the experimental

diets by five days to allow diet adaptation. After this period, the birds were transferred



to the respirometry laboratory and acclimatized in the chambers for two days.
Afterwards, the data collection began under feeding conditions with the respective
experiment diet by four days. On the last day, the feed was withdrawn, and the gas

exchange measurements were conducted under fasting conditions for 24 hours.

Experimental Diets

A total of 32 experimental diets were formulated to have a wide variation in the
nutrient composition and metabolizable energy (ME) value (Table 1). Additionally, a
criterion of feed formulation was adopted considering the same ratio between the
digestible lysine and energy (Lys SID: AME = 2.95%). The experimental diets were
formulated using traditional and non-traditional ingredients to provide flexibility in the
nutritional composition and allow a wide range of energy intake to be evaluated
between experimental diets. The variation in the nutritional composition of the diets,
on a dry matter basis, ranged from 2441 to 3096 kcal/kg of apparent metabolizable
energy (AME), 11.50 to 19.75% crude protein (CP), 2.99 to 9.97% ether extract (EE),
1.77 to 4.02% crude fiber (CF) and 32.00 to 47.00% starch. The high variation between
dietary nutrients was established with the objective of facilitating the application of
statistical procedure to achieve either no or minimal correlation among predictors
(nutrients). This was done to reduce the effects of multicollinearity and enhance the

likelihood of developing robust net energy prediction equations.

The diet formulation was made based on the energy and nutritional composition
of the ingredients as described on the Brazilian Tables of Poultry and Swine (Rostagno
et al., 2017). Additionally, crystalline amino acids were supplemented to the diets to
correct the balance between AME and amino acids, thus ensuring that the variation in
feed intake did not limit amino acid intake. The concentration of Ca (4.55%) and
available P (0.41%) were attended according to the management guide (Hy-line W80,
2019).

Respiratory Chambers and Gas Analyzer System

Six open-circuit respirometric chambers (0.90m x 0.85m x 0.80m) with
temperature and humidity automatic controllers were used in this trial. The
respirometry system consisted of a mass flow pump (FK-100; Sable System, USA)

that introduce atmospheric air into the chamber under negative pressure at a flow rate



of 12 L/min to maintain the CO2 concentration below 1% (Lighton, 2018). 160 mL/min
air sample was constantly extracted by a pull-mode sub-sample pump (SS4; Sable
System, USA) and flowed through the analyzer system. The air analyzers consisted
of the water vapor pressure analyzer (RH -300; Sable System, USA), and scrubbing
columns with 99.5% of calcium sulfate (CaSOa) to capture the water vapor molecules
(Drierite, W. A. Hammond Drierite Co., LTD). Subsequently, the dry air was analyzed
by an infrared analyzer of CO2 (CA-10A; Sable System, TX. USA) and a paramagnetic
analyzer of Oz (PA- 10; Sable System, USA). The flowmeter and analyzer signals were
coded by a universal interface (Ul-2; Sable System, USA) and saved one record per
second using ExpeData software (version 1.9.22, Sable Systems, TX. USA).

Gas sampling was programmed from each chamber and baseline using a
multiplexer (MUX RM-8; Sable System, TX. USA) in an intermittent sequence: initial
baseline (180 seconds), chambers (540 seconds per chamber), and final baseline
(180 seconds). This procedure was repeated in a loop for 24 hours per day. At the
beginning and at the end of each data collection the gas analyzer was calibrated with
concentrated gas (>99.99% N2) and a certified gas mixture (21% Oz and 1% CO2).

Performance and Heat Production Calculations

Body weight (BW), feed intake (FI), egg mass (EM) and laying were recorded
daily. Additionally, total excreta collection was performed during the feeding phase (4
days) to determine apparent metabolizable energy (AME) and apparent metabolizable
energy corrected for nitrogen (AMEN). The egg mass (EM) was calculated from the
average egg weight multiplied by the laying rate (%) for 10 days (adaptation period

and measurement period).

The calculations employed in this study were based on the methods described
by Lighton (2018) and Lizana et al. (2023). The air ingoing flow (Fin), volumetric Oz
consumption (VOz, L/b*d), and CO:2 production (VCOz2, L/b*d) were calculated was:

(1 OO'[OZ]out'[COZ]out)
(100-[O2]in-[CO2]in)

Fin(L/d)=(Fout* x1.440 (Eq. 1)

VOZ(I—/d)z Finx[OZ]in'Fout X[OZ]out (Eq- 2)

VCO,(L/d)= FoutX[CO2]out-Fin *[CO2]in (Eq. 3)



Where Fout is the air outgoing flow, [Oz]in and [CO2]in are the atmospheric gas

concentrations or baseline.

The total heat production (THP) and fasting heat production (FHP) were
calculated using the Brouwer equation (1965):

HP (kJ/d)=16.17 xVO,+5.02x VCO, (Eq. 4)

The FHP was measured on the last day of data collection, over a 24-hour of
fasting period, following eleven days in which the birds consumed the experimental
diets. Only values within the plateau observed in the asymptote of FHP were used, as
this region is identified as the minimum HP with zero physical activity, corresponding

to the most accurate value of FHP as suggested by Milgen et al. (1998).

Chemical Analysis and Calculations

Samples of eggs, feed and excreta were collected and homogenized for
laboratory analysis. All samples were subjected to dry matter content determination
through forced air oven drying at 105°C for 16 hours. In eggs, the dry matter was
determined after 72 hours of lyophilization. The nitrogen content of the samples was
measured using the Kjeldahl method (AOAC, 2005), and the crude protein content
was calculated using the coefficient of 6.25 g of crude protein per g of nitrogen. The
ether extract of the feeds and excreta was determined through extraction with
petroleum ether (ANKOM Technology® apparatus) and, the gross energy was
obtained by the total combustion of samples using the adiabatic calorimeter (IKA C
2000 basic, USA).

The AME was determined using total collection of excreta. The AME values
were converted to AMEN using the nitrogen balance and the coefficient 8.22 kcal/g of
N as a correction factor (Hill and Anderson, 1958) for zero N retention in body and
eggs. The intake of apparent metabolizable energy (AMEi) was determined by
multiplying the difference between the gross energy in the feed and excreta by the
respective intake and excreta production values. The total energy retention (RE) was
determined by the difference between AMEI and total heat production (THP), while the

NE values of the experimental diets were obtained through the sum of FHP and RE.



Statistical analysis

The data of performance and energy balance were expressed on a bird per-day
basis. Feed intake and dietary energy values of the diets were expressed on a dry
matter basis, and energy utilization values were expressed as percentages. All data

were analyzed using software SAS (SAS Systems Inc., Cary, NC).

Pearson correlation analysis was performed using the PROC CORR procedure
between nutrients of diets. The formulation process of experimental diets was
conducted independently to ensure the absence or minimal correlation between
predictor nutrients in the equations, thus, reducing the effect of multicollinearity among

variables in the model.

Multiple linear regressions were applied to create prediction equations of
metabolizable and net energy through the PROC REG procedure. These models were
developed considering the chemical components of the variables and employing a
stepwise approach, with or without intercept. The significance level for variables
inclusion or exclusion in the model was established at P<0.05. The regression model

was as follows:
y =B0 + Blx1l + P2x2 + ...+ Pnxn+ €

Where x1, x2 ... xn are the predictor nutrients of the equations, 817, B2, ...Bn are
the coefficients of the respective nutrients, and ¢ is the corresponding error of the

model.

The predictability of the models was subjected through residual size
comparisons. The models were compared by assessing their accuracy in predicting
energy values in kcal/kg of AME and NE based on the nutritional composition of the
diets. Each model was evaluated using the root mean square errors (RMSE), which
was calculated through the comparison of observed and estimated values using the

following equation.

RSD = \/ (Yobs - Ypred)z

n



Internal and external model evaluation

The NE models were evaluated internally and externally. The internal validation
was performed to determine the robustness of the models using the bootstrapping
resampling method from the initial database (32 diets with four replicates), generating
one thousand sub-sample using a Macro procedure developed in SAS Institute (SAS
Systems Inc., Cary, NC). The macro was constructed to classify the dataset into
training and validation. Subsequently, the parameters of the independent variables
were estimated for each sub-samples, and the R-square, standard deviation (SD) and
confidence interval (Cl) of the whole sub samples were used as a criterion to evaluate
the models.

On the other hand, external evaluation was conducted using the analysed
composition of diets and the net energy values available from the study developed by
Barzegar et al. (2019). Sixteen diets with a wide range of nutritional composition were
used. Models were fitted, and the predicted NE values were compared to the observed
NE values by Barzegar et al. (2019). The model adjustments, and the error

decomposition, are presented in Figure 1.

Results

The results of performance and energy metabolism variables with their
respective average, minimum, maximum, and standard error of means values are
presented in table 2. The wide variation in the nutritional composition of the diets
affected significantly (P<0.005) all the traits studied, except laying production. The
average of ME in experimental diets was 2746 kcal/kg DM ranging between 2441 to
3096 kcal/kg DM. This range led to variations of 1.29 to 1.69 kg in body weight (BW),
69.16 to 111.17 g/DM in feed intake (FI) and 50.33 and 69.64 g in egg mass (EM).
The metabolizability of energy (AME/GE) was 79% ranging from 70 and 86%. Diets
with higher starch values are correlated with grater energy efficiency of utilization.
Levels above 45% of starch in the diets resulted in values greater than 80% for
AME/GE. The obtained values of AMENn/GE were slightly lower than those observed
for AME/GE, with an average of 76% and a range between 67% and 82%.

The different levels of ME (kcal/kg DM) between experimental diets resulted in
a range of 166.73 to 268.67 kcal/(kg®"®xd) of AME intake, which had a significantly



effect on total heat production (THP), heat increment (HI) and retained energy (RE).
The variation in THP ranged from 120.30 to 144.25 kcal/(kg®"®xd), while the variation
of HI and RE ranged from 42.50 to 72.13 kcal/(kg®"°xd) and 43.54 to 128.92
kcal/(kg® ">xd), respectively. Birds with higher AME intake were associated with higher
levels of total retained energy, while those with the lowest AME intake (166.73
kcal/(kg®"°xd)) showed the highest degree of body fat energy mobilization (-56.76
kcal/(kg® ">xd)), evidenced by the negative value. On the other hand, the variation in
AME intake did not affect the energy retained in the eggs. Similarly, the composition
of the diets had an effect in the metabolic heat production. Higher levels of protein
were associated with higher levels of THP, while diets with higher levels of EE are
correlated with lower HI. In this study, the high-fat (10.25% of EE) and high-protein
diets (22.75% of CP) were correlated for the lowest and highest HI values,
respectively. Additionally, the respiratory quotient (RQ) ranged from 0.923 to 1.071
among the experimental diets. It was observed that diets with higher levels of EE
(>5%) exhibited lower RQ values, whereas high-starch diets (>45%) were associated

with higher RQ values.

Pearson correlation analysis was proceeded to evaluate the relationship
between the analyzed nutritional components and the determined AME of the
experimental diets. The results obtained are presented in Table 3. There was no
shown significant correlation between ME, CP and Starch. On the other hand, ME was
negatively correlated with CF (R=-0.662, P<0.01), NDF (R=-0.666, P<0.01), and
positively correlated with EE (R=0.563, P<0.01). Furthermore, a high positive
correlation was observed between CF and NDF (R=0.840, P<0.01). These
correlations were expected since the interactions between these nutrients are
inevitable and logical. The correlation between predictor variables in a model is related
to the effects of multicollinearity, which can make it challenging to determine the
individual effect of each variable in the dependent variable. However, in this study, the
Pearson correlation analysis demonstrated an absence of correlation between the
main nutrients used for predicting NE, indicating the feasibility to perform the multiple

analyses regression for NE prediction equations.

The net energy values ranged from 1725 to 2424 kcal/kg DM, with an average
of 2033 kcal/kg DM. The average of energy utilization efficiencies was 74 and 77 for
NE/AME and NE/AMEN, respectively. The efficiency of converting AMEn to NE was



found to be higher than that of AME to NE, mainly because of the correction for the
nitrogen balance, assuming zero nitrogen retention coming from the diet. Lower
NE/AME efficiencies were observed in diets with lower levels of EE and high CP levels,
while higher NE/AME efficiencies were shown in diets with EE levels exceeding 8% in
the formulation and high starch content. Additionally, the NE/AME ratio was associated
with higher values of AME and energy retention in the body. A higher NE/AME ratio
(79%) also resulted in greater egg mass (69.64 g) and higher body energy retention
(36.12 kcal/kg®7°*d).

From the individual energy values of the main nutrients used in diet formulation,
it was possible to determine their contributions to GE, AME, AMEn and NE. Multiple
linear regressions without an intercept was employed to determine the caloric
contribution of CP, EE, Starch, and RES to each energy system. The residue (RES)
was determined through the portioning of organic matter (OM) and subtracting the
fractions of CP, EE, and starch. Consequently, the RES component in this study can
be predominantly described as crude fiber and simple sugars. The coefficient
estimated of these analyses are presented in table 4. The ratios between AME and
GE coefficients for each nutrient in the equations provide an estimate of the
metabolizability (including the rate of digestibility of the nutrients in energy terms),
while the ratios between NE and AME coefficients provide an estimate of AME
efficiency for NE of each nutrient. The coefficients associated with CP showed a
reduction from 57.55 for GE to 32.69 for AME, and then to 16.32 for NE, representing
a reduction in energy utilization efficiency between AME/GE (56.80%) and NE/AME
(49.92%). Similarly, the coefficients associated with the metabolizability and energy
efficiency of starch, exhibited a similar behavior, being 95.87% and 74.05% for
AME/GE and NE/AME, respectively. On the other hand, the values obtained for the
coefficient of EE for NE were slightly higher than those obtained for AME, being
76.16% and 74.09%, respectively. Thus, the efficiency utilization of EE for AME/GE
was 80.51% and 102.79% for NE/AME. Similarly, RES had higher coefficient for
energy efficiency (NE/AME) than for metabolizability (AME/GE), being 83.23% and
71.87%, respectively. Furthermore, the coefficients associated with AMEn were
slightly lower when compared to AME, except for RES, where the values were rather

similar.



Prediction equations for metabolizability (AME/GE) and energy efficiency
(NE/AME) were determined through multiple linear regressions using the stepwise
criteria to determine the best independent variables. Coefficients and intercepts that
showed significance (P<0.05) were assigned to the models and can be observed in
Table 5. The results obtained suggest that the AME/GE ratio is negatively associated
with CP and positively associated with starch. Additionally, the coefficients of CP and
starch for AMENn/GE prediction equation have a similar behavior to those in the
AME/GE equation but with slightly higher values for CP due to the correction for zero
nitrogen. Furthermore, there is a difference in the intercepts between the two
equations, with AME/GE having a higher intercept (67.34) compared to AMEn/GE
(62.90). On the other hands, starch did not exhibit a statistical significance (P>0.05)
as a predictor in the efficiency equations, while EE was assigned to the equations with
a positive relationship with both, NE/AME and NE/AMEn. The CP, as seen in the
metabolizability prediction equations, showed a negative effect on NE/AME, while the
intercept values were 77.11 for NE/AME and 79.03 for NE/AMEN.

Crude and digestible nutrients were used as predictors in the equations to
determine the values of AME, AMEn and NE of the diets. The statistical procedure
used was the same as previously described, and the results obtained can be observed
in Table 6. The coefficients associated for EE using crude nutrients were positively
associated to AME (41.20), AMEn (40.17), and NE (18.24; 18.65). Similarly, the values
of EE associated with digestible nutrients were 54.78, 55.59 e 79.24 for the AME,
AMEnN and NE, respectively. Likewise, the coefficient associated with starch were
significant (P<0.05) and positively related to the AME (11.53) and AMEn (10.55)
equations for crude nutrients, while digestible carbohydrates (dCHO) exhibited the
same behavior with values of 22.8 for AME, 22.75 for AMENn, and 29.9 for NE. In
contrast to the other nutrients, CP showed significance (P<0.05) but negative
relationship with NE for nutrients. For digestible nutrients, CP was significant (P<0.05)
and positively associated with AME and NE. In all equations, the intercepts were
analyzed for their significance. The AME and AMEn prediction equations displayed
significant intercepts when the Stepwise procedure was applied. However, none of the
intercepts showed significance (P>0,05) when the NE equations were being

developed. Instead, AME and AMEn demonstrated significance (P<0.05) and a



positive relationship with NE, and they were incorporated in the models, with
coefficients of 0.765 and 0.779 for AME and AMEN, respectively.

Discussion

In the present study, a wide range in the chemical composition of diets was
intentionally formulated to get a NE equation based on the nutritional composition,
considering non-correlation between the independent variables. The different levels of
ME, CP, EE and starch led to substantial variation in feed intake and thereby,
influencing the parameters of energy metabolism. Thus, to ensure adequate amino
acids supply for the birds, a procedure was adopted to balance diets in terms of amino
acid supplementation and metabolizable energy, as recommended by Noblet et al.
(2002) As a result, lysine intake exhibited a range from 562 to 802 mg/bxd between
treatments. Despite this, there was minimal mobilization of RE as body protein (-3.549
kcal/kg®"®xd) (Table 2), even in diets with low crude protein intake. On the other hand,
as expected, some diets did not provide sufficient energy to meet the production
demands of the birds. Consequently, there was a significant mobilization of RE as
body fat in some diets, reaching up to 56.61 kcal/kg®7°xd of body mobilization. These
results were anticipated, given that some diets were formulated with ME values below
those recommended by the manual guidelines (Hy-line, 2019). Therefore, the net
energy equations predicted in this study correspond to a broad range of metabolic

situations, similar to previous observation provided by Carré et al., (2014).

Fasting heat production was measured for each experimental diet. Unlike some
authors who assigned a mean value of FHP to all experiment diets, we chose to
attribute the corresponding FHP value to each diet with the aim of obtaining more
accurate values of NE and minimizing bias in estimation. Consequently, the average
FHP was 76.15 kcal/kg®"®xd with a range from 63.37 to 86.31 kcal/kg®’®xd. These
values slightly differ from those reported by Barzegar et al. (2019), for Hy-Line Brown
laying hens, and Farrell (1975) for White Leghorn hens, who observed values of 88
and 95 kcal/kg®7°xd, respectively. Additionally, the values obtained in this study are
slightly higher than those obtained by Reid et al. (1978) (69 kcal/kg®">xd) and closer
to the values reported by Sakomura (2004), who observed a FHP of 80 kcal/kg®®xd
in laying hens raised in cages and determined through the regression method

extrapolating the THP for AME intake equal to zero. The wide variability of FHP values



assigned to laying hens in the literature can be attributed mainly to variations in birds
genetics and the various methods that can be used to determine this variable.
Nevertheless, our results suggest that the FHP values obtained in this study align with
those found in the literature, providing accurate and representative data for calculating

the net energy value of diets.

In the present study, as expected, EE showed a higher energy contribution
across all systems when compared with other nutrients (Table 4). Interestingly, CP
exhibited a higher energy value for the GE (57.55) when compared to starch (32.40)
and RES (37.18). However, the CP lost efficiency and showed a lower contribution to
ME and NE, while starch and RES demonstrated higher energy contribution for these
systems. In other words, the hierarchy among nutrients may vary between GE, ME
and NE systems. Assuming that NE is the most accurate estimation of the “true”
energy values, these differences in coefficients assigned to nutrients suggest that in
the ME systems, high-protein feeds will be overestimated, while high-fat feed will be
underestimated (Noblet et al., 1994). Furthermore, when analyzing the differences
between the coefficients obtained in the GE and ME equations, it is observed that
most of the energy lost between these systems comes primarily from CP. The average
energy loss related to CP was 24.86%, representing the energy loss in the form of
nitrogen in the urine and feces. Similar values were reported by Barzegar et al (2019),
in studies with Hy-line brown hens, where these authors obtained 20.90% of energy
loss related to CP between GE and ME.

Applying the same interpretation between ME and NE, it is possible to
determine the energy loss as Hl. In this context, EE showed lower energy loss between
these two systems, while CP demonstrated a higher energy loss (16.37%) among the
predictor nutrient of the equation. These results are consistent with previous studies
conducted in growing pigs (Noblet et al., 1994), and broilers (Wu et al., 2016),

confirming the data collection and proximate analysis quality of the present study.

The energy metabolism derived from different nutrients exhibits considerable
variation. From the coefficients obtained in the linear regressions presented in Table
4 it is possible to infer the digestibility of the main nutrients used as energy source.
The results demonstrate a digestibility rate of 56.80% for CP, 80.51% for EE, and

95.87% for starch. However, the AMEN/GE values for the same nutrients were slightly



lower due to correction for zero nitrogen retention. Starch and ether extract represent
the major digestible fraction of energy, contributing predominantly to ME, while CP
contributes only 51.40% to the conversion from GE to MEn. These results are in
accordance with previous studies on laying hens (Barzegar et al., 2019) and broilers
chicken (Wu et al., 2019), reporting digestibility values of 60.34% and 57.32% for CP,
78.35% and 113.00% for EE and 94.64% and 92.61% for starch, respectively.
According to Murugesan et al. (2017), broilers have superior efficiency in utilizing
energy from lipid sources compared to laying hens. These results support the effect
of these nutrients in the AME/GE prediction equations presented in Table 5. In model
12 and 13, just the coefficients associated with CP and starch showed significance
(P>0.05) in the model. The high digestibility of starch and low digestibility of CP,
positively (0.427) and negatively (-0.437) influenced the AME/GE ratio, respectively.
In contrast, Wu et al. (2019) demonstrated that in addition to CP and starch, EE also
has a significant (P<0.05) and positive effect on predicting AME/GE for broilers. While
starch is almost completely digested by the birds, the digestibility of protein is often
challenging to interpret. The digestibility of CP in this model does not distinguish
between the indigestible portion of the diet and the endogenous fraction, attributed to
the protein turnover in birds. Additionally, protein catabolism generates nitrogenous

residues that require energy to be completely excreted (Musharaf and Latshaw, 1999).

Through the analysis of energy utilization obtained in this study, the highest
efficiency was observed for EE (102.79%), followed by starch (74.05%) and CP
(49.92%) (Table 4). These values are close with those reported by Barzegar et al.
(2019) in previous studies. However, the coefficients assigned to CP and EE in this
study differ from those obtained by Carré et al. (2014) for broilers and Noblet et al.
(1994) for growing pigs. Comparing the coefficients of AME/GE and NE/AME, it
becomes evident that starch and EE exhibit a positive relationship with both, ME and
NE, while CP is less efficient than the other nutrients in both systems. Furthermore, a
change in the hierarchy of energy utilization efficiency is noticeable between EE and
starch between different energy systems. While starch demonstrates higher efficiency
in the ME system, EE is the most efficient nutrient in the NE system. This discrepancy
is due to the ME system, which considers only the digestibility of each nutrient and not
necessarily its utilization by the animal. In this context, starch has a digestibility close
to 96%, being practically fully absorbed by the birds. However, net energy is



determined from the heat increment of each nutrient and not only by their digestibility.
In other words, the most efficient nutrients for the NE system are those with higher
oxidative capacity. In previous studies, Jansman et al. (2004) developed NE equations
based on the ATP yield of carbohydrates, amino acid, glycerol, fatty acids, and volatile
fatty acids. From these results, the authors determined the energy production in the
form of ATP for each nutrient: 9.70 KJ/g of protein, 25.31 KJ/g for EE, and 11.73 KJ/g
for starch. Therefore, despite starch exhibiting high digestibility, its oxidative efficiency
is lower than that of EE. The effect of these nutrients on NE/AME can also be observed
in models 14 and 15 of Table 5. In these models, starch did not show significance
(P>0.05) in predicting NE/AME, while EE was positively (0.671, 0.688) related to
energy utilization efficiency. Additionally, similar to previous models predicting
AME/GE, CP also showed a negative relationship (-0.364, -0.300) with the fitted

models.

Based on the previous discussions, it is evident that the ME and NE of
ingredients can be predicted from the chemical composition of diets. In this context,
energy predictions based on nutrients are attractive due to their practical feasibility,
simplicity, and cost-effectiveness (Cerrate et al., 2019). Therefore, in the present
study, crude and digestible nutrients were used to predict AME, AMEn, and NE
through multiple linear regressions using the stepwise procedure. Intercept values
were included to the models when significant (P<0.05) to reduce the RSD (Residual
Standard Deviation) and ensure better precision of the estimates. The coefficients
estimated to the nutrients can be considered representative due to the wide range in
the nutritional composition of the diets. Additionally, the correlation between the
predictor nutrients is either nonexistent or low, reducing model bias and ensuring high
reliability due to the minimal effect of multicollinearity among them.

According to Carré et al. (2013), the estimation of AME value is influenced by
nutrient levels in the diet and digestibility. In this regard, this study indicates that AME
can be predicted from EE and starch (Table 6). This confirms the previous results,
demonstrating that EE and starch influenced more than the other components on the
ME feed bases. Additionally, CP was not significant when included in the models for
AME and AMEn prediction, also, this last system indirectly takes into account a fraction
of protein intake that is retained when considered the nitrogen balance correction.

These results are consistent with several authors who observed a greater influence of



EE and starch on ME, and less effect of CP (Barzegar et al. 2019, Cerrate et al. 2019,
Wu et al. 2018, Carré et al. 2013). Furthermore, when comparing the coefficients in
AME and AMEn equations, a reduction of 2.50% for EE and 8.49% for starch was
observed. This reduction, imposed by nitrogen correction was also observed by Lopez

& Leeson (2008) in a comparison between the classic AME and AMEn systems.

Similarly, equations based on digestible nutrients show a positive effect for
digestible ether extract (dEE) and digestible carbohydrate (dCHO) in predicting AME
and AMEn, while apparent digestible crude protein (dCP) was positively and
significantly (P<0.05) related only to AME (Table 6). Apparently, the influence of dCP
is reduced and loses significance when AME is corrected for zero nitrogen retention.
Results from Cerrate et al. (2019) demonstrate a 22% decrease in the estimated
coefficient for dCP, illustrating a reduced effect of dCP on AMEn in their study.
Likewise, Carré et al. (2014) demonstrated that digestible protein undergoes a
substantial reduction when converting AME to AMEn, while digestible fat and starch
shows a minimal reduction (2%) between these systems. The higher loss of sensitivity
of dCP between AME and AMEN models is directly related to the influence that
nitrogen has on ME. Among the other nutrients commonly used for energy prediction,
CP has the lowest metabolizability. Consequently, correction by zero nitrogen
retention further reduces the variability of ME estimates, especially for high-protein
ingredients. This is reflected in model 19, where the impact previously attributed to
dCP in the AME is replaced by the intercept in the AMEnN system.

Subsequently, equations for predicting NE were determined using the same
statistical procedures described earlier (Table 6). Models 20 and 21 were adjusted
using nutrients and AME values from 32 diets. The AME and AMEn positively affected
NE as expected, and the coefficients (0.765, 0.779) estimated are in accordance with
the NE/AME values obtained in the experimental diets. Moreover, the results obtained
are in agreement with several authors (Noblet et al. 1994, Pirgozliev and Rose, 1999,
Barzegar et al. 2019, Wu et al. 2019), who observed a variation between 0.711 and
0.808 in the AME coefficients for NE prediction in different species. Additionally, it was
demonstrated that EE increase the value of NE, while CP reduces it. Similar results
where CP is negatively associated with NE were described by Hartel (1977), Emmans
(1994), Swick et al. (2013), Wu et al. (2019) and Barzegar et al. (2019). These authors



attribute the negative effect of CP to the high HI of this nutrient, which penalizes the
NE system.

In other hand, the energy value attributed to dCP was positively related (22.85
kcal/lkg) to NE in this study. Similarly, the positive effect of dCP on net energy in
different species has been reported by Cerrate et al. (2019) and Hoffmann and
Schiemann (1980) who estimated a value of 20 kcal/kg and 25.84 kcal/kg to dCP,
respectively, in previous studies. In the same way, De Groote (1974), Pirgozliev and
Rose (1999) and Carré et al. (2014) observed positive values, although higher for dCP

than those obtained in the present study.

Unlike what was observed in the AME prediction models, starch did not show
significance (P>0.05) to be included in the NE models. According to Borggreve et al.
(1975), NE alone is not capable of explaining all the variation in the transformation
from ME to NE in high-starch diets. This suggests that the starch fraction in NE models
is attributed to the coefficient related to AME, as starch digestibility is nearly 96% in
laying hens, as demonstrated previously. Similarly, Wu et al. (2019), and Barzegar et
al. (2019) did not found any significant effect for starch in NE prediction equations for
broilers and laying hens, respectively. According to Wu et al. (2019), this is likely
because the levels of starch assigned to the diets did not have enough variation to
demonstrate significant effects in NE models. In the present study, the variation in
crude starch was approximately 10%, while Wu et al. (2019) and Barzegar et al. (2019)
utilized diets with a variation of approximately 17% and 19%, respectively. In the study
by Noblet et al. (1994), the accuracy of models was reduced when starch was not
considered in the prediction. However, despite starch not being included in the NE
prediction models, the equation predicted in this study showed high accuracy, as

indicated by the relatively low RSD values.

The internal validation process of the NE models was conducted through
bootstrap resampling method (Table 7). The diets were individually randomly removed
from the database at least once to generate new models and identify the individual
influence that each diet exerted on the equations. This approach allowed for a
comprehensive analysis of model performance, considering data variability, and
assessing its generalization ability across different datasets. Thus, a database of

approximately 50 thousand new samples was generated from all possible



combinations between diets and replications. The new models obtained from the
bootstrap samples showed coefficients very similar to those obtained in the linear
regression analyses with the experimental data. This similarity demonstrates
consistency of the coefficients in the NE equations, indicating the robustness of the
proposed model. In this regard, no individual effect of diets on the model performance
were observed, suggesting that the proposed NE equations provide good inferences

of parameter estimates.

The percentage of significance of the regressors (PSR) was considered high,
as AME, CP, and EE showed significance in 100% of the models generated from the
bootstrap samples. Scalon, Freire, and Cunha (1998) recommend a minimum value
of 50% for the PSR index in bootstrap samples to validate the predictive capacity of
regression models. The high significance of these predictors in the validation process
highlights the ability of AME, CP, and EE to explain variations in NE in birds.
Additionally, the estimates parameters were within the CI obtained during the
validation process. This indicates that the dispersion of the original parameters of
models 20 e 21 closely matched within 95% of CI relative to the dispersion of the
parameter generated by bootstrap. Except for the EE coefficient of model 20, which is
slightly below the lower 95% CI.

The external validation aimed to challenge the NE models of the present study
to predict the net energy values of diets from other sources and formulated under
different approaches. The dataset from Barzegar et al. (2019), developed using Hy-
line Brown laying hens and diets containing exogenous enzymes, was utilized. The
NE values predicted from models 20 and 21 were close to the observed values (Figure
1). The fitness of the equations was evidenced by the R-squared of 0.934 and 0.937
for models 20 and 21 respectively. Additionally, the proposed models exhibited a high
degree of fit, as evidenced by the slope, suggesting a low trend error in the models.
Furthermore, error decomposition showed that the main sources of error were random,
accounting for 85% for model 20 and 77% for model 21. These results evidenced a
favourable robustness of the parameters and overall adequacy of the models to predict

NE values of diets for laying hens.

In conclusion, the nutritional variations in the experimental diets were sufficient

to develop robust and accurate equations for net energy. Analyzing the fitted models,



a clear hierarchy among nutrients and energy systems was observed. Crude protein,
ether extract, and starch were identified as key predictors in ME and NE equations.
Both starch and EE showed a positive and significant relationship in the models. Due
to the high digestibility, starch plays a significant role in predicting AME, while EE
represents the major contribution for NE system. In other hands, CP demonstrated a
negative relation with NE and a lower caloric contribution in the ME system compared
to other nutrients. Furthermore, it has been demonstrated that when metabolizable
energy is corrected for zero nitrogen retention (MEn), the effects that CP has on
energy models are mitigated. In other words, the accuracy of predicting energy from
CP using AMEn and NE is relatively close. Thus, the main advantage of NE system in
poultry nutrition is its greater accuracy in predicting the energy values of EE in diets,
an aspect underestimated by ME and MEn systems. Therefore, transitioning to the net
energy system in poultry nutrition would offer a more accurate representation of
nutrient utilization by birds, especially regarding EE. This transition would result in

improved performance prediction and reduced feed costs.
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Table 1.

Composition and nutritional content of experiment diets (n=32)

Ingredients (%) Mean Minimum  Maximum SD

Corn, Grain (7.86% CP) 42.71 1.13 68.69 19.43
Rice Bran 7.11 1.74 16.10 4.81
Sorghum Grain, Low Tannin 22.86 7.61 36.84 13.37
Millet, Grain 31.89 14.50 49.00 18.56
Soybean Meal (45% CP) 10.87 1.84 26.84 7.79
Peanut Meal 3.87 1.70 8.86 2.49
Corn, Gluten Meal (60% CP) 5.32 0.75 11.76 4.16
Soybean Protein Conc. 5.69 0.32 10.15 3.77
Meat and Bone Meal (48% CP) 6.82 2.37 9.52 3.75
Feather & Poultry by product meal 2.80 2.00 5.00 1.53
Fish Meal (54% CP) 2.32 0.39 6.78 1.96
Oil, Soybean 2.64 0.08 7.00 2.08
Fat, Poultry 3.12 0.12 531 1.96
Canola Meal 3.23 2.10 4.00 1.72
Barley, Grain 11.80 3.00 20.00 6.84
Cottonseed Meal (39% CP) 4.33 0.75 8.23 3.04
Wheat Bran - Midds 12.49 3.20 18.80 7.56
Wheat, Grain 18.89 10.30 27.05 10.54
Inert 2.05 0.24 3.80 141
Limestone 10.45 9.03 11.00 0.64
Dicalcium Phosph. 1.17 0.00 1.76 0.54
Salt 0.10 0.02 0.26 0.06
Sodium Bicarbonate 0.57 0.36 0.96 0.13
Potassium Carbonate 0.30 0.00 1.01 0.22
L-Lysine HCI 0.48 0.00 0.73 0.15
DL-Methionine 0.41 0.20 0.57 0.08
L-Threonine 0.24 0.04 0.36 0.09
L-Tryptophan 0.06 0.00 0.12 0.03
Arginine 0.17 0.00 0.40 0.12
L-Valine 0.32 0.00 0.59 0.15
Isoleucine 0.20 0.00 0.37 0.09
Choline chloride (70%) 0.10 0.10 0.10 0.00
Mineral Premix! 0.10 0.10 0.10 0.00
Vitamins Premix? 0.10 0.10 0.10 0.00
Nutritional content

ME3, kcal/kg 2746 2441 3096 154

Crude Protein®, % 15.21 11.50 19.75 1.85
Total Ca, % 4.55 4.51 4.74 0.07



AVP, % 0.42 0.36 0.63 0.07

Lysina SID, % 0.81 0.67 0.92 0.05
Methionine + Cystine SID, % 0.79 0.67 0.90 0.05
Threonine SID, % 0.61 0.49 0.71 0.05
Ether Extract® % 5.95 2.99 9.97 1.94
Crude Fiber® % 2.69 1.77 4.02 0.63
Starch® % 39.80 32.00 47.00 411

SD: Standard deviation, ME: Metabolizable energy, CP: Crude protein, Avp:
Available phosphorus, Content/kg of premix: lron: 22 g, Copper: 4500 mg,
Manganese: 25 g, Zinc: 25 g, lodine: 500 mg, Selenium: 125 mg; 2Vit. A: 4,850,00
Ul, Vit. D3: 1,350,000 Ul, Vit.E: 8500 UI, Vit. K3: 1395 mg, Vit. B1: 1000 mg, Vit. B2:
2570 mg, Pantothenic acid: 5295 mg, Vit. B6: 1525 mg, Vit. B12: 7500 mcg, Niacin:
19.45 g, Folic acid: 500 mg, Biotin: 41.50 mg; *Nutrients assayed.



Table 2.
Mean, minimum, and maximum values of performance, calorimetry parameters,
and retained energy of laying hens (n=128).

Variable! Mean Minimum Maximum SEM P-value
Performance
BW, kg 1.59 1.29 1.69 0.005 0.040
Daily Feed Intake, g DM 90.50 69.16 111.17 0.073 <0.001
Laying, % 95.81 83.00 100.00 0.363 ns
Egg mass, ¢ 58.33 50.33 69.64 0.305 0.001
FCR 1.55 1.23 1.94 0.012 <0.001
Energy balance (kcal/kg®"°xd)
AME intake 207.80  166.73 268,67 1.63 <0.001
THP 130.10  120.30 144.24 0.45 <0.001
HI 53.94 42.50 72.13 0.53 <0.001
FHP 76.23 63.36 86.31 0.47 -
RE
Total 77.65 43.54 128.92 1.44 <0.001
As protein 41.16 28.85 57.91 0.52 <0.001
As fat 36.58 6.03 85.99 1.36 <0.001
Energy values, kcal/kg DM
AME 2746 2441 3096 12.60 <0.001
AMEnN 2635 2354 2981 12.30 <0.001
NE 2033 1725 2424 11.50 <0.001
Energy utilization, %
AME/GE 79 70 86 0.32 <0.001
AMEN/GE 76 67 82 0.31 <0.001
NE/AME 74 69 79 0.17 <0.001
NE/AMEN 77 72 82 0.17 <0.001

1The value of each variable represents the average of six birds. BW: Body weight,
Egg mass: Weight of eggs laid calculated as the total weight of eggs/number of
days; FCR: Feed conversion ratio, THP: Total heat production, HI: Heat increment,
AME: Apparent metabolizable energy, AMENn: Apparent metabolizable energy
corrected for zero nitrogen retention, NE: Net energy, GE: Gross energy, SEM:
Standard error of means.



Table 3.
Paired Pearson Correlation between nutrients (%) and energy values (kcal/kg) of experimental diets (n=32).

ME CP EE CF NDF Starch NFE
CP R 0.035ns
EE R 0.563*** -0.112ns
CF R -0.661*** -0.083ns -0.067ns
NDF R -0.665*** -0.015ns -0.163ns 0.840**
Starch R 0.035ns -0.022ns -0.219ns -0.071ns -0.004ns
NFE R 0.108ns -0.302ns -0.465* -0.301ns -0.188ns 0.519*
NE R 0.938*** -0.156ns 0.751*** -0.519** -0.563*** -0.081ns -0.015ns

ME: Metabolizable energy; CP: Crude protein, EE: Ether extract, CF: Crude fiber, NDF: Nitrogen detergent fiber, NFE:
Nitrogen-free extract. NE: Net energy. Pearson correlation significance level expressed as *(P<0.05), **(P<0.01),
***(P<0.001), and ns is non-significative.



Table 4.
Analysis of contribution, metabolizability, and efficiency of utilization of the main energy-yielding nutrients in the diets (%
DM basis) GE, AME, AMEn and NE (kcal/kg DM basis) in laying hens (n=128).

Equation?
Model Energy CP EE Starch RES RSD
8 GE 57.55 92.03 33.40 37.18 94
9 AME 32.69 74.09 32.02 26.72 106
10 AMEn 29.58 72.86 30.84 26.9 106
11 NE 16.32 76.16 23.71 2224 90
AME/GE 56.8 80.51 95.87 71.87 i
AMEN/GE 51.4 79.17 92.34 72.35 i
NE/AME 49.92 102.79 74.05 83.23 i
NE/AMEn 55.17 104.53 76.88 82.68 i

ILinear regression without intercept. Stepwise procedure was not used.GE: Gross energy, AME: Apparent metabolizable
energy, AMEN: Apparent metabolizable energy corrected for zero N retention; NE: Net energy, CP: Crude protein, EE: Ether
extract, RES: Organic matter minus CP, EE and starch, RSD: Residual standard deviation.

Table 5.
Prediction of energy metabolizability and efficiency (%) from diet composition (% of DM) in laying hens (n=128).
Model Energy Equations* RSD
Intercept CP EE Starch
12 AME/GE 67.34 -0.437 - 0.427 3.51
13 AMEN/GE 62.90 -0.482 - 0.447 3.63
14 NE/AME 77.11 -0.364 0.671 - 1.08
15 NE/AMEn 79.03 -0.300 0.688 - 1.24

Predicted equations from multiple linear regression using Stepwise procedure. GE: Gross energy, AME: Apparent
metabolizable energy; AMEn: Apparent metabolizable energy corrected for zero N retention, NE: Net energy, CP: Crude
protein; EE: Ether extract, RSD: Residual standard deviation.



Table 6.
Prediction of AME, AMEn and NE (kcal’/kg DM) from nutritional composition of diets (% of DM) and ME content (kcal/kg
DM) in laying hens (n=128)

Model Energy Equations’ RSD
Intercept AME AMEnN CP EE Starch dCP dEE dCHO

16 AME 2024 41.20 11.53 108
SE 258.85 5.56 5.58

17 AMEnN 1962 40.17 10.55 108
SE 235.56 5.06 5.08

18 AME 1242 15.45 54.78 22.88 91
SE 127.37 6.3 4.82 2.03

19 AMEnN 1284 55.59 22.75 91
SE 112.84 4.71 2.02

20 NE 0.765 -8.95 18.24 31
SE 0.011 1.46 1.58

21 NE 0.779 -6.35  18.65 33
SE 0.015 2.02 2.21

20 NE 22.85  79.24 29.9 91
SE 5.59 4.02 0.95

Predicted equations from multiple linear regression using Stepwise procedure. AME: Apparent metabolizable energy;
AMERN: Apparent metabolizable energy corrected for zero N retention, NE: Net energy, CP: Crude protein; EE: Ether extract,
dCP: Apparent digestible crude protein, dEE: Digestible ether extract, dCHO: Digestible carbohydrate, SE: Standard error,
RSD: Residual standard deviation.



Table 7.
Analysis of parameter estimates of the net energy models using 1000 bootstrap replications.

Model Regressor Av_erage PSR (%) Star.‘d‘?“d Lower 95% Upper 95% R?
estimates deviation

AME 0.765 100 0.008 0.765 0.765

20 CP -8.964 100 1.21 -8.97 -8.95 0.989
EE 18.247 100 1.34 18.24 18.26
AMEnN 0.779 100 0.010 0.779 0.779

21 CP -6.360 100 1.38 -6.372 -6.348 0.988
EE 18.686 100 1.37 18.674 18.698

AME: Apparent metabolizable energy; AMEn: Apparent metabolizable energy corrected for zero N retention; CP: Crude
protein; EE: Ether extract; PSR: Percentage of significance for regressor.
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Figure 1. Validation of net energy prediction models through
comparisons between predicted and observed NE values of 16 diets

from Barzegar et al. (2019).



CAPITULO 4: IMPLICATIONS



IMPLICATIONS

The present study offers a detailed analysis of the energy metabolism in
birds with the aim of assisting in the implementation of the net energy system in
laying hen nutrition. Adopting this system in practical nutrition would bring several
benefits, including a better estimation of performance parameters based on
energy intake, reduced environmental impact through decreased nitrogen
excretion, and improved economic outcomes due to reduced costs associated
with formulation and use of non-traditional ingredients. Despite being widely used
in swine and cattle nutrition, there is still limited information about the application
of NE in poultry nutrition, especially for laying hens. Thus, this study expands the
discussion on the use of NE system for hens by proposing different models for
determining nutritional requirements and the energy value of ingredients, both on

an NE basis.

Determining the NE nutritional requirements of birds is a crucial step for
implementing this system in practical formulations. Currently, the metabolizable
energy system is widely used by nutritionists, but it does not accurately describe
the bird's "true" requirement as it does not consider the animal heat production
and tends to overestimate protein ingredients and underestimate energy
ingredients. Thus, based on the models proposed in Chapter 2, it is possible to
determine the NE requirement based on live body weight, body weight gain, and
egg mass of laying hens. This provides nutritionists a reference value to use

during the diet formulation process.

Figure 1 illustrates the results of an exercise where performance
parameters of two strains of light and heavy hens were used to estimate the
requirements of NE and ME using the models proposed in Chapter 2 (models 4
and 5). It can be observed that the efficiency between NE and ME is
approximately 75% on average for the production phases. Furthermore,
considering the requirement for NE (figure 1. A and B) in birds implies a reduction
in the requirement for ME (figure 1 C and D). In our exercise, the NE and ME
requirements were determined for the three main production phases (Peak, Layer
2 and 3), showing a difference in ME requirement between the models and the
manual guidelines of 350 kcal/kg and 71 kcal/kg on average for Hy-Line W80 and

Lohmann hens, respectively. These results illustrate that the currently used ME



values could be much lower if we adopted the NE system as the basis for

determining the birds' energy requirement.

Once the laying hen’s energy requirement is determined, it is essential to
know the NE values of the ingredients that will be used in the diets. Since
measuring the NE of ingredients is complex and requires specific equipment, it is
more feasible to use prediction equations. In this study, NE prediction equations
were developed based on the chemical composition of the ingredients (models
20 and 21 in chapter 3). In addition to being essential for the implementation of
the NE system, these models assist in the use of non-traditional ingredients in

poultry farming.

One of the factors contributing to the relevance of the ME system for birds
is the widespread use of corn and soybean meal as the main energy and protein
ingredients in the diet, respectively. However, these grains are commodities and
face a wide price fluctuation throughout the year, in addition to being ingredients
that are part of human nutrition, which raises debates about their use in animal
feed. In this sense, NE prediction models helps to reduce the dependence on
conventional ingredients with high demand and offer more economical
alternatives, considering market conditions. The NE values of the main traditional
and non-traditional ingredients used for bird feeding are presented in Table 1.
Currently, most studies on NE for birds focus on broiler chickens, with limited
information available for laying hens. However, it is interesting to note that there
are similarities between the values obtained with the models in this study and the
equations proposed by Barzegar et al., (2019). This reinforces the feasibility of
predicting NE values based on nutritional composition. Also, this approach
facilitates the implementation of this system since the crude protein and ether
extract contents of ingredients can be easily consulted in nutritional tables and

specific literature.

Finally, the use of this system would bring economic and environmental
benefits, as formulating diets based on NE promotes a reduction in crude protein
content, which is primarily responsible for the largest fraction of dietary heat
increment. This reduction in crude protein content encourages the use of
crystalline amino acids, thereby reducing nitrogen excretion. Figure 2 illustrates

that diets with higher NE/AME ratios show lower nitrogen excretion by birds,



aligning with current goals in animal production to reduce environmental pollution
levels. This reduction in nitrogen excretion not only minimizes the risks of
environmental pollution but also ensures a formulation with more accurate levels

and consequently with lower costs.
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Figure 1.

Determination of net energy (NE) and metabolizable energy (ME) requirements in different strains of light and heavy hens, using
models 4 and 5 presented in Chapter 2.



Table 1.
Nutritional composition of feedstuffs and the net energy estimated based on the equations proposed on the Chapter 3.

Ingredients CP!, % EE!', % GE! kcallkg AME? kcal/kg NE3, kcallkg NE“ kcal/kg NE®AME
Corn, Grain 7.25 3.50 3971 3364 2573 2603 76
Rice Bran 17.49 14.29 4344 2583 2116 2104 82
Sorghum Grain, Low Tannin 7.49 2.40 3988 3204 2434 2461 76
Millet, Grain 13.64  7.40 4221 3189 2402 2420 75
Soybean Meal 45% CP 46.36  1.66 4283 2258 1357 1296 60
Peanut Meal 4297 2.85 4219 2228 1290 1225 58
Corn, Gluten Meal 60% CP 65.08 2.76 5352 3705 2320 2250 63
Soybean Protein Conc. 57.11 1.40 4550 2635 1463 1376 56
Meat and Bone Meal, 48% 47.36 13.14 3643 2373 1615 1534 68
Feather & Poultry Bypr. Meal 66.27 12.83 5211 3264 2162 2051 66
Fish Meal 54% CP 54.61 10.12 4038 2851 1839 1758 65
Canola Meal 36.92 5.30 4342 1743 1056 1005 61
Barley, Grain 8.83 2.30 3886 2701 2001 2019 74
Cottonseed Meal 39% CP 41.68 2.65 4230 1951 1203 1151 62
Wheat Bran - Midds 18.09 3.39 4064 1810 1312 1303 72
Wheat, Grain 1430 2.11 3992 3039 2251 2273 74

CP: Crude protein, EE: Ether extract, GE: Gross energy, AME: Apparent metabolizable energy, NE: Net energy,
lvalues obtained through Near-Infrared Spectroscopy (NIRS) analysis by Evonik Industries AG (Hanau, Germany);
2Brazilian table of poultry and swine;

3Net energy values estimated based on the equation n° 20. NE=0.765xAME-8.95xCP+18.24xEE;

“Net energy value based on the equation proposed by Barzegar et al. (2019). NE=0.781xAME-11.00xCP+16.24%EE.
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Relationship between efficiency of energy utilization (NE/AME) and nitrogen
excretion (g/kg) of laying hens fed with different levels of net energy and
metabolizable energy (n=32; each point represents the average of four experimental
units).



