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Resumo

Objetivou-se com esse trabalho: (1) realizar uma revisdo sistematica e meta-anélise para
avaliar a eficacia de aditivos quimicos (Ch) e microbianos para silagem no desempenho de
bovinos de corte e ovinos (2) incluir dados de consumo de matéria seca (CMS) de rebanhos
comerciais para melhorar a acurécia e a precisao da predicdo do Modelo 2.1 BR Corte proposto
por Azevedo et al. (2016). Para responder ao primeiro objetivo, buscas sistematicas foram
realizadas usando base de dados e revistas cientificas. Foram selecionados 42 e 54 artigos para
bovinos de corte e ovinos, respectivamente. Os dados foram agrupados em subgrupos de acordo
com o tipo de aditivo. Os dados foram analisados utilizando diferenga média randémica com
intervalos de confianca de 95% (p<0,05) a partir de um modelo de efeitos aleatérios. Em
bovinos de corte, 0 uso de misturas de inoculantes microbianos homofermentativos e
heterofermentativos (MMi) e Ch aumentaram o ganho médio diario (GMD) de bovinos
alimentados com silagem de milho/sorgo. O inoculante microbiano homofermentativo (Ho),
Ch, e uma mistura de inoculante microbiano e Ch também aumentaram o GMD de bovinos de
corte alimentados com gramineas temperadas. Apenas o uso de Ch aumentou o consumo de
matéria seca (CMS). O uso de Ch aumentou a eficiéncia alimentar e Ch e Ho aumentaram o
peso da carcaca. Os aditivos avaliados melhoraram o processo de fermentacdo da silagem
principalmente via reducdo do pH e nitrogénio amoniacal. No geral, esta meta-anélise
demonstrou que os aditivos para silagem melhoraram o processo de ensilagem e o desempenho
de bovinos de corte, com resultados melhores com o uso de Ch. Devido as andlises de
estabilidade aerdbica e perfil microbiol6gico normalmente serem realizadas em silos em escala
de laboratério, mais estudos sdo necessarios para determinar esses parametros de silagem apo6s
a abertura do silo em escala de fazenda. Em ovinos, 0 uso de &cido férmico (FA) reduziu
(p<0,05) a digestibilidade da proteina bruta (DPB) da silagem, o nitrogénio amoniacal como
proporcao do nitrogénio total (NH3—N), o teor de &cido acético e o pH e aumentou a retencdo
de nitrogénio animal, e a matéria seca (MS), proteina bruta (PB) e teor de carboidratos soluveis
em &gua (CS) da silagem. O uso de enzimas reduziu (p<0,05) a digestibilidade da fibra em
detergente neutro da silagem, o teor de PB, fibra em detergente neutro (FDN), NHz—N e acido
acético. O uso de Ho aumentou (p<0,05) o CMS, a digestibilidade da matéria seca, DPB, CS, o
consumo de nitrogénio, retencdo de nitrogénio e acido latico e reduziu a contagem de fungos,
NH3z-N, teor de acido acético e estabilidade aerobica da silagem. O uso de inoculante
microbiano heterofermentativos (Mhe) aumentou (p<0,05) o CMS, rendimento de carcaga, MS,

estabilidade aerdbia e teor de &cido acético e reduziu a FDN e o concentragdo de fibras em



detergente &cido, leveduras e fungos da silagem. O uso de MMi aumentou (p<0,05) o0 GMD,
MS e contagem de levedura e reduziu o pH da silagem (-0,037). Todos os tipos de aditivos
melhoraram a qualidade da silagem, mas apenas 0 MMi melhorou 0 ganho de peso em ovinos.
O MMi aumentou a estabilidade aerdbica da silagem e pode ser usado para esta finalidade em
fazendas comerciais. Para responder o segundo objetivo, uma analise de correlacdo entre
variaveis de desempenho e CMS foi realizada para definir as varidveis a serem utilizadas para
predizer o CMS. As variaveis de peso corporal metabolico (PC%™), ganho médio diario (GMD)
e ganho médio diério ao quadrado (GMD?) foram incluidas no modelo para gerar a equacéo de
predicdo usando o software SAS. A nova equacdo de predicdo foi validada quanto a acuracia e
precisdo em dois confinamentos e comparada com outras oito equagdes publicadas utilizando
o software Model Evaluation System v. 3.2.3. A equacdo proposta para confinamento comercial
foi CMS = -2,1948 + 0,08338 * PC%" + 3,9328 * GMD - 0,9030 * GMD?. A nova equagio
apresentou melhores indicadores de exatiddo e precisdo para os confinamentos comerciais.
Portanto, pode tornar os sistemas de alimentacdo de bovinos de corte em confinamento no

Brasil mais acurados e precisos.

Palavras-chave: Bovinos de corte. Ovinos. Inoculante. Desempenho. Aditivo de silagem.



Abstract

This study aimed (1) to carry out a systematic review and meta-analysis to evaluate the
efficacy of chemical and microbial additives to silage on beef cattle and sheep performance (2)
to include data on dry matter intake (DMI) of commercial herds to improve the accuracy and
precision of the prediction of Model 2.1 BR Corte proposed by Azevedo et al. (2016). To
respond to the first objective, systematic searches were performed using databases and scientific
journals. 42 and 54 articles were selected for beef cattle and sheep, respectively. Data for all
variables were grouped into subgroups according to the additive type. The treatment mean
differences and 95% confidence intervals (p<0.05) were analyzed using a random-effects
model. For beef cattle analysis, the use of homo-and-heterofermentative microbial inoculant
mixtures (MMi) and chemical additives (Ch) increased the average daily gain (ADG) of beef
cattle fed maize/sorghum silage. Homofermentative microbial inoculant (Ho), Ch, and a
mixture of microbial inoculant and chemical additives also increased the ADG of beef cattle
fed temperate grasses. Only Ch increased dry matter intake (DMI). Ch increased feed
efficiency, and Ch and Ho increased carcass weight. The evaluated additives improved the
silage fermentation process mainly via pH and ammonia nitrogen reduction. Overall, this meta-
analysis demonstrated that silage additives improved the ensiling process and beef cattle
performance, with better results with Ch use. Due to the aerobic stability and microbiological
profile analyses being carried out more in laboratory-scale silos, more studies are needed to
determine these silage parameters after opening the silo at the farm scale. For sheep analysis,
formic acid use reduced (p<0.05) the silage crude protein digestibility (CPD), and the ammonia
nitrogen, acetic acid content and pH and increased the animal nitrogen retention, and the dry
matter (DM), crude protein (CP) and, water-soluble carbohydrate (WSC) content. Enzymes use
reduced (p<0.05) the silage neutral detergent fiber digestibility, CP, neutral detergent fiber

(NDF), NHs3-N, and acetic acid content. Ho use increased (p<0.05) the DMI, dry matter



digestibility, CPD, WSC, nitrogen intake, retained nitrogen and lactic acid content and reduced
the mold count, NHs-N, acetic acid content and aerobic stability of the silage.
Heterofermentative microbial inoculant (Mhe) use increased (p<0.05) the DMI, carcass yield,
DM, aerobic stability, and acetic acid content and reduced the NDF and acid detergent fiber,
yeast, and mold counts. MMi use increased (p<0.05) the ADG, DM and yeast count and reduced
the silage pH (-0.037). All additive types improved the silage quality, but only MMi improved
weight gain in sheep. Mhe increased silage aerobic stability and can be used for this purpose
on commercial farms. To the second objective, a correlation analysis between performance
variables and DMI was performed to define the variables to be used to predict DMI. A
correlation analysis between performance variables and DMI was performed. The metabolic
body weight (MBW), average daily gain (ADG) and average daily gain squared (ADG?)
variables were included in the model to generate the prediction equation using SAS software.
The new prediction equation was validated according to accuracy and precision in two feedlots.
After validation, the new equation was compared with eight other published equations using
the software Model Evaluation System v. 3.2.3. The proposed equation for commercial feedlots
was DMI = -2.1948 + 0.08338 * MBW + 3.9328 * ADG - 0.9030 * ADG?. The new equation
showed better accuracy and precision indicators for commercial feedlots. Therefore, it can make

feeding systems for feedlot beef cattle in Brazil more accurate and precise.

Keywords: Beef-Cattle. Sheep. Inoculant. Performance. Silage additive.
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INTRODUCAO GERAL

A nutricdo de bovinos para obtencdo de bons resultados requer oferta regular de
volumoso de alta qualidade ao longo do ano. A conservacdo de forragens imidas por meio da
ensilagem é uma alternativa comumente utilizada nas propriedades (Wang et al., 2020) para o
fornecimento de volumoso com boa qualidade durante os periodos com déficit de forragem
(Hendricks et al., 2021). Nos ultimos 50 anos varias tecnologias foram incluidas para melhorar
a produtividade e o valor nutricional das silagens como o uso de novos hibridos, novos
colhedores forrageiros, ldminas impermeaveis de polietileno e novos aditivos para melhorar a
fermentacdo da silagem e a estabilidade aerdbia (EA) (Wilkinson e Rinne, 2018).

Os primeiros trabalhos foram realizados com &cido sulfurico e depois com acido formico
(FA). O objetivo foi acidificar imediatamente a silagem, diminuir o pH, controlar o crescimento
dos microrganismos indesejaveis e reduzir as perdas do material ensilado (Woolford, 1984).
Mais tarde, outros aditivos quimicos como o &cido sérbico, o acido propiénico, o sorbato de
potassio e 0 benzoato de sodio, passaram a ser utilizados, porém com o objetivo de aumentar a
EA (Leahy et al., 1990; Muck et al., 2018).

Os inoculantes microbianos com bactérias homofermentativas foram amplamente
utilizados por melhorar o processo de fermentacdo, principalmente, em forragens com baixa
concentracdo de carboidratos sollveis (CS), capacidade tampdo e umidade elevada. Ja as
bactérias heterofermentativas, foram utilizadas para aumentar a EA (McDonald et al., 1991;
Oliveira et al., 2017). Esses inoculantes homofermentativos e heterofermentativos foram
amplamente estudados e utilizados, principalmente, pela facilidade de aplicacdo e menor custo
de aquisicao.

Nos ultimos anos, muitos estudos foram realizados para avaliar o efeito dos inoculantes
microbianos e aditivos quimicos (Muck et al., 2018). Entretanto, como os resultados dos

aditivos dependem de varios fatores como a qualidade da forragem, a dose, tempo de ensilagem,
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da qualidade de vedacdo, das condi¢des climaticas, entre outros fatores, os resultados obtidos
nas pesquisas muitas vezes sdo contraditorios.

Em bovinos de corte, 0 consumo de matéria seca (CMS) é um dos indicadores mais
relacionados ao desempenho e suas mudancas foram estudadas e atribuidas a diversas teorias.
O CMS pode aumentar a eficiéncia e a produtividade dos animais confinados por determinar a
quantidade de nutrientes ingeridos (Anele et al., 2014). Diversos fatores como raca, 0 sexo, a
idade dos animais, a composi¢do da carcaca, as condigdes ambientais, as nutricionais e as
hormonais podem influenciar o CMS (NASEM, 2016). Cientes da impossibilidade de incluir
todas essas variaveis em modelos matematicos generalizados, diversos pesquisadores criaram
modelos empiricos utilizando variaveis de facil mensuracdo (McMeniman et al., 2010; Anele
et al., 2014) que foram incluidas no NASEM (2016).

No Brasil, apesar das dietas de terminacdo serem semelhantes as utilizadas nos
confinamentos americanos (Samuelson et al., 2016; Silvestre e Millen, 2021), devido a
caracteristicas especificas como condi¢des climaticas, utilizacdo de horménios e raca dos
animais, os modelos propostos pelo NASEM (2016) muitas vezes sdo falhos (Menezes et al.,
2022). Neste contexto, o0 BR-Corte (2016) e da Silva et al. (2021) sugeriram equacfes para
predicdo do CMS desenvolvidas em condicdes tropicais. Apesar disso, essas equacdes sdo
genéricas e sujeitas a falhas devido as constantes transformacdes que ocorrem no manejo

nutricional e alimentar (Silvestre e Millen, 2021).

Neste contexto, o objetivo desta tese foi: (1) avaliar a qualidade, o perfil fermentativo
e a EA da silagem, além do desempenho de ruminantes consumindo silagem tratada com
aditivos quimicos e microbianos, (2) explorar as possiveis causas de alteracdo no CMS em
bovinos de corte confinados, principalmente, em regides tropicais, (3) abordar as equagdes
publicadas com varidveis de facil mensuracdo para predicdo do CMS em bovinos de corte, (4)

realizar uma revisdo sistemética e meta-anélise para avaliar a eficacia de aditivos quimicos (Ch)
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e microbianos para silagem no desempenho de bovinos de corte e ovinos (5) incluir dados de
consumo de mateéria seca (CMS) de rebanhos comerciais para melhorar a acuracia e a precisao

da predicdo do Modelo 2.1 BR Corte proposto por Azevedo et al. (2016).

CAPITULO I: REVISAO DE LITERATURA DE SILAGEM

1. ENSILAGEM

Até 0 ano de 1960 o volumoso era conservado principalmente na forma de feno, que é
sujeito a incertezas climaticas durante o corte e a secagem (Wilkinson e Rinne, 2018). A
ensilagem surgiu como alternativa para a conservagdo de forragens, umidas, sob condicGes
anaerobias e pH, normalmente entre 3,8 a 4,2 (McDonald et al., 1991). Diversas forragens
podem ser conservadas a partir desse processo. Normalmente, preconiza-se forrageiras com alta
produtividade de matéria seca (MS), energia, fibras de boa qualidade e que apresentam
caracteristicas favoraveis ao processo de conservacdo (Mcdonald et al., 1991).

Muitos fatores influenciam a qualidade final do material ensilado como a maturidade da
lavoura na colheita, a capacidade tampéo, a concentracdo de carboidratos solUveis, a populagédo
epifitica, o tamanho de particula, o processo de compactacdo, o tempo de fechamento do silo e
0 processo de vedacdo (Mcdonald et al., 1991; Charmley., 2001). O objetivo desse processo é
conservar 0 maior percentual de nutrientes digestiveis da forragem original e inibir o
crescimento de microrganismos indesejaveis como clostridium e enterobactérias, normalmente
presentes na forragem (Woolford, 1990; Mcdonald et al., 1991).

A maturidade da lavoura na colheita influencia diretamente no processo de fermentacao.
Kung et al. (2018) demonstraram que silagens de milho com até 40% de MS apresentam pH
menor que 4,2. Entretanto, quando a MS ¢é superior a 40%, o pH aumenta provocado pela
reducdo da concentracdo dos &cidos totais. Essas alteracBes podem causar armazenamento
inadequado da silagem. Nas silagens de milho com 25 a 30% de MS, sdo observadas maiores

concentragdes de &cido acético (3,9 % da MS) devido a atividade de enterobactérias (Mcdonald



19

etal., 1991). As silagens de leguminosas com menos de 25% de MS, apresentaram pior processo
de fermentacdo, com pH igual a 5,4, maiores concentracdes de acido butirico (4,6 % da MS),
acido acetico (4,9 % da MS) e NHz-N (5,0 % da MS). Ja as silagens colhidas tardiamente
apresentam dificuldade de compactacdo e estabelecimento da anaerobiose (Borreani et al.,
2018).

A capacidade tampdo da planta é uma caracteristica importante na ensilagem pois a
velocidade de reducdo do pH influencia a perda de nutrientes da forragem ensilada. As
leguminosas possuem maior capacidade tamponante do que as gramineas. O aumento dessa
capacidade tampdo ocorre, principalmente, devido as maiores concentracfes proteicas e de
minerais (McDonald, 1962). J& as silagens de milho e sorgo além de apresentar boas
concentracdes de carboidratos sollveis, possuem baixo poder tampdo, o que permite boa
fermentacdo microbiana e rapida acidificacdo (Mcdonald et al., 1991).

Segundo McDonald et al. (1991) e Weinberg e Muck (1996), o processo de ensilagem
pode ser dividido em quatro fases. A fase um e quatro sdo influenciadas diretamente pela acédo
antropica e 0 bom gerenciamento das operacdes nessas fases podem minimizar as perdas de
MS. A primeira fase é aerdbia e envolve a colheita e transporte para o local onde sera ensilado.
O objetivo é remover 0 O2 com menos de quatro dias (Bruning et al., 2017). Nesta fase ocorre
a respiracdo das plantas, a atividade de proteases e de micro-organismos aerébios. Em casos de
atraso na vedacédo por dois e quatro dias, 0 aumento no tempo de respiracdo da célula vegetal,
pode reduzir em 55% e 65% o0s carboidratos sollveis e piorar 0s processos fermentativos. As
fracdes fibrosas podem aumentar em 4,2% e 5,3% e diminuir o valor nutricional da silagem
(Bruning et al., 2017). Os efeitos sobre a qualidade da silagem s&o proporcionais ao atraso de
vedacdo. Segundo Kim e Adesogan (2006) atrasos por até 10 h, em forragens muito Umidas,

podem favorecer a fermentacéo da silagem.
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Na segunda fase, ocorre a fermentacdo apds o ambiente ficar anaerdbio e ha predominio
de Bactérias Acido Laticas (BAL). Nesta fase também ocorre a reducéo do pH, o que inibe o
crescimento de microrganismos indesejaveis. A terceira fase é caracterizada pela estabilizacéo
dos processos fermentativos. Nesta fase, as BAL em ambiente anaerébio dominam a massa
ensilada e o pH se mantem estavel em torno de quatro. A fase quatro ocorre ap0s a abertura do
silo com a exposicdo do material ao ar. Os microrganismos aerobios, principalmente as
leveduras, e os fungos, consomem 4&cido latico e acucares sollveis residuais. Estes
microrganismos aumentam o pH do material ensilado e podem diminuir o valor nutricional da
silagem pelo processo de deterioracdo aerébia (McDonald et al., 1991; Weinberg e Muck,
1996).

2. INOCULANTE MICROBIANO

Os inoculantes microbianos sdo utilizados extensivamente em gramineas, forrageiras
tropicais e temperadas, e em leguminosas (Charmley et al., 1996) e nas culturas de milho e de
sorgo para melhorar conservacdo da forragem (Muck et al., 2018) e reduzir o processo de
deterioracdo pos abertura do silo (Hendricks et al., 2021). Sua utilizacdo é uma ferramenta
auxiliar no processo de ensilagem. Podem ser utilizadas as cepas homofermentativas que
aceleram o processo de fermentacdo, e as heterofermentativas que aumentam a EA ou uma
combinacéo entre elas (Zopollatto et al., 2009, Muck et al., 2018). No Brasil apenas 27,7% das
propriedades utilizam algum aditivo para ensilar suas culturas e 18% utilizam aditivo
microbiano (Bernardes et al., 2014).

Os inoculantes microbianos homofermentativos comumente disponiveis no mercado
incluem Lactiplantibacillus plantarum, Lactobacillus casei, Enterococcus faecium e
varias especies de Pediococcus (Muck et al., 2018). Esses microrganismos fermentam
rapidamente os acucares disponiveis para produzir acidos organicos, principalmente o acido
latico, aceleram a reducdo do pH e estabilizam o processo de fermentacdo. Como consequéncia,

é normalmente observado menores concentracdes de acido acético, &cido butirico e NH3-N pela
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menor protedlise (Muck et al., 2018; Oliveira et al., 2017). Entretanto, maiores concentragdes
de acido latico e menores de acido acético, acido butirico e NHs-N em forragens com baixo
poder de tamponamento como o milho e o sorgo e em silagens de cana de agucar (Oliveira et
al., 2017) podem néo ocorrer.

Os inoculantes comerciais normalmente possuem associacdes entre as diferentes cepas
homofermentativas. Isso ocorre porque alguns microrganismos como Pediococcus acidilactici,
Pediococcus cerevisiae, Pediococcus pentosaceus, E. faecium, Lactococcus lactis subsp.
cremoris e diacetylactis crescem rapidamente em pH de 5 a 6,5 sendo responsaveis pela reducao
inicial do pH. Outros microrganismos como algumas cepas de L. plantarum crescem lentamente
até o pH 5 e rapidamente quando estdo abaixo desse valor (Kung et al., 2003). Apesar de
apresentarem respostas associativas, a juncao desses microrganismos dificulta a definicdo da
resposta individual de cada microrganismo a partir de inoculantes comerciais e muitas vezes
causam respostas heterogéneas entre diferentes estudos.

Os inoculantes homofermentativos também podem reduzir a EA da silagem por
aumentar a quantidade de substrato disponivel para o crescimento de microrganismos
deterioradores. J& os inoculantes com cepas heterofermentativas tem maior probabilidade de
aumentar a EA em funcdo do perfil fermentativo (Kung et al., 2018). Esses microrganismos
utilizam &cido latico e glicose como substratos para producdo de acido acético e propidnico,
atuando no controle de fungos e de leveduras sob pH menor que 4,2 (Zopollatto et al., 2009).
Kleinschmit e Kung, (2006) apontaram uma reducgédo de -0,761 log UFC/g na contagem de
leveduras para cada aumento percentual de acido acético na silagem.

O beneficio da utilizagdo desses microrganismos, muitas vezes, ocorre com 0 maior
periodo de exposi¢do ao ar pos abertura da silagem ou em silagens mal compactadas com maior

porosidade. Muck e Huhnke, (1995) mostraram que o ar pode penetrar até 1m na face do silo.
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Assim, se for removido 20 cm diérios na face do silo, o periodo de estabilidade deve ser superior
a cinco dias (Kung et al., 2018), o que justifica a utilizacdo desses microrganismos.

Muck et al. (2018) apontaram o Lentilactobacillus buchneri como a espécie mais
comum utilizada para aumentar a estabilidade. Entretanto, esses autores citaram que outras 24
espécies menos estudadas, podem melhorar a EA. A utilizagdo do L. buchneri depende do
planejamento adequado de volumoso nas propriedades e da adequada inoculagdo no momento
da ensilagem. Isso ocorre porgque o crescimento desses microrganismos na massa ensilada é
lento, a conversdo anaerobia do &cido latico em acético precisa de 45 a 60 dias para ter efeito
aparente (Kung et al., 2018) e a dose precisa ser superior a 1 x 108 UFC / g de matéria natural
(MN) (Kleinschmit e Kung., 2006).

Outro beneficio associado ao uso de inoculante com L. buchneri é a producdo da
ferrulato esterase, enzima que quebra as ligacdes de acido feralico na lignina e pode aumentar
a digestibilidade por solubilizar as hemiceluloses (Grand et al., 2018). Entretanto, essas
melhorias ainda ndo estdo claras. Hendricks et al. (2021) avaliaram o uso de cepas de L.
buchneri na silagem de alfafa e ndo observaram alteracao na digestibilidade in vitro da matéria
seca (DIVMS) e no desaparecimento ruminal da fibra em detergente neutro (FDN) e da fibra
em detergente acido (FDA). Nesse estudo, as concentracdes de carboidratos solUveis reduziram
com o uso do inoculante por aumentar a extensdo da fermentacdo. Os beneficios da ferrulato
esterase produzida pelo L. buchneri no aumento da digestibilidade da fragc&o fibrosa precisam
ser melhor avaliados.

3. ADITIVOS QUIMICOS

No passado inoculantes quimicos foram utilizados para prevenir fermentacGes
indesejaveis na silagem e evitar problemas de qualidade no queijo de vacas alimentadas com
silagem mal fermentada (Wilkinson e Rinne, 2018). Os primeiros trabalhos foram realizados
com os acidos sulfarico e cloridrico e foi observado, além dos beneficios na qualidade do queijo,

reducdo nas perdas de MS, aumento do consumo de MS e da utilizacdo de nitrogénio pelos
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animais. O 4&cido sulfdrico, ap6s décadas de utilizacdo, devido a efeitos corrosivos aos
maquinarios e seguranca ocupacional foi substituido pelo formico (Wilkinson e Rinne, 2018).

Atualmente, os principais acidos organicos sdo os acidos formico, sorbico, benzdico,
propidnico e acético (Muck et al., 2018). A escolha desses acidos em detrimento aos inoculantes
microbianos ocorre principalmente pela acdo imediata na silagem. Os aditivos quimicos podem
estabilizar a fermentacdo da silagem e a estabilidade sem depender de fatores biologicos
associados ao crescimento dos microrganismos.

O FA pode reduzir as perdas no processo de ensilagem e diminuir a prote6lise inicial por
causar acidificacdo rapida da cultura e inibicao parcial do crescimento microbiano (Woolford,
1984). A primeira utilizacdo do FA foi proposta por Dirks no ano de 1920 (Kung Jr. et al.,
2003). Entretanto, os primeiros estudos para o0 embasamento cientifico da utilizacdo do FA
ocorreram em 1970 (Wilkinson e Rinne, 2018). Nas ultimas décadas, houve uma reducdo na
utilizacdo do FA devido ao efeito corrosivo e ao surgimento de novos inoculantes microbianos
(Wilkinson e Rinne, 2018) com funcdes semelhantes. Apesar do surgimento de novos aditivos,
estudos recentes continuam avaliando o uso de FA na conservacao da silagem (Gheller et al.,
2021; Palmio et al., 2022), principalmente em gramineas com alta concentracdo de proteina
bruta e umidade.

A rapida acidificacdo da silagem restringe a atividade de microrganismos epifiticos
sensiveis ao acido e geralmente reduz a producdo total de &cidos, principalmente de &cido
butirico, a protedlise e o consumo de CS e aumenta a recuperacdo de matéria seca (MS) (Kung
Jr. et al., 2003). Essa melhoria na qualidade e preservacéo da silagem pode resultar em maior
consumo de matéria seca (Gerlach et al., 2021) e desempenho animal (Winters et al., 2001),
principalmente devido a supressdo de bactérias proteoliticas e melhoria do balanco de

aminoacidos (Broderick et al., 2007).
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Uma situacéo recorrente nas propriedades, que justifica a utilizacdo de aditivos quimicos,
€ 0 atraso no tempo de colheita, ocasionado por quebra ou indisponibilidade de maquinarios,
chuvas (Costa et al., 2021), falhas de planejamento ou mesmo desconhecimento técnico. Nestes
casos, quando a compactacdo do silo € reduzida, os aditivos quimicos podem ser utilizados,
acelerando o processo de reducdo do pH e aumentando a EA do material ensilado (Borreani et
al., 2018).

Outros aditivos, como o acido sérbico, possuem acdo direta na silagem e atuam sobre o
crescimento de leveduras e fungos, que pode reduzir a deterioracao aerobia da silagem (Leahy
et al., 1990). A utilizacdo de acidos organicos de cadeia curta com acdo antifingica também
pode aumentar a EA. O &cido propidnico é o aditivo com a¢do antifungica mais vendido na
América do Norte e, recentemente, o sorbato de potassio e 0 benzoato de sodio também tem
sido utilizados com esse objetivo (Kung et al., 2018).

4. PARAMETROS FERMENTATIVOS E PERDAS

Os principais parametros fermentativos sdo o pH, as concentracGes dos acidos latico,
acetico, propidnico, butirico e as concentracdes de etanol e NHs-N (Kung et al., 2018). O perfil
fermentativo influencia diretamente no pH da silagem. Isso corre porque o acido latico (pKa de
3,86) produzido pelas BAL €, em média, 10 a 12 vezes mais forte que o &cido acético (pKa de
4,75) e propidnico (pKa de 4,87), respectivamente. Kung et al. (2018) demonstraram em um
estudo de revisdo a interpretagdo comum dos produtos da fermentagéo de silagens de milho, de
leguminosas e silagens de gramineas forrageiras (Tabela 1). Esse estudo demonstrou que
silagens de milho tem menor pH devido a menor capacidade tampao.

A producdo de &cido latico é teoricamente mais desejada porque a conversdo de uma
molécula de glicose em duas de acido latico e dois ATP reduz as perdas de energia e de MS,
levando a um consumo de silagem mais rica em energia (Borreani et al., 2017) e com menor
protedlise. Em metanalise recente, Bernardi et al. (2019) observaram menores perdas de MS

(46,1 vs. 63,8 g/kg de MS) nas silagens inoculadas com bactérias homofermentativas. Também
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foi observado menor pH (3,75 vs. 3,84), maiores concentracGes de &cido latico (67,4 vs. 28,6
g/kg de MS) e menores de acido acético (12,5 vs. 27,2 g/kg de MS) e NH3-N (42,1 vs. 44,3 g/kg
de MS). Esses resultados demonstram melhora no perfil fermentativo das silagens inoculadas.

Tabela 1. ConcentracOes tipicas sugeridas de produtos de fermentacdo comuns em varias
silagens

Silagem de Silagem de Silagem de Silagem de
Pardmetros leguminosa leguminosa graminea milho
(<30a35%-MS) (45a55%-MS) (25a35%-MS) (30 a40% - MS)

pH 43-45 4,7-5,0 43-4,7 3,7-4,0
Acido Latico (%) 6a8 2a4 6a10 3a6
Acido acético (%) 2a3 0,5a2,0 l1a3 l1a3
Acido propi6énico (%) <05 <0,1 <0,1 <0,1
Acido butirico (%) <05 0 <05a1,0 0

Etanol (%) 05a1,0 0,5 05a1,0 la3
NHs-N (% do N total) 10a 15 <12 8al2 5a7

Fonte: Adaptado de Kung et al. (2018)

Silagens inoculadas com cepas heterofermentativas podem aumentar em 50% a perda
de MS (Bernardi et al., 2019). O L. buchneri converte 1 mol de lactato para formar meio mol
de acetato, meio mol de 1,2-propanodiol e meio mol de didxido de carbono. Esse processo
fermentativo é menos eficiente e aumenta as perdas de MS (Driehuis et al., 2001; Kleinschmit
e Kung, 2006). Como consequéncia, a inoculacdo com maiores concentracfes de L. buchneri
pode diminuir os teores de MS em 7,5% (Basso et al., 2012).

Apesar de poder aumentar as perdas durante o processo de armazenamento, a reducao
das perdas pos abertura justifica a utilizacdo do L. buchneri. Silagens de milho exposta ao ar
por 7 e 14 dias pds abertura inoculadas com L. buchneri apresentaram menor perda de MS por
até 7 dias em decorréncia da melhora na EA. Ja aos 14 dias, em decorréncia da perda de
estabilidade, a perda de MS dobrou, mas ainda foi em média 2,8 vezes menor que as silagens
inoculadas com L. plantarum e que o grupo controle (Tabacco et al., 2011). A acdo do L.
buchneri no aumento da EA pode ser potencializada pelo uso de outros microrganismos como
o0 Lentilactobacilus diolivorans, que degrada 1,2 propanediol produzido pelo metabolismo do

L. buchneri, a 1-propanol e acido propidnico que aumentam a EA (Wilkinson e Rinne, 2018).
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Os valores de pH em silagens inoculadas com bactérias heterofermentativas podem ser
2,4% maiores comparado a silagens inoculadas com microrganismos homofermentativos
devido a menor concentracdo de &cido latico (Bernardi et al., 2019). Em um estudo de
metanalise, Kleinschmit e Kung (2006) demonstraram aumento no pH independente da dose de
inoculacdo. Segundo os autores o pH € maior nas silagens inoculadas com doses maiores que
1x10° UFC/g de MN. Hu et al. (2009) e Tabacco et al. (2011) observaram maior pH em silagens
inoculadas com L. buchneri em relacéo a silagem de milho ndo inoculada (3,69 vs. 3,57 e 3,74
vs. 3,57, respectivamente).

As menores concentracfes de acido latico sdo normalmente acompanhadas de maiores
concentracdes de acido acético (Hu et al., 2009; Tabacco et al., 2011). Essas alteracbes ocorrem
em funcdo da conversédo do acido latico em acético pelo L. buchneri. Hu et al. (2009) e Tabacco
et al. (2011) demonstraram que em silagens inoculadas com esse microrganismo, as
concentracdes de acido acético foram 2,4 e 2,6 vezes maiores. Kleinschmit e Kung (2006)
demonstraram que as concentragdes de acido acético aumentam com a inoculacdo independente
da dose. Em dosagens superiores a 1x10% UFC/g de MN, as concentracdes de acido acético
aumentam em media 1,78 vezes comparado a silagens ndo inoculadas.

As silagens podem apresentar maiores concentracdes de NH3z-N como resultado da
inoculacédo de L. buchneri em funcdo do aumento do pH (Driehuis et al., 2001). Hu et al. (2009)
encontraram aumento de 30% nas concentragdes de NHs-N em silagens inoculadas com L.
buchneri em comparagéo ao grupo controle. Entretanto, em alguns trabalhos essa diferenga néo
tem sido observada (Mari et al., 2009; Tabacco et al., 2011). Um estudo de metandlise
demonstrou ndo haver diferenca da concentracdo de NHsz-N em silagens inoculadas com L.
buchneri independente da dose (Kleinschmit e Kung., 2006).

Inoculantes quimicos promovem acidificacdo imediata da massa ensilada e podem

melhorar o perfil fermentativo da silagem, principalmente em silagens com alta capacidade de
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tamponamento. Kennedy (1990) avaliou o efeito da adicdo de 2,1 L por tonelada de MN de FA
na inoculacdo de silagens de gramineas temperadas com até 50% de azevem perene. A
quantidade de carboidratos solUveis foi 3,8 vezes maior (42,8 vs. 11,2 g/kg de MS) nas silagens
inoculadas comparado a silagens ndo inoculadas. As concentracfes de NH3-N foram 36,8%
menor (48 vs. 76 g/kg de MS) nas silagens inoculadas. As concentracdes de acido latico foram
32% menores (56,4 vs. 83,0 g/kg de MS) nas silagens inoculadas devido a acidificacao imediata
e as concentracOes de acido acético (14,2 vs. 28,9 g/kg de MS) e butirico (0,7 vs. 1,9 g/kg de
MS) ndo diferiram entre os tratamentos.

Tyrolovéa et al. (2017) avaliaram o perfil fermentativo de silagens de milho colhidas com
34% de MS durante os dias 1, 3, 5, 10 e 90 dias de fermentacdo. Foi utilizado 4 L por tonelada
de um aditivo quimico a base de acido propidnico, formato de aménio e acido benzoico,
comparado as silagens inoculadas com microrganismos homofermentativo L. plantarum, L.
paracasei e Pediococcus pentosaceus (1,5 x 10** UFC/g de MN). O pH das silagens inoculadas
com aditivos quimicos reduziu para 4,34 no primeiro dia e diferiu dos tratamentos inoculados
com microrganismos homofermentativos e do tratamento controle (4,68 e 4,97,
respectivamente). Apds 90 dias de ensilagem, o pH néo diferiu entre os tratamentos. Entretanto,
como a reducdo do pH foi mais acelerada com aditivos quimicos, foi observado maiores
concentracdes de CS. As concentracfes de acido latico foram menores nas silagens inoculadas
com aditivos quimicos. Isso ocorre porque a acidificacao rapida inibe o crescimento das BAL.

Outros aditivos quimicos também aumentam as concentra¢Bes de CS. Bernardes et al.
(2014) relataram que silagens de milho inoculadas com benzoato de sodio ou sorbato de
potéssio apresentaram 78,3% mais CS comparado a silagem ndo inoculadas. As concentracdes
de &cido latico, também foram menores do que o grupo controle em ambos os aditivos quando
utilizados na concentracdo de 2 g kg de MN. Na dose de 1 g kg™ de MN o tratamento n&o

diferiu do grupo controle. As concentracdes de acido butirico foram menores nas silagens
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inoculadas independente da dose. Ja as concentracdes de NHz-N em ambos os inoculantes foram
dependentes da dose. Os valores reduziram apenas nas concentracdes de 2 g kg™ de MN. Esses
resultados demonstram que o benzoato de sddio ou sorbato de potassio, nas doses adequadas,
podem ser utilizados para acelerar a reducéo do pH, reduzir as perdas de CS, reduzir a proteoélise
da silagem e as concentragdes de acido butirico.

5. ESTABILIDADE AEROBIA E MICROBIOLOGIA

O tempo de EA pode ser calculado como o nimero de horas gasto para a silagem
aumentar 2°C acima da temperatura ambiente (Ranjit and Kung Jr., 2000). Silagens de boa
qualidade apresentam maiores concentracdes de acido latico e podem ser mais susceptiveis a
perda de EA (Muck et al., 2018). Tabacco et al. (2009) relataram que a perda de estabilidade
aerobica ocorre quando a contagem de leveduras é superior a 5 logio UFC/g de MN. Segundo
Pitt et al. (1991) a contagem de fungos e leveduras iniciais, a concentracdo de MS, o pH, as
concentracdes de acidos organicos e a temperatura ambiente explicam 82% de toda a variacao
de estabilidade aerdbica.

A deterioracdo aerdbia durante a fase de alimentacdo € um problema significativo na
reducdo da lucratividade em fazendas do mundo inteiro e principalmente nas situadas em regido
de clima quente (Borreani e Tabacco, 2010; Bernardes et al., 2018). Durante essa fase a
exposicdo ao ar é inevitavel. As leveduras e as bactérias produtoras de acido acético iniciam o
processo de deterioragdo consumindo o acido latico e os agucares, aumentado a temperatura e
0 pH. As bactérias acido acéticas sdo Gram-negativas do género Acetobacter, tém alta tolerancia
a condicdes &cidas e independem das leveduras para iniciarem o processo de deterioracio (Avila
e Carvalho, 2020). As leveduras podem permanecer inativas durante a fase estavel da silagem
e ser reativadas quando a silagem entra em contato novamente com o ar (Ashbell et al., 2002;
Pahlow et al., 2003). Com o consumo do acido latico, o pH aumenta e, consequentemente, 0s
bacilos e outras bactérias aerobias crescem, aumentando mais a temperatura. Por fim, ocorre o

crescimento de fungos (Spoelstra et al., 1988; Dolci et al., 2011; Borreani et al., 2018).
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Apds a abertura, muitos fatores podem reduzir a EA. Como prevencdo da deterioracéo
aerdbia para forrageiras, a densidade minima recomendada é de 705 kg de MN/m? (Bernardes
et al., 2018). As silagens com compactacdo ruim apresentam alta porosidade, o que pode
favorecer a penetracdo de ar por até quatro metros da face do silo e favorecer o crescimento de
microrganismos aerobios que causam a perda de estabilidade (Borreani et al., 2018). Essas
perdas podem ser acentuadas em temperaturas mais amenas de 2 a 30° C pelo crescimento de
leveduras mesdfilas (Deak, 2008). Apos o inicio da perda da EA, pouco pode ser feito para
reduzir o processo, 0 que torna necessario concentrar esforcos para evitar seu desencadeamento
(Bernardes et al., 2018).

O uso de inoculantes microbianos ou de aditivos quimicos pode aumentar a EA (Muck et
al., 2018). A escolha da cepa microbiana para a inoculacdo € importante quando o objetivo é
aumentar a EA. Alguns microrganismos homofermentativos, como o L. plantarum, podem
piorar a EA por aumentar a quantidade de acido latico na silagem, substrato para o crescimento
de microrganismos aerobios. Esses achados foram demonstrados por Kleinschmit e Kung,
(2006) em silagens de milho inoculadas com L. plantarum na dose de 1x10° UFC/g de MN que
mesmo associado a um inibidor do crescimento de leveduras, reduziu a EA em 20 h quando
comparado a silagens ndo inoculadas. Oliveira et al. (2017) em um estudo meta analitico
também observaram aumento na contagem de leveduras nas silagens inoculadas, mas sem
alteracdo na EA.

Os inoculantes microbianos heterofermentativos normalmente aumentam a EA. Hu et
al. (2009) observaram que silagens de milho inoculadas com L. buchneri apresentaram maior
EA (185,5 horas) em relacdo ao grupo controle (50,5 horas). Mari et al. (2009) observaram
resultados semelhantes com aumento de EA em silagens coletados em fazendas. As silagens
inoculadas com L. buchneri aumentaram 1,6 vezes a EA e permaneceram estaveis por 74 horas

em comparacdo a silagens nao inoculadas, 46 horas. Tabaco et al. (2011) avaliaram silagens de



30

milho e sorgo inoculadas com L. buchneri, L. plantarum e um grupo controle. As silagens de
milho e sorgo inoculadas com L. buchneri foram 7,49 e 6,57 vezes, em média, mais estaveis
que o grupo controle e o inoculado com L. plantarum. Bernardi et al. (2019) demonstraram que
as silagens inoculadas com cepas heterofermentativas apresentaram em média 136 h de EA e
foram maiores que as silagens ndo inoculadas e inoculadas com microrganismos
homofermentativos (70,7 e 67,7 h, respectivamente).

Os beneficios da inoculagdo podem ndo ser observados em doses inferiores a 1x10°
UFC/g de MN. Kleinschmit e Kung, (2006) demonstraram em um estudo de metanalise que
silagens inoculadas com quantidades inferiores a 1x10® UFC/g de MN aumentaram a EA em
apenas 10 h (35 vs. 25 h), o que ndo justifica a utilizacdo do inoculante. Ja silagens inoculadas
com quantidades superiores a 1x10% UFC/g de MN apresentaram 503 h de estabilidade em
média.

A combinacdo dos inoculantes microbianos homofermentativos e heterofermentativos
tem sido utilizada para acelerar a reducdo do pH e para aumentar o tempo de EA apds a abertura.
Rabelo et al. (2019) observaram EA de 93,7 h em silagens de milho inoculadas com L. buchneri
(1x10° UFC/g de MN) e L. plantarum (1x10° UFC/g de MN) e de 14,4 horas nas n&o inoculadas.
Esses resultados demonstram que a inoculagdo com inoculantes homofermentativos e
heterofermentativos apresentam potencial de melhorar a EA devido a maior producéo de acido
latico pelos microrganismos homofermentativos e a conversdo desse acido em &cido acético
pelos microrganismos heterofermentativos.

Em propriedades produtoras de leite ou carne, quando necessitam abrir o silo
rapidamente devido a falta de volumoso, os inoculantes com cepas de L. buchneri ndo geram a
resposta esperada no aumento da EA. Isso acontece porque esse microrganismo possui um
crescimento lento e, portanto, o silo ndo deve ser aberto antes de 45 dias (Kung et al., 2018).

Neste contexto, a utilizacdo de inoculantes quimicos pode ser realizada em situacdes mais
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desafiadoras, quando € necessaria a acdo rapida do acido no crescimento dos microrganismos
(Kung et al., 2018).

Kleinschmit e Kung (2005) avaliaram a inoculacdo de silagem de milho com 28,9% de
MS com os aditivos quimicos metabissulfito de sddio aplicado em 0,05% da MN, acido
propiénico em 0,1% da MN, benzoato de sodio em 0,1% da MN ou sorbato de potassio em
0,1% da MN. A EA das silagens tratadas com metabissulfito de sédio e acido propidnico foram
semelhantes as ndo inoculadas. Esses tratamentos apresentaram em média 38 h de estabilidade.
O benzoato de sodio e o sorbato de potassio aumentaram a EA para 165 e 149 h,
respectivamente. Esses resultados demonstram a importancia da escolha do aditivo quimico
adequado para aumentar a EA e que mesmo quando ndo colhidas tardiamente, os aditivos
quimicos nas dosagens corretas melhoram a EA nas propriedades.

Bernardes et al. (2014) avaliaram dois aditivos quimicos (benzoato de sodio ou sorbato
de potassio) em duas doses (1 ou 2 g kg™ de MN) em silagem de milho. Ambos os aditivos
melhoraram a EA da silagem independente da dose. As silagens ndo inoculadas foram estaveis
por 61 horas. Nas mesmas taxas de inoculacéo, as silagens inoculadas com sorbato de potassio
ndo diferiram das silagens inoculadas com benzoato de sédio. Em média, as silagens inoculadas
com 1 ou 2 g kg™ de MN foram estaveis por 117 e 257 horas. Esses resultados demonstram que
na dosagem correta, os inoculantes quimicos melhoram significativamente a EA das silagens
de milho.

Knicky e Sporndly (2015) avaliaram a utilizacdo de um aditivo contendo benzoato de
sédio (200 g kg™?), sorbato de potassio (100 g kg?) e nitrito de sodio (50 g kg?) adicionado a
taxa de 5ml por kg de MN em silagens mal compactadas (104 + 4.3 kg de MS/m®) e obsevaram
EA por até 160 horas. Kung et al. (2018) avaliaram silagens colhidas tardiamente com 38% de
MS e inoculadas com aditivo quimico comercial que continha 200 g kg*de benzoato de sddio,

100 g kg de sorbato de potéssio e 50 g kg™ de nitrito de sédio por litro na quantidade de 1,5
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ou 2 L por tonelada de MN. As silagens ndo inoculadas foram estaveis por 29 h. Ja as inoculadas
com aditivos quimicos, foram estaveis por 47 e 70 h na quantidade de 1,5 e 2 L por tonelada,
respectivamente. Apesar de baixa estabilidade, na concentracéo de 2 L por tonelada, o aditivo
quimico aumentou em 2,4 vezes a estabilidade, demontrando o potencial de utilizagdo em casos
de falhas de manejo e colheita tardia.

Kung et al. (2018) também avaliaram a utilizacdo de acido propidnico e &cido citrico
comparado ao grupo controle e observaram aumento na EA da silagem com 32% de MS em 27
horas nas silagens e 57 horas nas silagens com 38% de MS. Neste estudo os autores também
avaliaram a utilizacéo de aditivo contendo benzoato de sddio, sorbato de potassio e nitrito de
sédio nas doses de 1,5 e 2,0 L t1. Esses aditivos aumentaram a EA em 4,5 vezes quando
comparado ao acido propidnico e &cido citrico em silagens com 32% de MS. Nesse estudo as
silagens inoculadas com 2,0 L t de benzoato de sédio, sorbato de potassio e nitrito de sddio
em silagens mais secas (38% de MS) foram 2,25 vezes mais estaveis que as silagens inoculadas
com 1,5 L t1. Entretanto, a combinagcéo entre os aditivos com 1,5 L t* foi, em média, 4 vezes
maior que a silagem controle e 1,6 vezes comparado ao acido propidnico e acido citrico. Esses
resultados demostram que os &cidos organicos podem ser utilizados para aumentar a
estabilidade aerdbica possibilitando reducdo das perdas apds abertura dos silos. Entretanto,
dependendo do desafio, as doses precisam ser ajustadas.

6. VALOR NUTRICIONAL E DESEMPENHO ANIMAL

As silagens de pior qualidade podem apresentar maiores fracdes fibrosas e reduzir o
consumo de MS (Oliveira et al., 2017). A reducdo do consumo depende da extensdo da
deterioracdo, mas pode reduzir em cerca de 10 a 20% quando comparado a forragens frescas
(Wichert et al., 1998). Bolsen et al. (2000) verificaram que silagens deterioradas alteraram a
integridade do “mat” ruminal e reduziram o consumo e a digestibilidade da dieta. Os aditivos
de silagens podem aumentar o consumo e melhorar o desempenho por meio do seu efeito na

manutencdo da qualidade da silagem.
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Silagens inoculadas com bactérias homofermentativas, podem melhorar a sintese de
proteina microbiana no ramen. Isso ocorre porque o &cido latico, principal produto da
fermentacao de microrganismos homofermentativas, € utilizado como fonte de energia diferente
dos outros acidos que ndo oferecem energia para as bactérias no ramen (Van Soest, 1994).
Segundo Charmley et al. (1996), os inoculantes também podem melhorar o desempenho animal
por aumentar a digestibilidade. Esse aumento de digestibilidade muitas vezes ocorre devido a
maior preservacao de CS e menor proteolise.

Oliveiraetal. (2017) demonstraram em um estudo de metanalise que silagens inoculadas
com bactérias homofermentativas possuem maior concentracdo de CS e menores concentracoes
de lignina e NHs-N. As concentracOes de proteina bruta (PB), FDN e a DIVMS néo diferiram
entre os tratamentos. Esses resultados demonstram potencial em aumentar o desempenho
animal pela manutencdo dos carboidratos soltveis. Nesse estudo, vacas alimentadas com
silagens inoculadas aumentaram a producéo de leite em 0,37 kg por dia. Entretanto, a eficiéncia
alimentar e a producéo de gordura e proteina ndo diferiram entre os tratamentos.

Bernardi et al. (2019) em um estudo de metanalise observaram que a utilizacdo de
bactérias homofermentativas ndo alterou as concentracdes de MS, PB, FDN, lignina e amido.
A utilizacdo do inoculante ndo alterou 0 CMS em vacas de leite, aumentou em pequenos
ruminantes e diminuiu em bovinos de corte. A producéo de leite, o ganho de peso e a eficiéncia
alimentar ndo diferiram em nenhum tratamento. Neste estudo, 0s autores ndo apresentaram uma
explicagdo clara para a redugdo do consumo em bovinos de corte. A ndo alteracdo no
desempenho possivelmente ocorreu devido as boas caracteristicas fermentativas que o milho
apresenta para ensilagem e a manutencéao do valor nutricional da silagem.

As amostras de silagens colhidas em 31 fazendas localizadas em Wisconsin, Pensilvania
e Minnesota com e sem inoculante com L. buchneri, ndo apresentaram alteracdes nos

percentuais de MS, PB, FDN e FDA (Mari et al., 2009). Tabacco et al. (2011) avaliaram o efeito
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da inoculacdo do L. buchneri e o0 tempo de exposi¢éo ao ar pds abertura do silo de milho por 0,
7 e quatorze dias. A perda da eficiéncia alimentar do tratamento com in6culo ocorreu com 12
dias, este fato contribui efetivamente para a manuten¢édo do valor nutricional da forragem na
avaliacdo de 7 dias ap0s abertura. Essa maior estabilidade ocorreu devido a maior concentracéo
de acido acético.

As concentracOes de acido acético, apesar de controlar a eficiéncia alimentar podem
atuar regulando o consumo de MS (Gerlach et al., 2021). Esse acido normalmente é o segundo
mais importante em quantidade (Kung et al., 2018). Segundo Gerlach et al. (2021) a partir de
17 g kg de MS ocorre uma redugdo acentuada no CMS. Para ndo interferir no CMS e néo
limitar o desempenho animal, os nutricionistas devem balancear a dieta e atentar a esse limite
maximo para ndo deprimir consumo dos animais.

Silagens inoculadas com L. buchneri na concentracdo de 1x10° UFC/g de MN
aumentaram em 1,78 vezes as concentracfes de acido acético (Kleinschmit e Kung, 2006).
Entretanto, esse aumento normalmente ndo reduziu o consumo de MS, principalmente devido
ao adensamento das dietas com maiores inclusbes de concentrado. Bernardi et al. (2019)
demonstraram que silagens de milho inoculadas com microrganismos heterofermentativos
utilizadas na alimentacdo de vacas de leite ndo alteraram o CMS, a producdo de leite e a
composicdo do leite. Em pequenos ruminantes, no mesmo trabalho, o CMS de silagens
inoculadas aumentou, possivelmente em fungdo da maior estabilidade pos abertura da silagem.
Entretanto, o ganho e a eficiéncia alimentar ndo diferiram entre os tratamentos.

A utilizacdo de FA em forragens frescas antes da ensilagem pode aumentar o CMS
(Mcilmoyle, 1976) e melhorar o desempenho. Winters et al. (2001) observaram aumentos de
consumo em animais Charolés x Holandés recebendo silagens de azevem inoculadas com FA
(2,3 I/t de MN) comparado a silagens nédo inoculadas (8,4 vs. 7,4 kg de MS). Nesse estudo, 0s

animais consumindo silagens com FA também apresentaram maior ganho de peso (0,94 vs. 0,67



35

kg/dia) e eficiéncia alimentar (0,112 vs. 0,089 kg de GMD/kg de MS por dia). Nos altimos
anos, muitas fazendas diminuiram a utilizacdo desse acido pela caracteristica volatil que pode
trazer risco aos colaboradores (Kung et al., 2003).

Leahy et al. (1990) avaliaram o efeito da adi¢cdo de acido sérbico (0.1% da MN) e alfa
amilase (0.05% da MN) em silagens de milho. Segundo os autores, a alfa amilase poderia
melhorar a fermentacdo da silagem ja que o amido ndo pode ser utilizado por BAL cujos
principais substratos sdo os mondmeros glicose e frutose. Ndo houve efeito significativo sobre
0 consumo de MS. Entretanto, animais alimentados com alfa amilase apresentaram maior peso
final (389 vs. 380). O &cido sérbico ndo atuou isoladamente em nenhuma variavel estudada.

Estudos foram conduzidos utilizando sais organicos e inoculantes microbianos. Zhang
et al. (2019) avaliaram o efeito do uso de inoculante microbianos (L. plantarum, E. faecium e
L. buchneri) e quimicos (sorbato de potassio e benzoato de s6dio) na concentracdo de 100 g por
tonelada e a combinagéo entre os dois tratamentos. O uso do inoculante microbiano permitiu
maior CMS (13,0 vs. 11,3 kg de MS) pelos animais. Animais alimentados com silagem e aditivo
quimico nédo alteraram o consumo (11,4 vs. 11,3 kg de MS). O desempenho e a conversao
alimentar ndo diferiram entre os tratamentos.

7. CONSIDERACOES FINAIS

Os aditivos microbianos homofermentativos podem ser utilizados para acelerar o
processo fermentativo principalmente em forragens com maior capacidade tampdo. Os
inoculantes heterofermentativos se utilizados superior a 1x10% UFC/g e respeitando o tempo
minimo de abertura de 45 dias, aumentam a estabilidade aerobia. Em situa¢des de maior desafio
como silagens mal compactadas (<700 kg de MN/m?®) ou com demanda de abertura do silo
menor que 45 dias, deve ser utilizado aditivos quimicos, benzoato de sédio ou sorbato de
potassio, que aumentem a EA. Os aditivos apresentam potencial de aumentar o desempenho
animal por reduzir as perdas de CS. Entretanto essas melhorias ocorrem somente em situagdes

de maior desafio.
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CAPITULO II: REVISAO DE LITERATURA DE CONSUMO

1. FATORES QUE PODEM AFETAR O CONSUMO

1.1. Complexidade dos principais fatores

Fatores que regulam o consumo em bovinos sdo complexos, multifatoriais e de dificil
explicacdo (NASEM, 2016). Konturek et al. (2005) relataram, em humanos, que o nucleo do
trato solitario no tronco cerebral recebe sinais do trato gastrointestinal que atuam no hipotalamo
e regula o consumo. Essas areas do hipotalamo que controlam o consumo sdo conhecidas como
centro da saciedade e da fome, localizadas no hipotdlamo ventromedial e lateral,
respectivamente. O centro da fome parece estar sempre ativo e é somente inibido quando o

centro da saciedade é estimulado, o que ocorre ap0s a ingestao de alimentos.

O controle do consumo também foi atribuido a minimizacdo do estresse oxidativo.
Ketelaars and Tolkamp (1996) relatam que o consumo de oxigénio regula o consumo de matéria
seca (CMS). Esse mecanismo estd relacionado aos custos e beneficios do processo de
alimentacdo. Os beneficios ocorrem pelo suprimento da energia liquida para mantenca (ELm),
crescimento e ganho. Os custos estdo relacionados ao consumo de oxigénio, o que gera radicais
livres responsaveis pelo envelhecimento. Segundo os autores, 0s animais buscam por maxima
eficiéncia de uso do oxigénio. Por exemplo, em alimentos fibrosos ocorre maior custo de
processamento e esse € um dos fatores que explicam o menor CMS em dietas com maior

inclusio de fibra.

Mertens (1994) avaliando forragens de clima temperado, sugere que mecanismos
fisicos, fisiolégicos e psicogénicos exercem diferentes acBes na regulacdo de consumo, mas
precisam ser abordados em forma conjunta para predizer o CMS. Neste contexto, em dietas
com forragens de alta qualidade ou com maiores inclusées de concentrado, a demanda
fisiolégica de energia regula o CMS. Por outro lado, dietas com forragens de baixa qualidade

ou baixa energia, os fatores fisicos de enchimento ruminal regulam o CMS. O estudo demonstra
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um efeito quadratico no CMS com aumento da quantidade de fibra na dieta, representando o
preenchimento fisico gerado pela fibra. O maximo CMS ocorre proximo de 1,25% do peso
corporal (PV) de consumo de FDN em vacas de leite. Essa mesma proporcéo, parece ser a

mesma que controla o CMS em bovinos de corte.

Alguns hormonios, metabdlitos, vias nervosas e a composi¢do da dieta também sdo
associados a regulacdo no CMS. Entre eles, a leptina, a distensdo do trato digestivo, a producéo
de acidos graxos volateis e a quantidade de proteina degradavel no rumen (Forbes, 2003).
Forbes, (2003) critica os modelos empiricos de predicdo do CMS, como as equacdes propostas
pelo NRC de 1987. Isto porque esses modelos devem ser usados levando em consideracdo a
amplitude de banco de dados das variaveis utilizadas, caso contrario, podem gerar resultados
imprecisos. Segundo o autor, a regulacdo do CMS ocorre atravées da presenca de desconfortos,
gerados a partir de desvios do requerimento. Esse comportamento de consumo foi ilustrado
atraveés da flutuacdo do CMS diario em novilhos. Essa alteracdo do CMS, esta associada a
percepcdo do animal de melhora no bem-estar em relacdo a alimentacdo anterior. Tal conceito
é hipotético, mas pode justificar o porqué muito modelos de predicdo ndo sdo acurados para

avaliacOes diarias de consumo.

Caracteristicas relacionadas aos animais como a composicdo da carcaca também
influenciam o CMS. Segundo Fox et al. (1988), a concentracdo de gordura corporal reduz o
CMS em 2,7% para cada aumento de 1% de gordura corporal na faixa de (21,3 a 31,5%). Silva
et al. (2013) avaliaram o consumo, o desempenho e o peso a maturidade (22% de EE no corpo
vazio) em animais Nelore machos durante deferentes fases do confinamento: (0 a 42 dias); (43
a 84 dias); (85 a 126 dias) e (127 a 168 dias). Os animais atingiram o0 peso a maturidade aos
456 kg de peso corporal. Os autores demonstraram relacdo linear entre peso corporal e a
quantidade de gordura na carcacga, principalmente apds 300 kg de peso corporal. Como

consequéncia, 0 CMS em relacdo ao PV reduziu a cada fase de avaliacdo [2,56; 2,27; 2,05 e



44

1,75 % para (0 a 42 dias); (43 a 84 dias); (85 a 126 dias) e (127 a 168 dias), respectivamente].
Essa observacdo, corrobora com as recomendacGes do NASEM (2016) que sugere o
acompanhamento de consumo como ferramenta para definicdo do ponto ideal de abate. E vélido
ressaltar que, devido ao aumento do peso animal, essa reducdo as vezes pode ser observada

como um platd, sem alteragdo no CMS diario.

1.2. Fatores ambientais

Animais em estresse térmico podem reduzir o CMS (NASEM 2016). Em condicdes de
tropicais, o principal estresse térmico é pelo calor. Morrison e Lofgreen (1979) avaliaram o
efeito do estresse térmico pelo calor (20,3, 24,1 e 29,3 °C) no consumo e desempenho de 24
novilhos Hereford e Hereford-Angus, com peso inicial de 278 kg, alimentados com dieta de alta
energia (10% de volumoso), por 84 dias em sala climatizada. Animais confinados acima de 24
°C reduziram o consumo em 8.31% (7,50; 8,18 kg/dia). O ganho médio diario (GMD) reduziu
em 16,9% nos animais confinados a temperatura de 29,3°C (1,08; 1,30 kg/dia). Esses resultados
demonstram o potencial de reducdo de desempenho devido ao estresse térmico, mas é valido
ressaltar que mesmo em condi¢cdes tropicais, ao longo do dia, ha momentos de

termoneutralidade que favorecem o CMS e podem compensar os periodos de estresse térmico.

Mitlohner et al. (2001), avaliaram 78 novilhas cruzadas Charolés em um confinamento
situado no Texas, EUA, confinadas com ou sem sombra. As novilhas foram alocadas em grupo,
totalizando oito baias por tratamento. As novilhas alocadas em baias com sombra, aumentaram
0 CMS (9,46; 8,80 kg/dia), o GMD (1,60; 1,41 kg/dia) e o peso corporal final (PVF) (1,60; 1,41
kg/dia). Entretanto, a eficiéncia alimentar n&o diferiu entre os tratamentos. Por outro lado, em

animais adaptados a regido de clima tropical, pode ndo ocorrer alteracdo no CMS.

Novelli et al. (2022) avaliaram 47 animais Nelore (450 + 16,3 kg) confinados durante 85
dias na regido de Séao Carlos, SP (temperatura média 23°C; 12,4 — 35,5°C), com ou sem acesso

a sombra (6 m? por animal, direcdo Leste-Oeste). Neste estudo, ndo houve alteracio no CMS
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(10; 9,88 kg/dia) e no GMD (1,47; 1,55 kg/dia). Esses resultados, podem justificar o fato de
muitos confinadores ndo investirem em sombra nos confinamentos no Brasil. No entanto, esse
estudo demonstrou que o consumo de agua, normalmente ndo avaliado em condigdes
comerciais, aumentou em 9,06% nos lotes sem acesso a sombra. Esse resultado demonstra que
privar 0s animais de acesso a sombra, em maior escala, pode prejudicar a sustentabilidade do
sistema. Meneses et al. (2021) também observaram, em Novilhas Nelore confinadas em Lavras,
MG, aumento no consumo de dgua em 25,5% quando confinadas em estresse térmico pelo calor.
Entretanto, neste estudo houve reducdo do CMS em 16%. Diferente do estudo publicado por
Novelli et al. (2022), os animais foram mantidos em estresse térmico constante em locais

aclimatados.

1.3. Grupo genético

Animais Nelore ou seus hibridos representam, aproximadamente, 80% da composi¢édo
racial dos animais de corte no Brasil (Bonin et al., 2021). Entretanto cruzamentos Bos taurus
taurus e Bos taurus indicus foram propostos com o objetivo de aumentar a produtividade e
qualidade da carne (Mueller et al., 2019; Afonso et al., 2020). O BR-CORTE (2016), sugeriu
diferentes equacdes de consumo para bovinos de corte zebuinos, cruzados e cruzamentos
leiteiros. Essa recomendacdo considerou trabalhos publicados anteriormente por Fox et al.
(1988) e Allen (1992) que sugeriram alteracdo do CMS em animais de grupos genéticos

diferentes.

Carvalho et al. (2016), avaliaram o CMS e o0 GMD em nove novilhos Nelore e nove
Angus confinados em Lavras, MG. Os animais foram adaptados por 28 dias, seguidos de 81
dias alimentados com 30% de volumoso na MS a base de silagem de milho. O animais da raca
Angus apresentaram CMS 31,7% maior (13,7; 10,4 kg/dia) e GMD 44,1% maior (1,96; 1,36
kg/dia). Watanabe et al. (2021) avaliaram 72 bovinos machos (36 Nelore e 36 Angus-Nelore)

confinados em Dracena, SP. Os animais foram adaptados por 9 ou 14 dias e confinados por 89
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dias totais alimentados com 14% de volumoso na MS a base de bagaco de cana. Animais Angus
apresentaram maior CMS (12,5; 10,04 kg/dia) e GMD (1,71; 1,27 kg/dia). O periodo de

adaptacédo nao influenciou 0 CMS e GMD.

Rodrigues et al. (2022) avaliaram 16 bovinos machos confinados (8 Nelore e 8 Angus-
Nelore) adaptados por 20 dias e terminados por 96 dias com dietas de terminagdo com alto
concentrado (94%) e bagaco de cana como volumoso. Animais Angus apresentaram maior
CMS (8,73; 7,94 kg/dia) e GMD (1,196; 0,901 kg/dia). Segundos os autores, 0s animais Nelore
apresentam uma tendéncia de maior sensibilidade a acidose rumenal e isso pode ter influenciado

0 CMS e consequentemente o GMD.

Por outro lado, Oliveira et (2021) avaliaram 24 animais (8 Nelore, 8 Angus-Nelore e 8
Canchin-Nelore) confinados no Pantanal/Mato Grosso do Sul (Temperatura média 26,2°C; 18,2
— 35,3°C) e nao observaram alteracdo no comportamento alimentar e no CMS em média 10
kg/dia. E valido ressaltar que o estudo avaliou um pequeno nimero de animais e foi observado
uma tendéncia de maior CMS nos animais cruzados de corte (10,8 kg/dia) comparados com
animais Nelore (9,16 kg/dia). Esses resultados, assim como os estudos anteriormente citados,

sugerem que a composicao racial pode influenciar o CMS.

Animais confinados no Brasil, normalmente, iniciam no confinamento aos 36 meses
com 376 kg de peso corporal inicial (PV1) e sdo abatidos aos 556 kg de PVF com GMD proximo
de 1,580 kg/dia (Silvestre e Millen, 2021). Considerando-se esses dados médios, as equagdes
propostas pelo BR-CORTE (2016) estimam CMS semelhantes para todas as ragcas. Em média,
0 CMS em predito foi 10,15, 10,4 e 10,3 kg/dia para zebuinos, cruzados de corte e cruzados de
leite, respectivamente. Apesar de apresentar resultados distintos aos discutidos anteriormente,
considerando-se 0 mesmo GMD, os animais zebuinos podem apresentar CMS semelhante aos
animais cruzados, possivelmente devido a maior capacidade adaptativa nas regides de clima

tropical.
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1.4. Fatores dietéticos e de manejo
1.4.1. Aumento de energia nas dietas

Nos ultimos anos, as dietas de confinamento estdo cada vez mais concentradas. Essas
dietas apresentam menor custo por megacaloria de energia liquida e possibilitam ganhos
operacionais pela facilidade de manuseio quando comparadas as dietas com maior incluséo de
volumosos (Brown et al., 2006). Os grandes confinamentos enfrentam dificuldades na logistica
de alimentagdo, por isso diminuem a incluséo de volumoso na dieta com o objetivo de diminuir
custos (Oliveira e Millen, 2014; Pinto e Millen, 2018). Samuelson et al. (2016) avaliaram 24
confinamentos nos EUA (14 milhdes de animais) e 50% deles utilizavam de 8 a 10% de
volumoso nas dietas de terminacdo e 41,7% de 6 a 8%. Esses resultados demonstram alta
incluséo de concentrado nos confinamentos americanos.

No Brasil, os confinamentos de terminacéo seguiram 0 mesmo caminho e aumentaram
a inclusdo de concentrado (Silvestre e Millen, 2021). Estudos realizados entre 2009 e 2014
demonstraram um aumento de 11% na propor¢do de concentrado nas dietas de terminacéo
(71,2% e 79%, respectivamente) (Millen et al., 2009; Oliveira e Millen, 2014). Em 2016, Pinto
e Millen (2018) apontaram aumento na incluséo de concentrado nos confinamentos. Em média,
87,9% dos confinamentos utilizavam acima de 71% de concentrado na dieta, e destes 54,6%
utilizavam mais de 80%. A inclusdo de concentrado média neste ano foi igual a 79,4%. Em
2019, a inclusédo de concentrado média aumentou para 83,2% (Silvestre e Millen, 2021). Como
consequéncia, 0 CMS nos ultimos 10 anos reduziu 4,9% (2,44%; 2,32% em relacdo ao peso
corporal) (Millen et al., 2009; Silvestre e Millen, 2021).

1.4.2. Adaptacéo em sistema de confinamento

A adaptacédo no confinamento pode influenciar o CMS. Geralmente os animais migram
de dietas com alta proporcao de volumoso para altas proporc¢des de concentrados apos longas
viagens com privacdo de dgua e alimentos. Os animais, normalmente, saem das pastagens com

nenhuma ou baixa suplementacéo de concentrados e iniciam o confinamento com teores de
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concentrado, muitas vezes chegando a 90% em menos de 14 dias (Brown et al., 2006; Pereira
et al., 2020). Nos ultimos anos, as necessidades operacionais do confinamento pressionaram 0s
nutricionistas a reduzirem o numero de dietas e de dias de adaptacdo. Com isso, alguns
nutricionistas estdo reduzindo o tempo de adaptacdo dos animais as dietas ou utilizando dietas
de terminacdo com restricdo de consumo para adaptar os animais (Perdigdo et al., 2018;
Barducci et al., 2019; Parra et al., 2019; Estevam et al., 2020). Como uma das consequéncias
dessas mudancas, as acidoses sdo apontadas como o segundo maior problema de sadde nos
animais enfrentado em sistemas confinados nos ultimos seis anos (Pinto e Millen, 2018;
Silvestre e Millen, 2021) e o manejo inadequado dessa fase influéncia o consumo e o
desempenho durante todo o confinamento.

Tradicionalmente, os bovinos sdo adaptados ao confinamento com aumento gradual na
quantidade de alimento concentrado por periodos de 14 a 21 dias (Bierman e Pritchard, 1996).
Segundo Estevam et al. (2020) um dos fatores determinantes ao protocolo de adaptacdo € o teor
energético das dietas de terminacdo. Segundo estes autores, 0s sistemas que usam menor teor
energético na dieta podem reduzir os periodos de adaptacdo sem prejudicar a salde e o
desempenho dos animais.

No Brasil, Silvestre e Millen (2021) demonstraram que se usa em média 3 dietas, com
intervalos de 7 dias por dieta, durante o periodo de adaptacdo ao confinamento. Estes autores
relatam que as dietas multiplas, com aumento de concentrado em dias definidos, representam
61,1% das dietas de adaptacdo formuladas durante o confinamento e séo fornecidas em média
por 19 dias. Além disso, eles informam que a menor parte (39,9%) dos confinamentos utilizam
outras opg¢des durante a adaptacdo, como: dieta Unica com menos energia do que na fase de
terminacdo por 25 dias; duas dietas por 7 a 8 dias cada; dieta de terminacdo com restri¢éo

alimentar por 40 dias de adaptacéo; e ainda aqueles que utilizam dietas maltiplas associadas a
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restricdo de consumo (Silvestre e Millen, 2021). Nesse estudo, a maioria dos nutricionistas
sugeriram iniciar a adaptacao utilizando 36,5% de volumoso na MS total da dieta.

Outros fatores a serem considerados na fase de adaptacdo ao confinamento € a
quantidade inicial de concentrado na dieta e a quantidade diaria de MS. Parra et al. (2019)
avaliaram protocolos de adaptacdo durante 7, 14 e 21 dias. Os animais recebiam 55, 65 e 75%
de concentrado e foram terminados com dietas com 85% de concentrado, recebendo
inicialmente 1,76% do PC para CMS da dieta, com aumentos de 200 a 206 g MS/dia. Estes
autores concluiram que o aumento no tempo de adaptacdo ndo influenciou o CMS e o
desempenho dos animais. Barducci et al. (2019) avaliaram animais adaptados por 9 ou 14 dias.
Com 9 dias de adaptacdo mudava-se as dietas a cada 3 dias, ja com 14 dias, as mudancgas entre
as dietas ocorriam nos dias 4 e 9. Os animais iniciaram com 55% de concentrado e foi
aumentado 10% de concentrado em cada fase da adaptacdo até atingir 85% na fase de
terminacdo. A duracdo da adaptacdo ndo influenciou CMS e o desempenho animal. Os
resultados desses estudos demonstram que quando realizado adequadamente, a reducdo do
periodo de adaptacdo ndo influéncia o CMS.

1.4.3. Manejo de cocho

O manejo de cocho precisa ser simples e sensivel para detectar alteragdes no consumo
da dieta, evitar desempenho abaixo do esperado, desperdicios de alimentos e problemas
digestivos. No Brasil, os nutricionistas utilizam quatro manejos de cocho, sendo eles: manejo
do cocho limpo, com 1 a 3% de sobras, 3 a 5% de sobras e 5 a 10% de sobras da dieta fornecida
(Silvestre e Millen., 2021). O manejo de cocho limpo, é baseado no conceito de saciedade e
desperdicio. Nesse manejo os cochos e 0 comportamento animal sdo monitorados diariamente
para possibilitar o fornecimento adequado da dieta sem possibilitar sobras, evitando perdas do

alimento. O manejo do cocho com 1 a 3% ou de 3 a 5% ou ainda de 5 a 10% de sobras,
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normalmente sdo traduzidos em escores para facilitar a tomada de decisdo sobre 0 aumento ou
reducdo no fornecimento das dietas.

Atualmente, no Brasil, os nutricionistas estdo utilizando cada vez menos sobra nos
cochos. Estudo realizado por Millen et al. (2009) demonstraram que em 2008, apenas 25,8%
dos nutricionistas utilizavam manejo de cocho limpo, enquanto 48,4% utilizavam 1 a 3% de
sobras. Em estudo recente, Silvestre e Millen, (2021) demonstraram que 44,44% dos
nutricionistas utilizavam manejo de cocho limpo, enquanto 41,67% de 1 a 3% de sobras. Esses
resultados demonstram aumento na restri¢do do fornecimento alimentar, reflexo do aumento no
custo das dietas. Apesar de apresentar vantagens em relacdo a reducdo no desperdicio de
alimento, precisa ser realizado com cuidado para evitar perdas no desempenho por restricdo no
CMS.

1.4.4. Aditivos em confinamento

lonéforos com acdo antibidtica sdo comumente adicionados as dietas para aumentar a
concentracdo de acido propidnico no raimen melhorando a eficiéncia energética e o desempenho
animal (McCann et al., 2017). Os iondforos além de possibilitar melhor desempenho, podem
reduzir os riscos de acidose e por isso sdo amplamente utilizados (Torres et al., 2021). Em 2019,
Silvestre e Millen (2021) demonstraram através de um questionario respondido por 36
nutricionistas, responsaveis pela formulacdo das dietas de aproximadamente 4.671.062 de
bovinos no Brasil, que 100% dos confinamentos entrevistados utilizavam algum aditivo
alimentar. A primeira opgédo de aditivo utilizada foi a monensina, representado 86,1% das
respostas. A dose média recomendada e os valores minimos e maximos foram 24,5, 18,0 e 30,0
mg/kg de MS, respectivamente.

Nos EUA, Samuelson et al. (2016) demonstraram que, em média, 92,3% dos
nutricionistas relataram fornecer aditivos nas dietas de adaptacdo e 97,3% nas dietas de

terminacéo. Esse estudo demonstrou que o principal aditivo utilizado para as fases de adaptacao
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e terminacdo foi a monensina, representado por 77,3% e 100% das respostas respectivamente.
Um dos fatores que pode explicar a grande utilizacdo de monensina nos confinamentos € a
prevencdo de doencas metabolicas, e o potencial de maximizacdo na eficiéncia alimentar, por
reduzir o consumo sem reduzir o desempenho (Torres et al., 2021).

O NASEM (2016) sugere reducdo no consumo predito em 3% quando utilizado
monensina na dieta. Essa sugestdo € suportada por um estudo meta-analitico realizado por
Duffield et al. (2012) que avaliou 0 uso de monensina em dietas de crescimento e terminacéo a
partir de 64 estudos. Esses estudos demonstraram que 0 uso de monensina reduziu o CMS em
média 3,1% (-0,268 kg por dia), aumentou 0 GMD em média 2,5% (0,0291 kg por dia) e
consequentemente aumentou a eficiéncia alimentar em 1,3%. A melhora na eficiéncia alimentar

ocorreu independente da dose (<16 ou >44 mg/kg de MS).

1.5. EQUACOES DE PREDICAO DE CONSUMO

Devido a dificuldade de entender como o animal controla 0 CMS e pela dificuldade de
incluir todos os fatores supracitados que influenciam esse indicador, modelos matematicos
empiricos sdo importantes na predi¢do (Fisher, 2002). As principais equacdes propostas
utilizam modelos lineares (BR-CORTE, 2016 e NASEM, 2016). Apesar de ndo ser preciso em
alguns casos, modelos lineares sdo utilizados com frequéncia por gerar predicGes estaveis.
Modelos ndo lineares, incluindo mais variaveis podem ser mais precisos, mas geram predicoes

instaveis (Hastie et al., 2009) e por isso sdo dificilmente utilizados de forma generalizada.

O BR-Corte em 2006 prop6s as primeiras equagdes nacionais para predi¢cdo do CMS em
animais zebuinos e cruzados de corte. J& na primeira versdo, o livro assumiu a diferenca no
CMS entre zebuinos e cruzados de corte. Na segundo edigdo publicada houve um aumento no
numero de unidades experimentais e manteve duas equagdes distintas entre as racas. Na terceira

edicdo, além de ampliar o nimero de unidades experimentais, incluiu-se uma equacgdo para



52

bovinos cruzados de leite, totalizando 1328 unidades experimentais (649 zebuinos, 270

cruzados de corte e 409 cruzados de leite) (BR-Corte, 2016).

As equagdes propostas pelo BR-Corte (2016) possuem varidveis de facil mensuragéo e
sd80 genéricas, com objetivo de abranger uma grande variagdo de GMD e CMS. Uma
caracteristica comum entre as equacgdes para zebuinos [equacdo 1; CMS (kg/dia) = — 1,7824 +
0,07765 x PC%™ + 4,0415 x GMD — 0,8973 x GMD?], cruzados de corte [equacio 2; CMS
(kg/dia) = — 0,6273 + 0,06453 x PC%™® + 3,871 x GMD — 0,614 x GMD?] e cruzados de leite
[equacio 3; CMS (kg/dia) = — 2,8836 + 0,08435 x PC275 + 4,5145 x GMD — 0,9631 x GMD?],
é o efeito quadratico no GMD. Essa reducdo e o comportamento de platd, estdo relacionados a

uma possivel reducdo no CMS em dietas com alta energia, necessarias para maiores ganhos.

As primeiras equagdes no NRC foram propostas considerando a relagdo da ELm e o
consumo. Essas equacgdes estimavam empiricamente que dietas com menos energia
controlavam o CMS por preenchimento fisico rumenal e dietas com mais energia por fatores
metabdlicos (NASEM, 2016). McMeniman et al. (2009) avaliaram acuracia na predi¢do do
CMS de duas equacdes propostas pelo NRC de 1996 constituidas por varidveis como o PVI
[equacdo 4; CMS (kg/d) = 4,54 + 0,0125 x PVI) e ELm [equaco 5; CMS (kg/d) = PV%7 x
(0,2435 x ELm — 0,0466 x ELm? — 0,1128) /ELm] em trés confinamentos comerciais,

totalizando 3363 baias e 632.206 animais.

As equacoes publicadas pelo NRC de 1996 superestimaram o CMS, o que resultou em
viés médio negativo (-0,29; -0,91 kg/d) (McMeniman et al., 2009). A relacéo entre os valores
preditos e observados apresentaram coeficiente de determinacdo igual a 0,64 e 0,66 e quadrado
médio de erro de predicdo (QMEP) igual a 0,558 e 0,541 kg/dia. Os autores relataram
deficiéncias nos modelos até entdo publicados e sugeriram o desenvolvimento de novas

equacOes para predizer o CMS com maior exatidao.



53

Neste contexto, McMeniman et al. (2010) utilizaram as mesmas 3363 baias avaliadas
para criar equacdes de predicdo do CMS em confinamentos comerciais. Neste estudo, foram
utilizadas variaveis de simples mensuragédo no inicio do confinamento como PVI e média do
CMS dos 8 aos 28 dias de confinamento. Foram propostas trés equagdes com base no PVI
[equacdo 6; CMS = 3,31 + 0,0154 x PVI; equacéo 7; CMS = 3,73 + 0,0146 x PVI e equacao 8;
CMS = 3,83 + 0,0143 x PVI] e duas considerando o PVI e 0 CMS dos 8 aos 28 dias de
confinamento [equacgdo 9; CMS = 2,00 + 0,524 CMS g 254 + 0,00709 X PVI; equagdo 10; CMS

= 2,55+ 0,470 CMS g 284 + 0,00692 x PVI].

As equacdes propostas apresentaram coeficiente de determinacdo variando de 0,487 a
0,713, CCC (0,645 a 0,822) e QMEP (0,467 a 0,315 kg). A inclusdo do CMS médio dos 8 aos
28 dias melhoram a predicdo do consumo. Essa melhora possivelmente ocorreu devido a
inclusdo do periodo de adaptacdo, que pode influenciar o CMS no confinamento. Esses
resultados sdo importantes e demonstram, ao nivel comercial, que informacdes coletadas no
inicio do confinamento, podem ser utilizadas para explorar predicdes do CMS e auxiliar em

tomadas de decisfes mais assertivas.

Anele et al. (2014) desenvolveram uma robusta equacao para predizer o CMS usando
peso animal e ELm [equacdo 11; CMS = 0,01673 x PVF + 8,123 x ELm — 3,0042 x Elm? —
3,6262] e predizer o CMS utilizando-se apenas informagdes de dieta como ELm [equacéo 12;
CMS (% do PV) = 1,2425 + 1,9218 x ELm — 0,7259 x EIm?]. Para isso, foram utilizados 531
dados oriundos de estudos de crescimento e terminacdo publicados de 1980 a 2011. Para
validacdo, foram utilizados 4104 dados de confinamentos comerciais publicados por Galyean
et al. (2010) e McMeniman et al. (2009) e 2286 e 1361 observacdes nao publicadas, obtidas por
universidades dos EUA e Canad4d com CMS mensurados em baias em grupo e individuais. O
banco de dados utilizados para o desenvolvimento da equacgéo foi abrangente e composto por

machos e fémeas (79,5 e 17,5%), com o peso de 180 a 480 kg e CMS de 3,96 a 13,33 kg.
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As equac0es propostas apresentaram coeficiente de determinacéo igual a 0,61 e 0,58,
respectivamente. A equacao do NRC de 1996, apresentou coeficiente de determinacéo igual a
0,48. Os autores relatam que apesar da ampliacdo do banco de dados, as equacdes sugeridas nao
ofereceram grandes vantagens em relacdo a equacdo publicada anteriormente pelo NRC de
1996. Os autores relataram que os melhores ajustes da equacao ocorreram devido a coleta dos
dados em baias em grupo e, portanto, apresentam boa capacidade de predi¢do para 0 CMS em

situacBGes comerciais.

Em condicGes tropicais, da Silva et al. (2021) realizaram um estudo meta-analitico e
desenvolveram duas equagdes para predizer o CMS e compararam com as equagdes propostas
pelo NASEM e BR-Corte. Foram utilizados 56 estudos e 228 dados, publicados de 2002 a 2018.
O banco de dados foi composto por 41,67% dos animais Bos indicus e 58,33% cruzados Bos
taurus—Bos indicus (89,9% machos e 9,1% fémeas). Duas equac@es, uma linear [equacdo 13;
CMS = -1,6235 (+1,1404) + 0,0956 (+0,0128) x PV%75 + 1,6712 (+0,4045) x GMD] e uma néo
linear [equacdo 14; CMS = 0,1129 (x0,0072) - P75 — 4,5366 (+1,5434) x e ~1:2374 (0.6085)x GMD]
foram propostas.

As equacdes ndo linear e linear apresentaram coeficiente de determinacéo igual a 0,59
e 0,62 e QMEP igual a 1,17 e 1,12 kg/dia e foram mais precisas. Entretanto é valido ressaltar
que no banco de dados para validagcdo do presente estudo, continham animais Bos indicus e
cruzados Bos taurus—Bos indicus, além de machos e fémeas. Neste caso, a falha no ajuste das
equacdes propostas pelo NASEM e BR-Corte pode estar associada a estratégia de validacdo
utilizada no estudo que contém um banco de dados com maior semelhanca ao banco de dados
utilizado na proposta do modelo.

O NASEM (2016), sugere o uso das equagdes 5, 12 e 8 supracitadas propostas por Anele
et al. (2014) e McMeniman et al. (2009). O comité sugere reducdo de 3% no CMS caso seja

incluido monensina na dieta. Para outros aditivos ndo sdo necessarios nenhum ajuste. Como
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conclusdo, o NASEM (2016) encoraja a avaliacdo de diferentes equacbes no sistema de
producdo para avaliar a que melhor se ajusta, pois que nao existe uma equacdo que se adapta a

todas as realidades.

2. CONSIDERACOES FINAIS

Os fatores que influenciam o CMS séo diversos e multifatoriais. Animais confinados
quando atingem o peso a maturidade reduzem o CMS em relagdo ao peso corporal. Animais
cruzados de corte apresentam maior CMS em relacdo aos zebuinos. O aumento de incluséo de
concentrado nos ultimos anos reduziu o CMS nos confinamentos comerciais no Brasil. A
intensificacdo dos confinamentos esta reduzindo os dias de adaptacdo e se realizado de forma
adequada ndo influéncia o CMS. Em relacdo ao uso de aditivos, o principal aditivo usado no
Brasil € a monensina e pode reduzir o CMS em 3%. As equacdes presentes até 0 momento ndo
se ajustam a todas as situacdes e a inclusdo de dados oriundos de confinamentos comerciais

pode melhorar as predi¢cdes do CMS.
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Abstract

The effects of different additives on farm-scale silage quality and beef cattle
performance are inconsistent. This study aimed to carry out a systematic review and meta-
analysis to evaluate the efficacy of chemical and microbial additives to silage on beef cattle
performance. Systematic searches were performed using databases and scientific journals, and
42 articles were selected. Data for all variables were grouped into subgroups according to the
additive type. For dry matter intake and average daily gain, the data were also grouped by forage
type due to greater comparison numbers. The treatment mean differences and 95% confidence
intervals (p<0.05) were analyzed using a random-effects model. The use of homo- and
heterofermentative microbial inoculant mixtures and chemical additives (Ch) increased the
average daily gain of beef cattle fed maize/sorghum silage. Homofermentative microbial
inoculant (Ho), Ch, and a mixture of microbial inoculant and chemical additives also increased
the average daily gain of beef cattle fed temperate grasses. Only Ch increased dry matter intake.
Ch increased feed efficiency, and Ch and Ho increased carcass weight. The evaluated additives
improved the silage fermentation process mainly via pH and ammonia nitrogen reduction.
Overall, this meta-analysis demonstrated that silage additives improved the ensiling process and
beef cattle performance, with better results with Ch use. Due to the aerobic stability and
microbiological profile analyses being carried out more in laboratory-scale silos, more studies

are needed to determine these silage parameters after opening the silo at the farm scale.

Keywords: feedlot; fibrolytic enzymes; formic acid; lactic acid bacteria; Lactiplantibacillus

plantarum, Lentilactobacillus buchneri.
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1. Introduction

Forage conservation is common on farms across different intensification levels. Silage
is an important component of beef cattle diets (Samuelson et al., 2016), and forage conservation
is, therefore, an important aspect of sustaining or improving productivity and nutrition. The
preservation of the nutritional value of forage depends on the ensiling and storage processes of
these wet feeds (Bernardes and Rego, 2014).

Microbial and chemical additives are commonly used in forage ensiling worldwide.
Forage can be improved by adding these additives to the crop during ensiling, which can
improve the fermentative process and nutritive value and reduce losses (McDonald et al., 1991).
Microbial inoculants are extensively used in grass, legume, maize, and sorghum silage
production (Charmley et al., 1996). During ensiling, homofermentative, heterofermentative or
a combination of microorganisms can be used (Zopollatto et al., 2009). Homofermentative
lactic acid bacteria can accelerate the fermentation process, and heterofermentative lactic acid
bacteria are used to inhibit spoilage microorganisms after opening silos (McDonald et al., 1991;
Pahlow et al., 2003). According to Bernardes et al. (2017) and Muck et al. (2018), chemical
additives are commonly used to promote direct acidification and suppress undesired spoilage
bacteria, which indicates that these additives may be used in more challenging situations. These
microbial and chemical additives can reduce losses during the ensiling process (McDonald et
al., 1991) or increase aerobic stability (Muck et al., 2018).

Silage with low fermentative, nutritional, hygienic, and microbiological qualities may
have a higher fibrous fraction and reduced dry matter intake. Bolsen et al. (2000) reported
alterations in ruminal “mat” integrity and reduced diet intake and digestibility in deteriorated
silages. Silage additives can improve the fermentation profile of silage, reduce losses in the

fermentation process (McDonald et al., 1991), and increase intake and animal performance.
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According to Charmley et al. (1996), this improvement in animal performance occurs primarily
through increased digestibility.

Several meta-analyses have assessed the effects of additives on silage quality
(Kleinschmit and Kung, 2006; Blajman et al., 2018) and dairy cows (Oliveira et al., 2017).
Bernardi et al. (2019) performed a meta-analysis on growing animals and observed that
inoculation of silage with homofermentative lactic acid bacteria increased dry matter intake in
sheep (0.92 vs. 1.07 kg/day; p=0.02) but decreased it in beef cattle (7.89 vs. 7.63 kg/day;
p=0.01), without affecting average daily gain and feed efficiency. However, these studies
focused only on lactic acid bacteria silage inoculants and a few animal performance variables.
In addition, most of the included studies examined laboratory-scale mini-silos, which may not
exactly represent the conditions or challenges observed with farm-scale forage ensiling and
quality. Therefore, meta-analyses evaluating the effects of different additives on beef cattle
performance are lacking. This study aimed to conduct a systematic review and meta-analysis to
evaluate the efficacy of adding different chemical and microbial additives to silage on the
chemical composition and fermentative profile of farm-scale forage ensiling and beef cattle
performance. Our hypotheses were as follows: (i) the additives improve the fermentative profile
and quality of the silage produced on a farm-scale through different mechanisms of action; (ii)
this improvement in silage quality increases beef cattle performance.

2. Material and methods
2.1. Protocol and registration

This study was conducted according to the guidelines proposed by the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (Page et al., 2021). A protocol
titled: Efficacy of adding chemical and microbial additives to silage in the feeding of ruminants:
Systematic review and meta-analysis (https://doi.org/10.17605/OSF.10/S8BG9) was submitted

to the Open Science Framework (Foster and Deardoff, 2017).
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2.2. Eligibility criteria

Only trials published in scientific journals that examined beef cattle that consumed
silages with additives as a treatment were included. The inclusion criteria were as follows: PICO
template (Thomas et al., 2019): Population: beef cattle consuming ensiled forage;
Intervention: additives used in silage; Comparison: silage without additive (control);
Outcomes: dry matter intake (kg/animal/day; DMI), average daily gain (kg/animal/day; ADG),
feed efficiency (kg of body weight (BW)/kg DM; FE), feed conversion (kg DM/kg BW; FC),
carcass weight (kg; CW), carcass yield (%; CY), dry matter digestibility (g/kg DM; DMD),
neutral detergent fiber digestibility (g/kg DM; NDFD), and crude protein digestibility (g/kg
DM; CPD), published until March 2021 in Portuguese or English.
2.3. Information sources and search

The search was carried out systematically in published articles using the Cochrane
Library, Embase, Web of Science, LILACS, and MEDLINE-PubMed databases, and by manual
search directly in scientific journals and the references cited in the articles selected by the
systematic review. The search terms used included combinations of the following terms and
keywords: “silage,” “beef cattle,” “chemical additives,” or “microbial additives.” The search
strategy is provided in Supplementary material 1. The last search was conducted on March 10,
2021.
2.4. Study selection and data collection process

One of the researchers performed the search for articles and consolidated them in a
database after removing all duplicates using EndNote® software (EndNote X1, 2007). Studies
were extracted and peer-reviewed using Excel (Microsoft, 2021). The divergence between the
researchers was resolved with the aid of a third researcher. Studies that could not be excluded
by reading the title and abstract were selected for full-text reading and were evaluated for

eligibility criteria. Studies without animal performance analysis, information on the additive
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dose used, or information on silage additives supplied at feeding time; those using
formaldehyde-based additives or laboratory silos; and studies with only in vitro digestibility
were not included.
2.5. Data items

Data were collected from the following primary outcomes: DMI, ADG, FE, FC, CW,
CY, DMD, NDFD, and CPD. Secondary outcomes were dry matter [g/kg fresh matter (FM);
DM], organic matter (g/kg DM; OM), crude protein (g/kg DM; CP), neutral detergent fiber
(g/kg DM; NDF), acid detergent fiber (g/kg DM; ADF), water-soluble carbohydrates (g/kg DM;
WSC), ammonia nitrogen (g/kg total nitrogen), lactic acid (g/kg DM), acetic acid (g/kg DM),
propionic acid (g/kg DM), butyric acid (g/kg DM), ethanol (g/kg DM), and pH of the silages
evaluated.
2.6. Summary measures and synthesis of results

Data analysis was performed using the RevMan software version 5.4 (Review Manager
5.4. The Cochrane Collaboration, 2020). For all variables, subgroup analysis was performed
using an additive type (Ho = homofermentative microbial inoculant; He = heterofermentative
microbial inoculant; Mb = homo- and heterofermentative microbial inoculant mixture; Ch =
chemical additives; Mbch = mixture of microbial inoculant and chemical additives), including
all types of grasses (maize/sorghum, temperate grass, sugar cane, and tropical grass). For Ho
inoculants, microorganisms that ferment hexoses and produce only lactic acid were considered.
For He inoculants, microorganisms that increase acetic acid and 1,2-propanediol concentrations
from lactic acid were considered (Muck et al., 2018). Due to the greater number of comparisons,
subgroup analysis based on additives and forage types (maize/sorghum or temperate grass) was
performed for DMI and ADG, with the objective of identifying the best additive type to use in
each forage type. Of the studies, only two used sugar cane and one used tropical grass; therefore,

only the subgroups for maize/sorghum and temperate grasses were used.
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A meta-analysis was performed when more than three comparisons evaluated the same
additive. The weights assigned to each study were calculated using the inverse of the variance.
As the random-effects model was used in addition to considering the variability of the estimates
for each study caused by the error, it was also necessary to calculate the variance between the
estimates of the studies, known as the tau-squared (T2) value (Borenstein et al., 2009). Because
continuous variables were analyzed, the results were expressed as the mean difference (MD)
using a random-effects model with a 95% confidence interval (p<0.05). The random-effects
model (1), summary intervention effect estimate (2), and the difference in means (3) were

calculated using the following equations:
(1)Y1 = |J.+Ei+€i

where &; is the difference between the grand mean () and the true mean (6i) for study i
(& =0i— M) and & is the difference between the true mean for study i (6i) and the observed mean

(i) for study i (i =Yi - 6i) (Borenstein et al., 2010).

where Yi is the intervention effect estimated in the i study, Wi is the weight assigned
to the it study, and the summation is across all studies (Deeks et al., 2019).

(3) MDi = M;; — My;

where the subscripts M1 and My represent the mean values of the treatment and control groups,
respectively. When significant, positive values favor the treatment group, and negative values
favor the control group (Deeks et al., 2019).

Heterogeneity (1?) means that the confidence intervals for the results of individual
studies overlap poorly, which generally indicates the presence of statistical heterogeneity. 12
describes the percentage of variability in the effect estimates due to heterogeneity rather than

sampling error (chance). Heterogeneity was calculated using the following equation.
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2 = (Q ;df> x 100%

where Q is the Chi? statistic and df is the degree of freedom (Higgins and Thompson
2002, Higgins et al. 2003). Heterogeneity was evaluated based on the following criteria: 1 less
than 30%, 12 between 31 and 75%, and 1 greater than 75% indicated low, moderate, and high
heterogeneity, respectively (Deeks et al., 2019). An error rate lower than 10% was used,
indicating significant heterogeneity. The importance of 12 depends on the magnitude, direction
of effects, and strength of evidence for heterogeneity (e.g., P-value) from the Chi? test or a
confidence interval for 1. When the number of studies is small, the uncertainty in the value of
12 is substantial and should be interpreted with care.

The publication bias risk (Figure 4) was assessed by testing the symmetry between the
standard deviation (SD — accuracy parameter) and MD (true effect parameter) using funnel plots
(Higgins et al., 2019) and Egger’s regression method between MD and SD (Egger et al., 1997)
using the “meta” package of the software R Core Team (2019).

2.7. Study selection and characterization

A total of 1,976 studies were selected from the databases surveyed. After excluding
duplicates, the titles and abstracts of 1,592 articles were extracted (Figure 1). After reading the
titles and abstracts, 92 articles were selected for reading the full texts. The main cause of
exclusion was participant type (1,109 articles). After reading the full texts, 42 studies were
selected, and the participant type was the main cause of exclusion at this stage (22 studies).
Eight articles were identified by manual searching.

Of the 42 articles selected for this study, 47.6% were published before 1999, 11.9%
between 2000 and 2009, and 40.5% after 2009 (Table 1). Of all articles evaluated, 73.8% used
only one additive type, and 26.2% used more than one type. Of all comparisons, 44.8% were

with Ch, 22.4% with Ho, 16.4% with Mbch, 11.9% with Mb and only 4.5% with He. Most
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studies were conducted with temperate grasses (23), followed by maize/sorghum (16),
sugarcane (2), and tropical grasses (1). The ensiling time ranged from 41 to 311 days. The
inclusion of forage in the diets ranged from 10 to 100%. However, most studies used a high
inclusion of roughage. The main breeds used to evaluate animal performance were Angus,
Hereford, Charolais, Nellore, Holstein, Friesian, Simmental, and their crossings.
3. Results
3.1. Characterizations of silages and diets

Descriptive statistics of the animal performance (Table 2) and silage (Table 3) variables
evaluated, the chemical composition of the diets (Table 4), and silage inclusion and feed used
in the diets (Table 5) are presented. The variables and diets were normally observed in
experiments and on commercial farms with beef cattle that consumed silage. The diets used in
the treated and control silage groups had very similar compositions and silage inclusion in the
diet. In addition, the Ch group had a higher silage inclusion in the diet (approximately 80%);
the Ho, He, and Mbch groups had intermediate silage inclusion (between 53.6 and 67.2%); and
the Mb group had a lower silage inclusion in the diet (approximately 30%).
3.2. Animal performance
3.2.1. By forage type

The ADG of beef cattle fed Mb- or Ch-treated maize/sorghum silage was higher than
that of the cattle fed untreated silage (Table 6). In beef cattle fed temperate grasses, the use of
Ho, Ch, and Mbch increased ADG and Mb reduced ADG compared to using untreated silage.
The DMI of beef cattle fed maize/sorghum silage was not altered by any additive type (p>0.05).
However, the use of Ch in temperate grass silage increased the DMI of beef cattle compared to
untreated silage. Heterogeneity was moderate for Ho, Mb, and Ch.

3.2.2. Overall
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General analysis by additive type (pooling across forage subgroups) showed that ADG
was higher in beef cattle fed silage inoculated with Ho, He, Ch, and Mbch compared to untreated
silage (Figure 2). Heterogeneity was moderate in the Ho, He, and Mb inoculation groups and
high in the Ch inoculation group. DMI and FE were higher in beef cattle fed silage treated with
Ch (Figure 3 and Table 7) than untreated silage. CW was higher in beef cattle that consumed
silage inoculated with Ho and Ch than untreated silage. DMD was higher with the silage with
Ch, lower with He, and similar to other additives (p>0.05) when compared to untreated silage.
The NDFD was lower with silages with Mbch than in untreated silage, and the heterogeneity
was moderate in Ho and Ch and high in He and Mb. CPD was higher with the silages with Ho,
but it was lower with the Ch and Mbch silages than with the untreated silage. Heterogeneity
was moderate in Ho, Ch, and Mbch and high in Mb.

3.3. Silage chemical composition

The DM content was higher with silages with Ch but was lower (p>0.05) with Mbch
compared to untreated silage (Table 8), and the heterogeneity was moderate in Ch and high in
Ho, He, and Mb. The NDF content was higher with Ch compared to untreated silage (p>0.05),
and heterogeneity was high in He and Mb. The ADF content was lower in silages with Ch and
similar (p>0.05) in the other additives compared with untreated silage. Heterogeneity was
moderate for Ho and high for He, Mb, and Ch.

3.4. Silage fermentation profile

The WSC content was higher in the silage with Ho and Ch but lower in Mb than in
untreated silage (Table 9), and heterogeneity was high in Ho, Mb, Ch, and Mbch. The use of
Ho, Ch, and Mbch reduced silage pH compared to untreated silage. Heterogeneity was moderate
in Mbch and high in Ho, Mb, and Ch. The ammonia nitrogen content was lower in the silages
with Ho, Mb, Ch, and Mbch than in untreated silage, and the heterogeneity was high in Ho, Mb,

and Ch. The use of Mb reduced silage lactic acid content compared to untreated silage, and
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heterogeneity was high in all groups. The acetic acid content was lower in the silages with Ho,
Ch, and Mbch than in untreated silage. Heterogeneity was moderate in the Mbch subgroup and
high in the other subgroups. The use of Ho and Ch reduced silage propionic acid content
compared to untreated silage, and heterogeneity was high in Ho and Ch groups. Butyric acid
and ethanol contents were lower in silages with Ch than in untreated silage.
4. Discussion

The descriptive statistics of the variables evaluated showed that the database used
presented values similar to those normally observed in commercial farms that produce beef
cattle consuming silage. This indicates that the results of this study are applicable and important
for these farms. In addition, the chemical composition, silage inclusion, and feed used in the
diets of the additive-treated and untreated groups were very similar, indicating that the
differences between these treatments were caused by the use of the additive and not by
differences between treatment diets.
4.1. Animal performance
4.1.1 By forage type

Ho use increased the weight gain of beef cattle fed temperate grass silage but did not
affect those fed maize/sorghum silage. Oliveira et al. (2017) reported similar results, proposing
that this difference may occur because maize/sorghum has good fermentative characteristics
(WSC concentration, high epiphytic bacteria population, and low buffering capacity), even
without an inoculant. In contrast, temperate grasses have a smaller epiphytic bacterial
population, lower WSC concentration, and greater buffering capacity (McDonald et al., 1991;
Addah et al., 2011; Arriola et al., 2015), which are factors that increase the Ho effect compared
to untreated silage. Muck et al. (2018) also hypothesized that the interaction between the

microorganisms in the inoculant and rumen could inhibit harmful microbes and toxin
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production, which may improve the performance of beef cattle fed temperate grass silage as
indicated by this study.

According to Oliveira et al. (2017), the results of Ho effectiveness are inconsistent
because there may be a lower acetate concentration and a higher lactate concentration, which
favors mold and yeast growth and can deteriorate silage and reduce animal performance.
However, few studies evaluating aerobic stability and microbiological profile that could
confirm this hypothesis have been conducted. Furthermore, according to Kung et al. (2003), in
farm-scale silos, factors such as failure in silo sealing, low WSC availability in forage,
unsuitable application or poor inoculant quality, exaggerated competition of epiphytic
microbiota, and low water activity can lead to failure in Ho use.

Mb use with maize/sorghum silage improved the weight gain of beef cattle. However,
Mb use with temperate grass silage reduced the weight gain. The reasons for this reduction
remain unclear. However, the studies that evaluated temperate grasses with Mb included only
10% silage in the total mixed rations. Therefore, the performance differences may not be
explained by the inoculant effect. In a meta-analysis conducted by Oliveira et al. (2017), better
performance was observed in dairy cattle fed silage with microbial inoculants. According to the
authors, the best performance was attributed to lower concentrations of hypophagic compounds,
such as butyrate, ammonia, and biogenic amines, which reduced feed intake by animals.

The Ho and He combination aims to obtain benefits from both inoculants (Addah et al.,
2012; Muck et al., 2018). A homofermentative inoculant was used to rapidly reduce the pH and
inhibit Clostridium and enterobacteria growth in the initial stage of silage fermentation.
Conversely, heterofermentative inoculation, mainly with the microorganism Lentilactobacillus
buchneri (syn. Lactobacillus buchneri), has slower growth and acts later in the fermentation

process by converting lactic acid into acetic acid, which increases silage aerobic stability by
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inhibiting the growth of molds and yeasts (McDonald et al., 1991; Filya, 2003). This may
explain the higher weight gain in beef cattle fed maize/sorghum silage.

Ch use improved beef cattle weight gain, probably due to improved silage quality, which
increased DMI and FE. Formic acid (FA) was the most used Ch. Other acidifying additives that
inhibit fermentation, such as sorbic acid and sulfuric acid, were also used. However, because
they have similar practical applications and because of the greater number of studies, we
justified the results based on formic acid use. According to Seppéla et al. (2016) and Randby
and Bakken (2021), formic acid application at a rate of 3 to 6 I/ton improves the fermentation
process and silage quality, which was also indicated in the present study, and may explain the
improved beef cattle performance. Furthermore, formic acid reduces the volatile fatty acid and
lactic acid concentration, it also increases the concentration of silage soluble carbohydrates
(McDonald et al., 1991). These benefits may have increased the intake and weight gain in this
study.

According to Kung et al. (2018), the DM content normally observed in grass silage
ranges from 25 to 35% DM, and in maize silage from 30 to 40% DM. The DM content of silages
treated with Ho (264 g/kg DM) and Ch (250 g/kg DM) was lower than that of silages treated
with other additives, indicating that these silages, especially maize silages, presented more
challenging conditions. The better results with the Ch use probably occurred by the direct
acidification and inhibition of spoilage microorganisms, indicating that this additive can be used
in silages with greater challenges.

The highest silage inclusion in the diet was observed in the Ch. This observation is
important because greater silage inclusion improves silage quality generated from the use of the
additive on animal performance. Therefore, the high silage inclusion in the diet of the group
treated with Ch confirms the positive effect of this additive on the performance of beef cattle.

In addition, studies that used Ch were older, which explains the greater inclusion of this silage
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in the diet. Surveys carried out in the United States (Samuelson et al., 2016) and Brazil (Millen
et al., 2009; Silvestre and Millen, 2019) showed a significant reduction in the silage inclusion
in the diet of feedlots of beef cattle in recent years, which explain the lower silage inclusion in
the diet of the groups treated with bacterial inoculants (mainly in Mb) as it is a more recent
technology. However, the increased demand for nutritional improvements in beef cattle
explains using inoculants to improve silage quality, even when included in smaller amounts in
the diet.
4.1.2 Overall animal performance

Few studies have evaluated the effect of He on beef cattle performance, which has
generated a lack of data or few comparisons for many variables. He showed improved weight
gain when sugar cane silage data were added. Sugar cane silages are more prone to aerobic
deterioration. The improvement in weight gain can be attributed to greater aerobic stability,
lower NDF content, and higher in vitro dry matter digestibility (Driehuis et al., 1999; Filya et
al., 2006; Schmidt et al., 2014). At the farm scale, even in well-compacted silages in horizontal
silos, air can penetrate up to 1 m into the silo’s face (Muck and Huhnke, 1995). In poorly
compacted silages or the top layer of the silo, porosity increases the instability of silages (Muck
and Huhnke, 1995; Borreani et al., 2018). If 20 cm is removed from the silo face daily, a
minimum period of five days is required to maintain aerobic stability (Kung et al., 2018). These
findings demonstrate that He use can be an important strategy for improving feed management
in commercial beef cattle farms.

Bacterial inoculant use had no effect on feed efficiency or conversion. Bernardi et al.
(2019) also did not observe changes in the feed efficiency of silages inoculated with lactic acid
bacteria. Oliveira et al. (2017) systematically evaluated 10 dairy cow studies and found no
changes in feed efficiency. Maintenance of intake, increased weight gain, and no change in

efficiency and feed conversion possibly occurred because few studies that evaluated intake and
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weight gain calculated feed efficiency or feed conversion, which generated a mean response for
each variable from different comparisons. It is important to standardize the measurement units
for future studies to increase the number of comparisons in the meta-analyses.

Chemical additives reduced silage ammonia nitrogen, indicating less proteolytic
bacteria growth and protein degradation in the silo. Broderick et al. (2007) showed that diets
formulated with alfalfa silage treated with ammonium tetraformate had lower concentrations of
nonprotein nitrogen (45.3 vs. 49.9% of total N), ammonia nitrogen (3.4 vs. 4.1% of total N) and
free amino acids (30.1 vs. 39.3% of total N) compared to untreated silage. The lower
concentration of nitrogenous fractions with high rumen solubility in the diet with the use of Ch
explains the reduction in CPD indicated by the present study. This fraction is rapidly eliminated
from the rumen if it is not used for bacterial growth. This mechanism of Ch use increases rumen
undegradable protein (RUP) and may explain the improved beef cattle performance (Broderick
et al., 2007; Huuskonen et al., 2017). Most studies that have evaluated the Ch effect on beef
cattle performance are considered old. According to Kung et al. (2003), formic acid is volatile
and represents a risk to farm workers, which may have reduced interest in these additives in
recent years.

Mbch use improved beef cattle performance, particularly weight gain. Enzymes, mainly
cellulase and hemicellulase, and microbial inoculants aim to release soluble carbohydrates for
fermentation by microbial inoculants (Zahiroddini et al., 2004). Conversely, the organic acid
and bacterial inoculant combination aims to obtain synergistic effects to acidify the material
more quickly and inhibit the growth of microorganisms that degrade silage (Kennedy, 1990).
This synergism was observed in the best fermentation profile with lower pH and ammonia
nitrogen in the present study.

Lower NDFD and CPD were observed in Mbch-treated silages. This reduction in the

NDFD of ingested silage may occur because enzymes act on the more digestible NDF
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compounds, which can reduce the fiber quality and total digestibility (Nadeau et al., 2000;
Dehghani et al., 2012; Jin et al., 2015). However, this reduction in digestibility could not reduce
DMI and ADG, indicating that this reduction is of little importance.

Regarding heterogeneity, any change in the mean response or confidence interval that
leads to a failure to overlap the results between studies causes the presence of statistical
heterogeneity (Deeks et al., 2019). The high heterogeneity of DMI in some subgroups may be
due to the wide variation in the characteristics of the animals used, the difference in the strains
of microorganisms, or the inoculant dose used in the subgroup. These factors were not
controlled by subgroup analysis because the main aim was to assess their additive effects on
beef cattle performance. Therefore, the grouping strategy was based on the type of additives
used. DMI influences other performance variables, such as ADG, FE, and FC (Cantalapiedra-
Hijar et al., 2018), which can lead to increased heterogeneity for these variables. Differences in
microbial strains between the studies may also be responsible for increased heterogeneity.
Despite being evaluated as a random-effects meta-analysis that incorporates heterogeneity
between studies, results with few comparisons and high heterogeneity should be explored
carefully.

4.2. Chemical composition

Only farm-scale silage data were collected in the present study to determine the additive
effects on silages produced on a scale used in farm operations. In a meta-analysis conducted by
Oliveira et al. (2017), important differences in the fermentation profiles of silages produced in
farm-scale and experimental silos (laboratory silos) were observed. According to the authors, it
is more difficult to control factors involving silage quality, such as time to silo sealing, crop
DM control for ensilage, humidity, temperature, compaction density, and cut-length
homogenization, in studies that use farm-scale silos. These differences indicate the need to be

careful in extrapolating the results obtained in laboratory silos to recommend additive use in
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real production systems because this operation can increase costs without improving silage
quality.

Silages inoculated with chemical additives had higher DM and NDF content and lower
ADF content. Ch use, mainly formic acid, reduces clostridial activity (Nadeau, 2007), which
can maintain silage DM content. These microorganisms convert glucose and lactate into
butyrate in a chemical reaction in which water is released (B-hydroxybutyryl Co-A to crotonyl
Co-A) (McDonald et al., 1991). Silages without chemical additives may explain the lower DM
content. In addition, in carbohydrate and amino acid catabolic reactions by clostridia, large
volumes of CO- are released (McDonald et al., 1991; Pahlow et al., 2003), which can generate
a greater gas loss in silages without chemical additives. This observation is important because
few selected articles have evaluated silage losses, which could indicate greater nutrient recovery
in silages with chemical additives.

Although the silages with chemical additives had higher NDF content, the number of
comparisons was very small, making this result unrepresentative. The ADF content reduction
may have been due to greater soluble carbohydrate preservation, which proportionally reduced
other components.

4.3. Fermentative profile

Bernardi et al. (2019) also observed lower pH, ammonia nitrogen, and acetic acid in
maize silages inoculated with Ho. According to Kung et al. (2003), in silages where homolactic
bacteria dominate fermentation, there is less proteolysis and deamination due to the inhibition
of clostridial growth and plant proteases caused by the rapid drop in pH. This explains the lower
ammonia nitrogen content and pH. The differences in lactic acid content were unexpected
because Ho ferments hexoses, mainly glucose, and produces only lactic acid.

He did not change the pH or acetic acid content, which is from the results normally

observed in the literature (Filya, 2003; Bernardi et al., 2019; Arriola et al., 2021). In a meta-
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analysis by Bernardi et al. (2019), lower acetic acid concentrations were observed in farm-scale
silos than in laboratory silos. These results indicate that the effect of He in farm-scale silos may
be less expressive than that in laboratory-scale silos because the conditions are less controlled.
However, data were obtained from only three studies, indicating the need for further research
to determine the effect on farm-scale silages.

The silages treated with chemical additives had higher WSC conservation, lower pH
values, and lower ammonia nitrogen, butyric acid, and ethanol concentrations, indicating a
better fermentative profile. Chemical additives act in rapid acidification and proteolytic
microorganism inhibition in silage, ensuring better fermentation (Muck et al., 2018).
Furthermore, chemical additives can control mold and yeast growth after silo opening, which
can increase the aerobic stability of silages (Leahy et al., 1990; Pitt and Hocking, 2009). The
lack of a silo management description and evaluation of the microbiological profile and aerobic
stability of the silages are among the main limitations of the selected studies, as additives can
change aerobic stability.

Additive use showed considerable heterogeneity between the studies on nutritional and
fermentative silage parameters. Oliveira et al. (2017) also observed high heterogeneity in these
parameters. During the ensiling process, several factors, such as epiphytic microorganism
population, WSC concentration, ambient temperature, DM content, and inoculation rate, can
influence fermentative parameters and silage nutritional value (McDonald et al., 1991;
Kleinschmit and Kung, 2006). This difference between studies can increase response variability
and heterogeneity. Subgroup analysis often allows for exploration and reduction of
heterogeneity (Deeks et al., 2019). However, we organized the subgroups only by additive type

due to the main objective of the study.
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5. Conclusions

Silage inoculated with homofermentative microbial inoculants, homo- and
heterofermentative microbial inoculant mixtures, chemical additives, and mixtures of microbial
inoculants and chemical additives increased weight gain in beef cattle. Only chemical additives
increased dry matter intake, feed efficiency, and carcass weight. All additives improved the
silage fermentation process. Chemical additives generated the best results in terms of beef cattle
performance and silage quality.
Statements for Data Availability: We confirm that we have full access to all the data in the
study and take responsibility for the integrity of the data and the accuracy of the data analysis.
The data that support the findings of this study are available from the corresponding author
upon reasonable request.
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Table 1. Characteristics of the inoculants, forages, and animals used in the selected studies

i i 0,
Author/Year t)i;le?vz EI'O;SSS Zr:rsr:ﬁr?g /Z)F%iggige Breed™* ex?)i?'/isrr?;nt Inoculant type and dose®®
Acosta Aragon et al., 2012 T M-S - 60 - 121 Mb - LP + EF + LBr (1x10° CFU/g of FM)
Addah et al., 2011 B M-S 63to 77 60 Cr.AxH 84 Ho - LP + EF + PA (1x10° CFU/g of FM)
Addah et al., 2012 B Temp. 90 7 Cr.AxH 112 Mb - LB (1.0x101) + LP (2.0x10%) + LC (1.0x10%) CFU/g of FM
Addah et al., 2014 B Temp. 64 10 Cr.AxH 108 Mb - LB (1.0x10™) + LP (2.0x10%) + LC (1.0x10%%) CFU/g of FM
Addah et al., 2015 B Temp. 311 10 Cr.AxH 108 Mb - LB (1.0x10) + LP (2.0x10%) + LC (1.0x10%) CFU/g of FM
Addah et al., 2016 B Temp. 45 72 Cr.AxH 204 Mbch - PP + LP + PF (1.2x10° CFU of FM) + enzymes
Barker et al., 1973 A Temp. - 37 Cr.(ub) 133 Ch-FA (5 I/t of FM)
Candlish et al., 1973 AlT Temp. - 100 Cr. (ub) 154 Ch-FA (4.11/tof FM)/FA + AC (4.3 L/t of FM) / PA + AC (3.4 I/t of FM)
Cezério et al., 2015 C Trop. 60 50 Cr. Hol x Bi 99 Mbch - LP (1.0x107) + EF (1.0x10°) + PA (1.0x107) CFU/g of FM + enzymes
Charmley et al., 1996 A Temp. - 75 Cr.(ub) 112 Ho - LC (1x10%) + LP (1x10%) + SL (1x10°%) CFU/g of FM
Fugita et al., 2012 T M-S 150 50 Cr.NxA 68 Mbch - LP + EF + PA (1x10* CFU/g of FM) + enzymes
He etal., 2017 T M-S 60 55 BB 168 Ho - LP + EF + PA (5x10° CFU/g of FM)
Hinks and Henderson, 1977 T Temp. - 100 Fr 140 Ch - FA (4.6 I/t of FM)
Hinks et al., 1976 B Temp. - 100 Fr 56 Ch-FA (4.6 I/t of FM) / FA + PAc. (1.1 I/t of FM)
Huuskonen et al., 2017 - Temp. - 60 NR and Hol 259 Ch-SB +PS + SN (3.4 kg/t of FM) / FA + PAc. + AF + PS (5.8 kg/t of FM)
Jaakkola et al., 2006 T Temp. 203 to 265 70 - 28 Ch-FA (2,4 or 6 1/t of FM)
Jones et al., 1990 T Temp. - 85 Cr.HxFr 56 Ch - FA (5 I/t of FM)
Keady and Steen, 1994 T Temp. 56 76 Cr. (ub) 77 Ch - FA (2.9 I/t of FM) / Ho - LP (1x10°) CFU/g of FM
Keady and Steen, 1995 T Temp. 227 79 Cr. (ub) 72 Ch - FA (3 1/t of FM) / Ho - LP (1x10°) CFU/g of FM
Ch - FA (2.1 I/t of FM) / Mbch - FA + LP+ SF (0.52 kg/t of FM) + enzymes / Mbch - LP + PA + enzymes (2.0

Kennedy, 1990 a T Temp. - 89 Cr.HxFr 0 I/t of FM) / Mbch - LP + LC + enzymes (2.1 kgt of FM)
Kennedy, 1990 b T Temp. 133 68 to 100 Fr 84 Ch-Exp. (1to4) FAor AS (2.3 I/t of FM) / Exp. 5 FA (4.5 I/t of FM) or AS (2.3, 3.3 or 4.5 I/t of FM)
Leahy et al., 1990 A M-S 117 to 141 75 A 80 Ch - SA (1 I/ton of FM)
Luther, 1986 AlT M-S 136 90 Cr.AxH 102/113 Ho - LP (1x10° CFU/g of FM)
Mathison et al., 1984 T Temp. 60 to 291 100 Hand Cr. 42/50/63/17 Ch-S0:(3.3,3.7, 6.6, 7.2, 3.5 I/t of FM), Mbch - SO2 (7.2 I/t of FM) + LA (0.056% of FM)
McAllister et al., 1998 B Temp. 160 76 Cr.SxCh 84 Ho - LP + EF (1x10° CFU/g of FM) / LP (1x10° CFU/g of FM)
Mclimoyle, 1976 - Temp. - 78 Fr 77149 Ch - FA (3.8 I/t CFU/g of FM)
Nair et al., 2019 B M-S 90 65 Cr.AxH 84 Mb - LB (1.0x10%) + LP (1.0x10%) CFU/g of FM / LB (1.0x10%) + LP (1.0x10%) + SC (1.0x10%) CFU/g of FM
Nair et al., 2020 B M-S 120 65 Cr.AxH 84 He - LH + LB (1.5 x 10° CFU/g of FM)

e 125/141/120/1  Exp.1-2 Ho - LP (1x10%) CFU/g / Ch - FA (3 lit of FM) / Exp.3 - Mbch — SA (2.5 I/t of FM) + LP + PA + SF
OKiely, 1996 T Temp. ; 82 Ch/Hol/Cr. H x Fr 12 (1.2 x 102 CFU/g of FM) + enzymes/ Exp 4. Ho - LP (1x10° CFU/g of FM)
Rabelo et al., 2016 T M-S 70 40to 60 N 116 He - LB (1x10° CFU/g of FM)
Rabelo et al., 2018 C M-S 88 40 Cr.NxBS 110 Mb - LB + LP (1x10° CFU/g of FM) / BS + LP (1x10° CFU/g of FM)
Rust et al., 1989 T M-S 151 97 Cr.AxH 91 Ho - LX + PA (2x10° CFU/g of FM)
Schaefer et al., 1989 T M-S 225 2510 65 A 112/113 Ho - LX + PA (2x10° CFU/g of FM)
Schmidt et al., 2007 C S 90 65 N 14 Ch - SB (0.1%) of FM/ Ho - LP (1 x 10° CFU/g of FM) / He - LB (3.6 x 10° CFU/g of FM)
Schmidt et al., 2014 B S 92 46 Nand Cr.Cx N 84 He - LB (5 x 10* CFU/g of FM) / LB (1 x 10° CFU/g of FM) / Mbch - LB (1x10° CFU/g of FM) + enzymes
Silva et al., 2006 C M-S 120 63 Cr. H x Bi - Mbch - EF (1x107) + LP (1x107) + PA (1x10% CFU/g of FM + enzymes
Steen et al., 1989 T Temp. - 62 Fr 84 Ho - LP (1x10% CFU/g) of FM / Ch - FA (3 1/t of FM)
Winters et al., 2001 c Temp. 191 to 206 100 Cr.Chx Fr 69 Ho - LP (1x108 CFU/g) of FM / Ch - FA (3.3 1/t of FM)
Wittenberg et al., 1983 T M-S - 87 Cr.(ub) 105 Ho - LP + SF (4x10° CFU/g of FM)
Zahiroddini et al., 2004 B Temp. 84 87 Cr.AxH 112 Ho - P + L + E (1.25x10° CFU/g of FM) / Mbch - Ho + enzymes
Zanette et al., 2011 T M-S 284 400 52 Ch 96 Mbch - EF + LP + PA (1x10% CFU/g of FM) + enzymes
Zhang et al., 2019 C M-S 42 60 Cr.SxYC 162 Mb - LP (1x10™) + EF (1.0x10°% + LB (1.0x10° CFU/g of FM/ Ch - PS + SB (100g/t of FM) / Mbch - Mb + Ch
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1 the bars indicate that there is more than one type in each study; 2T, Trench silo; B, Bag silo; A, Aerial silo; C, Clamp silo; 3M — S, Maize and/or
Sorghum; Temp., Temperate grasses; Trop., Tropical grasses; S, Sugar cane; “Cr., Crossbreed; A, Angus; H, Hereford; u b, undetermined breed; Hol,
Holstein; Bi, Bos taurus indicus; N, Nellore; BB, Bohai Black; Fr, Friesian; NR, Nordic Red; S, Simmental; BS, Brown Swiss; C, Charolais; YC, Yellow
Cattle; ® CFU, colony forming units; Ho, microbial inoculant with homofermentative bacteria; He, microbial inoculant with heterofermentative bacteria;
Mb, mix of microbial inoculant with homofermentative and heterofermentative; Ch, chemical additives; Mbch, mix of microbial inoculant and chemical
additives; LP, Lactiplantibacillus plantarum; EF, Enterococcus faecium; LBr, Levilactobacillus brevis; PA, Pediococcus acidilactici; LB,
Lentilactobacillus buchneri; LC, Lacticaseibacillus casei; PP, Pediococcus pentosaceus; PF, Propionibacterium freudenreicheii; FA, formic acid; AC,
Acetic acid; SL, Streptococcus lactis; PAc., Propionic acid; FS, fresh silage; SB, sodium benzoate; PS, potassium sorbate; SN, sodium nitrite; AF,
ammonium formate; PS, potassium sorbate; AS, Acid sorbic; SA, sulphuric acid; SF, Streptococcus faecium; SO», sulfur dioxide; LA, Lactobacillus
acidophilus; SC, Saccharomyces cerevisiae; LH, Lentilactobacillus hilgardii; BS, Bacillus subtilis; LX, Lactobacillus xylosus; P, Pediococcus spp.; L,
Lactobacillus spp.; E, Enterococcus spp.
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Treated silage

Untreated silage

Variables - - - -

N Mean SD Median  Min. Max.  Mean SD  Median  Min. Max.
Microbial inoculant with homofermentative bacteria
ADG (kg/day) (Maize) 7 1.08 0.210 1.05 0.800 141 1.10 0.25 1.05 0.750 143
ADG (kg/day) (Temperate grasses) 11 0983 0.130 0940 0800 1.24 0901 0.65 0.892 0670 1.26
DMI (kg/day) (Maize) 10 746 183 752 394 984 749 183 785 379 9.66
DMI (kg/day) (Temperate grasses) 10 6.75 140 6.78 3.94 8.92 6.66 1.28 6.88 3.79 8.71
FCR 11 692 0639 6.97 5.98 8.20 7.10 1.23 6.84 5.85 10.1
CY (%) 5 553 3.30 55.1 51.5 59.8 54.9 3.37 55.5 51.2 59.4
CW (kg) 7 291 59.0 262 239 380 287 57.4 258 240 372
DMD (g/kg DM) 8 652 764 66.7 48.7 72.2 63.7 6.42 64.6 51.6 71.1
NDFD (g/kg DM) 6 588 9.24 56.5 47.1 72.0 56.9 9.30 56.5 45.3 71.1
CPD (g/kg DM) 7 615 11.7 63.6 37.5 74.2 58.5 9.61 58.9 39.3 67.9
Microbial inoculant with heterofermentative bacteria
ADG (kg/day) (Maize) 3 151 0070 152 1.44 1.58 143  0.06 1.46 1.36 1.48
DMI (kg/day) (Maize) 3 943 0918 952 847 103 909 123 849 828 105
DMD (g/kg DM) 4 661 338 66.4 62.5 69.3 67.5 2.92 68.2 63.4 70.0
NDFD (g/kg DM) 4 406 166 421 208 573 460 112 458 344 580
Mix of microbial inoculant with homofermentative and heterofermentative
ADG (kg/day) (Maize) 7 142 0187 144 108 167 137 0181 145 100 153
ADG (kg/day) (Temperate grasses) 4 196 0.028 1.97 1.92 1.98 199 0.027 2.00 1.95 2.01
DMI (kg/day) (Maize) 7 834 228 710 659 130 814 165  7.60 6.36  11.3
DMI (kg/day) (Temperate grasses) 5 100 1.69 10.6 7.10 11.2 10.2 1.57 10.8 7.60 115
Feed Efficiency 9 0185 0.016 0.187 0160 0210 0.184 0.014 0182 0.170 0.203
CY (%) 4 593 2.1 59.5 57.0 61.2 60.8 0.1 60.8 60.7 61.0
DMD (g/kg DM) 4 69.7 5.97 69.0 64.3 76.5 71.6 9.8 71.6 63.1 80.1
NDFD (g/kg DM) 4 517 3.55 515 48.3 55.4 55.0 8.72 55.0 47.4 62.5
CPD (g/kg DM) 4 703 6.75 69.7 64.5 77.4 72.6 10.9 72.6 63.1 82.0
Chemical additives
ADG (kg/day) (Maize) 7 0964 0.271 0.850 0.800 1.57 0921 0.275 0.880 0.760 1.53
ADG (kg/day) (Temperate grasses) 22 0915 0.222 0905 0.501 1.35 0.836 0.297 0.820 0.400 141
DMI (kg/day) (Maize) 8 694 226 669 399 114 690 228  6.69 379 113
DMI (kg/day) (Temperate grasses) 22 749 199 7.96 3.48 10.5 7.30 1.93 7.35 3.70 10.2
Feed Efficiency 9 0115 0032 0.119 0065 0151 0.107 0.028 0.113 0.066 0.136
FCR 12 7.32 1.59 7.35 4.50 10.3 7.50 1.85 7.20 5.10 10.6
CY (%) 6 541 290 52.6 52.0 59.0 54.0 3.22 52.6 51.2 59.7
CW (kg) 6 240 28.0 226 216 286 236 25.5 222 218 277
DMD (g/kg DM) 20 692 550 68.0 59.2 79.2 68.0 6.20 67.7 58.0 79.8
NDFD (g/kg DM) 10 633 106 628 469 750 626 115 614 461 761
CPD (g/kg DM) 17 66.1 8.60 66.0 46.7 77.3 67.2 8.98 67.9 44.8 79.7
Mix of microbial inoculant and chemical additives
ADG (kg/day) (Temperate grasses) 6 121 0066 122 1.13 1.30 117 0120 1.16 1.05 1.40
DMI (kg/day) (Maize) 4 904 297 842 6.63 127 879 256 867 653  11.3
DMI (kg/day) (Temperate grasses) 7 843 110 8.03 7.27 10.5 842 0.781  8.40 7.34 9.70
FCR 6 721 126 6.79 5.90 9.10 7.15 1.12 6.92 5.80 9.10
CY (%) 7 553 039 553 54.5 55.8 55.1 0980 55.6 53.7 55.9
CW (kg) 5 261 262 267 230 295 259 29.0 260 225 295
DMD (g/kg DM) 5 599 245 605 559 624 609 377 619 547 639
NDFD (g/kg DM) 5 481 5.54 48.9 415 54.4 49.5 5.79 50.4 42.8 56.9
CPD (g/kg DM) 5 588 7.89 60.0 50.8 70.6 61.1 6.41 60.2 54.3 69.6

N = number of comparisons, SD = standard deviation, Min. = minimum, Max. = maximum, DM = dry matter,
ADG = average daily gain, DMI = dry matter intake, FCR = feed conversion rate, CY = carcass yield, CW =
carcass weight, DMD = dry matter digestibility, NDFD = neutral detergent fiber digestibility, CPD = crude protein

digestibility.
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Table 3. Descriptive statistics of the chemical composition and fermentation profile variables

evaluated
Variables Treated silage Untreated silage
N  Mean SD Median ~ Min. Max. Mean SD Median ~ Min.  Max.
Microbial inoculant with homofermentative bacteria
Dry matter (g/kg DM) 13 269 104 212 175 511 259 97 206 174 515
Crude protein (g/kg DM) 9 162 20.3 165 127 198 164 15.6 167 129 186
Acid detergent fiber (g/kg DM) 4 354 63.9 375 261 405 363 65.0 375 275 429
WSC (g/kg DM) 11 20.2 16.6 19.0 2.90 52.0 17.0 154 18.0 0.300 49.0
pH 13 413 0.333 4.00 3.62 48 421 0.393 4.10 3.73 5.00
NHs-N (g/kg total nitrogen) 11 65.6 50.2 73.0 7.70 176 75.7 454 77.0 11.70 162
Lactic acid (g/kg DM) 13 80.8 21.7 77.4 41.0 123 82.5 35.3 78.7 24.7 138
Acetic acid (g/kg DM) 13 199 129 18.0 500 50.7 257 16.7 23.0 5.00 68.9
Propionic acid (g/kg DM) 10 222 1.92 1.47 0.600 560 316 225 2.93 0.500 7.50
Butyric acid (g/kg DM) 9 3.66 5.28 1.50 0.150 16.6 3.59 4.12 1.98 0.300 12.1
Ethanol (g/kg DM) 10 6.73 4.87 6.25 200 19.0 747 342 8.00 291 13.0
Microbial inoculant with heterofermentative bacteria
Dry matter (g/kg DM) 4 337 9.5 336 326 349 333 12.1 337 315 342
Crude protein (g/kg DM) 4 606 29.0 60.2 35 87.1 611 267 60.2 38 86.1
Neutral detergent fiber (g/kg DM) 4 493 112 535 328 575 495 101 531 353 567
Acid detergent fiber (g/kg DM) 4 310 79.5 328 207 379 318 75.6 331 230 381
pH 4 360 0141 3.58 344 378 367 0.072 3.65 3.60 3.77
Acetic acid (g/kg DM) 4 3717 16.0 31.8 262 61.0 309 209 24.1 13.9 61.4
Mix of microbial inoculant with homofermentative and heterofermentative
Dry matter (g/kg DM) 10 333 38.3 312 303 411 328 42.9 315 281 419
Crude protein (g/kg DM) 10 114 27.8 111 82.8 146 117 324 108 80.2 153
Neutral detergent fiber (g/kg DM) 10 436 49.1 454 340 473 446 72.0 443 331 527
Acid detergent fiber (g/kg DM) 10 256 36.5 260 194 305 265 50.3 251 203 327
WSC (g/kg DM) 8 485 7.02 0.905 0210 192 783 895 1.92 0.190 20.3
pH 8 4.24 0.257 4.33 3.71 459 417 0.201 4.25 3.89 4.36
NHs-N (g/kg total nitrogen) 4 18.8 129 13.6 101 380 235 184 15.2 12.6 51.0
Lactic acid (g/kg DM) 8 476 12.3 54.2 320 614 682 156 74.75 49.8 83
Acetic acid (g/kg DM) 8 40.2 14.0 459 19.4 543 34.6 37.2 22.4 15.9 126
Chemical additives
Dry matter (g/kg DM) 35 251 727 225 168 399 250 79.4 2173 159 4445
Crude protein (g/kg DM) 32 148 29.4 155 70.0 196 149 28.6 158 78.0 199
Neutral detergent fiber (g/kg DM) 8 523 65.9 539 423 611 519 50.6 528 446 572
Acid detergent fiber (g/kg DM) 23 348 43.2 336 284 453 357 430 357 306 461
WSC (g/kg DM) 18 312 36.0 16.2 2.50 130 21.2 26.5 6.72 0.300 79
pH 36 411 0315 4.00 357 490 426 0.357 4.22 3.75 5.30
NH;z-N (g/kg total nitrogen) 32 456 31.0 51.0 0.600 105 642 443 66.0 0.900 162
Lactic acid (g/kg DM) 34 554 27.0 47.3 16.4 118 59.3 28.3 53.7 23.8 137.6
Acetic acid (g/kg DM) 34 187 8.6 17.0 770 420 266 115 26.9 1220 68.9
Propionic acid (g/kg DM) 16 126 0.817 1.20 0.100 340 198 204 1.40 0.390 7.50
Butyric acid (g/kg DM) 27 292 2.75 2.00 0.290 103 541 4.32 5.00 0.350 14.0
Ethanol (g/kg DM) 14 487 367 585 0140 120 634 543 6475 0160 19.0
Mix of microbial inoculant and chemical additives
Dry matter (g/kg DM) 7 286 72.0 236 218 380 284 58.5 239 231 354
Crude protein (g/kg DM) 7 127 40.1 140 37.0 148 122 37.8 134 38.0 151
WSC (g/kg DM) 7 336 43.8 17.9 6.76 131 314 467 11.2 3.68 136
pH 7 391 0332 3.90 349 457 401 0.39 3.90 3.65 4.82
NH;-N (g/kg total nitrogen) 5 706 25.3 70.0 41.00 110 806 259 76.0 52.0 123
Lactic acid (g/kg DM) 6 727 134 745 546 91.0 713 16.0 78.5 43.9 83.0
Acetic acid (g/kg DM) 7 20.2 8.16 22.7 10.0 315 240 6.44 27.0 135 28.9
Butyric acid (g/kg DM) 5 210 1.76 1.70 0.200 500 224 166 1.90 0.500 5.00

N = number of comparisons, SD = standard deviation, Min. = minimum, Max. = maximum, DM = dry matter, FM
= fresh matter, WSC = water-soluble carbohydrates, NHs—N = ammonia nitrogen.
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Table 4. Descriptive statistics of the chemical composition of the diets used in the treated and
control groups by additive type

Diet with treated silage

Diet with control silage

Variables

N Mean SD Median Min. Max. Mean SD Median Min. Max.
Microbial inoculant with homofermentative bacteria
DM (% of FM) 9 36.5 12.1 43.0 19.0 50.4 35.0 10.8 38.8 19.9 457
CP (% of DM) 19 13.1 2.40 125 10.7 18.2 12.9 2.35 125 10.7 18.3
NDF (% of DM) 10 355 9.21 32.6 20.9 48.4 33.8 8.88 32.7 20.9 48.4
ADF (% of DM) 8 20.1 7.00 17.7 9.90 30.7 18.4 6.71 17.1 10.2 30.7
Starch (% of DM) 7 345 8.83 33.6 19.9 46.9 31.6 5.70 31.6 20.7 39.4
TDN (% of DM) 1 65.0 - 65.0 65.0 65.0 65.0 - 65.0 65.0 65.0
Microbial inoculant with heterofermentative bacteria
DM (% of FM) 3 51.0 8.52 51.2 45.3 62.1 52.1 8.85 50.6 441 61.6
CP (% of DM) 5 14.2 1.62 14.2 125 16.8 14.5 1.63 14.1 125 17.0
NDF (% of DM) 4 36.5 11.9 35.1 21.7 45.2 35.6 12.1 35.3 22.9 48.9
ADF (% of DM) 3 162  6.20 14.4 111 231 167 516 15.8 121 223
CNF (% of DM) 2 54.9 1.77 54.9 53.6 56.1 53.6 2.19 53.6 52.0 55.1
Starch (% of DM) 1 20.2 - 20.2 20.2 20.2 21.0 - 21.0 21.0 21.0
TDN (% of DM) 1 65.0 - 65.0 65.0 65.0 65.0 - 65.0 65.0 65.0
EE (% of DM) 2 4.46 0.34 4.46 4.22 4.70 4.56 0.31 4.56 4.34 4.78
Mix of microbial inoculant with homofermentative and heterofermentative
DM (% of FM) 9 67.3 11.0 72.8 435 73.9 66.5 11.2 72.3 41.1 72.9
CP (% of DM) 10 14.3 1.10 135 13.1 16.6 13.9 1.10 135 13.1 16.7
NDF (% of DM) 10 29.1 6.00 255 22.8 40.7 28.7 5.80 26.1 22.1 40.7
ADF (% of DM) 10 13.6 6.20 9.00 8.70 23.8 12.9 6.20 9.20 9.00 25.3
Starch (% of DM) 8 41.9 12.2 50.5 21.4 51.5 43.2 115 475 22.2 51.0
TDN (% of DM) 2 68.5 0.10 68.5 68.4 68.6 68.2 0.30 68.2 68.0 68.4
EE (% of DM) 2 4.20 1.00 3.90 3.30 4,60 4.20 0.50 4.20 3.90 4.60
Chemical additives
DM (% of FM) 30 34.7 12.7 32.6 17.6 73.0 35.6 12.4 34.2 17.8 72.2
CP (% of DM) 31 14.4 2.40 14.0 7.90 19.5 145 2.60 14.4 7.50 19.4
NDF (% of DM) 8 46.3 10.1 46.2 315 61.1 47.6 8.80 475 31.6 58.2
ADF (% of DM) 7 31.3 10.5 38.2 15.0 445 33.2 10.0 37.3 15.1 440
TDN (% of DM) 1 65.0 - 65.0 65.0 65.0 65.0 - 65.0 65.0 65.0
EE (% of DM) 2 3.70 0.50 3.85 3.50 4.20 3.90 0.03 3.90 3.90 3.90
Mix of microbial inoculant and chemical additives
DM (% of FM) 16 50.0 10.7 52.7 30.2 69.0 52.1 10.4 53.1 30.5 67.0
CP (% of DM) 16 12.7 1.50 12.2 10.3 14.7 12.7 1.60 12.3 10.8 16.8
NDF (% of DM) 15 39.1 6.40 40.0 19.2 46.1 39.3 7.40 39.9 19.7 48.9
ADF (% of DM) 10 23.2 4.80 23.9 16.8 34.3 235 5.40 24.7 15.1 345
CNF (% of DM) 4 35.4 5.30 36.8 28.2 39.7 36.8 7.30 38.9 26.7 425
Starch (% of DM) 3 355 9.30 34.4 26.8 45.3 33.3 7.30 31.6 27.0 41.3
TDN (% of DM) 7 68.9 4.70 70.8 61.5 734 68.5 3.90 70.0 62.1 74.1
EE (% of DM) 6 3.30 1.50 3.30 1.70 5.20 3.40 1.30 3.30 1.90 4.90

N = number of comparisons, SD = standard deviation, Min. = minimum, Max. = maximum, Ho = microbial
inoculant with homofermentative bacteria, He = microbial inoculant with heterofermentative bacteria, Mb = mix
of microbial inoculant with homofermentative and heterofermentative, Ch = chemical additives, Mbch = mix of
microbial inoculant and chemical additives, DM = dry matter, FM = fresh matter, CP = crude protein, NDF =
neutral detergent fiber, ADF = acid detergent fiber, TDN = total digestible nutrients.
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Table 5. Descriptive statistics of feeds used in the diets of the treated and control groups by

additive type
Variables Diet with treated silage Diet with control silage

N  Mean SD Median ~ Min. Max Mean SD Median Min. Max.
Microbial inoculant with homofermentative bacteria
Silage inclusion (% of DM) 29 67.2 20.6 72.5 25.0 100 66.8 20.5 73.3 25.0 100
Maize 8 41.2 18.0 37.0 22.3 69.9 41.2 18.0 37.0 22.3 69.9
Soybean meal 14 5.32 2.19 5.24 2.50 10.7 5.32 2.19 5.24 2.50 10.7
Barley 15 22.3 8.27 24.8 2.09 38.1 22.3 8.27 24.8 2.09 38.1
Wheat 6 7.67 0.52 8.00 7.00 8.00 7.67 0.52 8.00 7.00 8.00
Molasses 5 1.53 0.729 2.06 0.730 2.06 1.53 0.729 2.06 0.730 2.06
Maize husk 6 5.67 0.516 6.00 5.00 6.00 5.67 0.516 6.00 5.00 6.00
Urea 2 0796 0.288 0.796 0592 1.00 0.796 0.288 0.796 0.592 1.00
Mineral premix 22 151 1.04 1.16 0221 3.10 151 1.04 1.16 0.221 3.10
Microbial inoculant with heterofermentative bacteria
Silage inclusion (% of DM) 5 53.6 11.6 60.0 40.0 65.0 55.2 11.6 60.0 40.0 65.0
Maize 3 33.2 14.8 30.0 20.3 49.3 33.2 14.8 30.0 20.3 49.3
Soybean meal 3 6.9 0.987 6.29 6.29 8.00 6.86 0.99 6.29 6.29 8.00
Barley 1 20.0 - 20.0 20.0 20.0 20.0 - 20.0 20.0 20.0
Millet 1 24.0 - 24.0 24.0 24.0 24.0 - 24.0 24.0 24.0
Canola Meal 1 10.0 - 10.0 10.0 10.0 10.0 - 10.0 10.0 10.0
Citrus Pulp 1 314 - 31.4 314 31.4 31.4 - 31.4 31.4 314
Urea 4 1.10 0.200 1.00 1.00 1.40 1.10 0.20 1.00 1.00 1.40
Mineral premix 5 2.37 151 1.87 1.10 5.00 2.37 151 1.87 1.10 5.00
Mix of microbial inoculant with homofermentative and heterofermentative
Silage inclusion (% of DM) 10 339 275 10.0 10.0 76.7 30.1 27.4 10.0 10.0 76.3
Maize 2 32.6 235 32.6 16.0 49.2 32.6 235 32.6 16.0 49.2
Soybean meal 2 750 0.990 7.50 6.80 8.20 7.50 0.990 7.50 6.80 8.20
Barley 8 68.1 31.3 85.0 17.0 85.0 68.1 31.3 85.0 17.0 85.0
Wheat 1 7.00 - 7.00 7.00 7.00 7.00 - 7.00 7.00 7.00
Canola Meal 1 13.0 - 13.0 13.0 13.0 13.0 - 13.0 13.0 13.0
Maize husk 1 6.80 - 6.8 6.80 6.80 6.80 - 6.80 6.80 6.80
Urea 1 1.00 - 1.00 1.00 1.00 1.00 - 1.00 1.00 1.00
Mineral premix 10 451 1.25 5.00 151 5.60 4.53 1.27 5.00 1.51 5.80
Chemical aditives
Silage inclusion (% of DM) 36 80.0 16.3 77.6 37.3 100 79.7 16.5 76.4 36.2 100
Maize 2 17.5 217 175 16.0 19.1 175 217 175 16.0 19.1
Soybean meal 5 5.98 3.75 8.00 0.800 9.60 6.0 3.75 8.00 0.800 9.60
Barley 14 25.8 7.65 24.8 14.0 38.5 25.8 7.65 24.8 14.0 38.5
Millet 1 24.0 - 24.0 24.0 24.0 24.0 - 24.0 24.0 24.0
Wheat 1 7.00 - 7.00 7.00 7.00 7.00 - 7.00 7.00 7.0
Molasses 6 1.79 0.921 2.06 0.730 3.12 1.79 0.921 2.06 0.730 3.12
Maize husk 1 6.80 - 6.8 6.80 6.80 6.80 - 6.80 6.80 6.8
Urea 2 0950 0.071 0.950 0.90 1.00 0.95 0.071 0.95 0.900 1.00
Mineral premix 15 0.859 0.492 0.638 0.15 2.00 0.86 0.492 0.64 0.150 2.00
Mix of microbial inoculant and chemical additives
Silage inclusion (% of DM) 18  62.3 19.8 55.0 18.0 100 59.5 19.7 55.4 18.0 100
Maize 7 29.4 11.0 24.3 16.0 41.2 29.5 111 24.3 16.0 41.4
Soybean meal 6 9.12 2.74 8.57 6.42 13.0 9.13 2.73 8.57 6.45 13.0
Barley 5 36.0 27.0 24.8 10.0 80.0 36.0 27.0 24.8 10.0 80.0
Wheat 1 7.00 - 7.00 7.00 7.00 7.00 - 7.00 7.00 7.00
Citrus Pulp 1 314 - 314 314 314 31.4 - 31.4 31.4 31.4
Maize husk 1 6.80 - 6.80 6.80 6.80 6.80 - 6.80 6.80 6.80
Urea 4 0.723  0.453 0.530 0.433 1.40 0.663 0.491 0.421 0.410 1.40
Mineral premix 11 1.67 1.05 1.51 0.506  4.00 1.65 1.05 1.51 0.506 4.00

N = number of comparisons, SD = standard deviation, Min. = minimum, Max. = maximum, DM = dry matter.
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Table 6. Subgroups analysis for average daily gain and dry matter intake of beef cattle fed
maize/sorghum or temperate silages inoculated with different additives

Sub Studies N2 MD (95% CI)3 Hzeterogeneity
groups Random effect p-value | p-value
Maize/Sorghum
Average daily gain
Ho* 4(2.12,23 and 33) 7(219/219)  -0.03[-0.08, 0.02] 0.270 0% 0.780
He® 2 (27and 31) 3 (34/34) 0.08 [-0.06, 0.22] 0.270 67%  0.050
Mb® 5 (14,28, 30and 42) 7 (107/107) 0.07[0.03, 0.11] <0.001 5% 0.390
Ch’ 2 (22and 42) 7 (195/195) 0.05 [0.03, 0.08] <0.001 51%  0.490
Dry matter intake
Ho 7 (212,23, 32,33, 37 and 39) 10 (287/288) -0.02 [-0.17, 0.13] 0.810 63%  0.004
He 2 (27and31) 3 (34/34) 0.41[-0.60, 1.41] 0430 88% <0.001
Mb 5 (14,28, 30and 42) 7 (107/107)  0.17 [-0.25, 0.60] 0.420 86% <0.001
Ch 3 (22, 37and 42) 3(216/216)  0.02 [-0.02, 0.06] 0.280 57%  0.020
Mbch 3 (11, 36and42) 4 (31/31) 0.27 [-0.67, 1.20] 0570 86% <0.001
Temperate grasses
Average daily gain
Ho 8 (210,18, 19, 25,37, 33 and 40) 11 (174/174)  0.08[0.04,0.11]  <0.001 7%  0.380
Mb 2 (5and6) 4 (90/90) -0.03[-0.04,-0.02] <0.001 0% 0.560
Ch 13 (7:8,13,14,15,17,18,19,20,21, 26, 37and 38) 29 (386/389)  0.06 [0.02, 0.10] 0.005 88% <0.001
Mbch 3 (3.20and 40) 6 (106/106) 0.06 [0.00, 0.12] 0.050 0% 0.850
Dry matter intake
Ho 6 (2 10,18,25, 37, 38 and 40) 10 (162/162)  0.04 [-0.16, 0.24] 0.680 65%  0.003
Mb 3 (4.5and6) 5(110/110)  -0.15[-0.37,0.07] 0.170 57%  0.050
Ch 17 (813,14,15,17, 18,20, 21, 24, 37 and 36) 22 (394/398)  0.25[0.11, 0.39] <0.001 61% <0.001
Mbch 4 (3,20, 24 and 40) 7(118/118)  -0.08[-0.34, 0.19] 0560 19%  0.280

!, number of studies included in each subgroup (superscript numbers inside parenthesis refer to list of articles listed
in supplementary material 2); 2, number of comparisons in each subgroup (numbers inside parenthesis refer to
number of animals in control group and in inoculated silage group, respectively); 3, mean differences between
control (inoculated) and untreated treatments. 12 = proportion of total variation of size effect estimates due to
heterogeneity; 4 microbial inoculant with homofermentative bacteria; 5, microbial inoculant with
heterofermentative bacteria; 6 mix of microbial inoculant with homofermentative and heterofermentative; 7,
chemical additives; & mix of microbial inoculant and chemical additives.
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Table 7. Subgroup analysis for performance of beef cattle fed silages inoculated with different
additives

Sub Studiest N2 MD (95% CI)? Heterogeneity
Groups Random effect p-value 12 p-value
Feed Efficiency
Mb® 5 (45,6, 28and 30) g (162162 (0,00 [-0.00,0.00] 0.600 0% 0.570
Ch’ 3 (14,22and 38) g (12/212) 0.01[0.00, 0.01] 0.003 69% 0.120
Feed conversion rate
Ho 7 (10.25,29,32, 33, 39 and 40) 11 (180180 0,03 [-0.18,0.24] 0.770 63%  0.003
Ch 6 (8 15.24,26, 29 and 42) 12 (1821189 0,02 [-0.28,0.31]  0.910 66% <0.001
Mbch 5 (311,24, 40 and 42) 6 (105109 0,10[-0.59,0.78] 0.780 75%  0.001
Carcass yield
Ho 4 (12,18,19and 33) 5 (58158) 0.37[-0.13,0.87] 0.150 0% 0.620
Mb 2 (6and 30) 4 (74174) 0.07[-0.57,0.71] 0.830 0%  0.480
Ch 5 (7,18,19, 20 and 21) 7@ 0,14[-057,0.84] 0700 32% 0.190
Mbch 4 (9,11, 20and 41) 7 (66/66) 0.05[-0.63,0.72] 0.890 29% 0.210
Carcass weight
Ho 4 (12,18,19and 29) 7 (94794) 5.06 [1.19, 8.92] 0.010 0% 0.610
Ch 4 (18,19, 22and 29) 6 (127/127) 4.17[0.82, 7.52] 0.010 0% 0.660
Mbch 4 (3,11, 29and 41) 5 (18778) 3.33[-0.17,6.82] 0.060 0% 0.720
Dry matter digestibility
Ho 6 (10,18, 19,23, 34 and 37) g (42/42) 1.76 [-0.09,3.60] 0.060 77% <0.001
He 3(27,81and 34) 4 (23/23) -1.28 [-2.56,0.01] 0.050 3%  0.380
Mb 2 (28and 30) 4 (3232) -1.65[-5.61,2.30] 0.410 84% <0.001
Ch 10 (3,14, 16,17, 18, 19, 24, 26, 34 and 37) 20 (75/75) 1.26 [0_29, 224] 0.010 82% <0.001
Mbch 3 (6, 242nd 36) 5 (20120) -0.55[-2.47,1.37] 0570 84% <0.001
Neutral detergent fiber digestibility
Ho 5 (10,18, 19, 33 and 34) 6 (32132 2.26[-1.11,5.62] 0.190 75% 0.001
He 3 (27,31and 34) 4 (23/23) 654425 [-11.36, 0.070 87% <0.001
Mb 2 (28and 30) 4 (32/32) -3.07[-8.16,2.02] 0.240 78%  0.003
Ch 5 (16, 18,19, 24, and 34) 10 (“3/43) 1.54[-0.80,3.88] 0.200 72% <0.001
Mbch 3 (3 242and 36) 5020 -113[-1.88,-0.39] 0.003 0% 0.450
Crude protein digestibility
Ho 5 (10,18, 19, 23 and 33) 7 (3939) 3.47 [1.29, 5.66] 0.002 66% 0.007
Mb 2 (28and 30) 4 (32/32) -2.01[-6.17,2.14] 0.340 80% 0.002
Ch 7 (13,14,16,18, 19, 24 and 26) 17 ©060)  _1.26[-2.41,-0.12] 0.030 72% <0.001
Mbch 3 (9 24and36) 5020 -2.83[-4.18,-1.47] <0.001 59%  0.050

! number of studies included in each subgroup (superscript numbers inside parenthesis refer to list of articles listed
in supplementary material 2); 2, number of comparisons in each subgroup (numbers inside parenthesis refer to
number of animals in control group and in inoculated silage group, respectively); 3, mean differences between
control (inoculated) and untreated treatments. 12 = proportion of total variation of size effect estimates due to
heterogeneity; 4, microbial inoculant with homofermentative bacteria; 5, microbial inoculant with
heterofermentative bacteria; 8 mix of microbial inoculant with homofermentative and heterofermentative; 7,
chemical additives; & mix of microbial inoculant and chemical additives.
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Table 8. Subgroup analysis for the chemical composition of silages inoculated with different
additives

Sub . MD (95% CI)3 Heterogeneity
groups Studies’ Ne Random effect P-value 1> P-value
Dry matter
Ho* 7 (10,18,19, 29,37, 38 and 40) 13 (323/323) 9.42 [-1.56, 20.4] 0.090 98% <0.001
He® 3 (27, 3tand 34) 4 (40/40) 3.81[-7.42,15.0] 0510 86% <0.001
Mb® 6 (1456 28and 30) 10 (74/74) 7.20 [-9.24, 23.6] 0.390 98% <0.001
Ch’ 12 (7.15,17,18,19,20,21, 22, 24,29, 37and 38) . 35 (429/429) 5.38[2.42, 8.33] <0.001 75% <0.001
Mbch8 5 (20,24,29, 35.and 40) 7 (106/106) -5.94 [-11.0, -0.83] 0.020 36% 0.150
Crude protein
Ho 5 (18, 19,29, 37 and 40) 9 (285/285) -1.78 [-5.98, 2.42] 0.410 91% <0.001
He 3 (20,31and 35) 4 (40/40) -0.52 [-3.17, 2.13] 0.700 85% <0.001
Mb 6 (1:4.5.6,28.and 30) 10 (74/74) -0.44 [-2.88, 2.00] 0.720 90% <0.001
Ch 10 (5,17, 18,19, 20,21, 22, 24, 29 and 37) 32 (398/398) -1.59 [-4.16, 0.97] 0.220 64% <0.001
Mbch 5 (20,24,29,35and 40) 7 (106/106) 4.13[-0.73, 9.00] 0.100 76% <0.001
Neutral detergent fiber
He 3 (27, 81and 35) 4 (40/40) -3.07 [-29.3, 23.2] 0.820 90% <0.001
Mb 6 (1:4.5.6,28.and 30) 10 (74174) -6.51 [-19.0, 6.00] 0310 92% <0.001
Ch 2 (15and 24) 8 (42/42) 6.88 [-0.11, 13.9] 0.050 0%  0.460
Acid detergent fiber
Ho 3 (10, 37and 40) 4 (23/23) -9.06 [-21.3, 3.21] 0.150 64% 0.040
He 3 (27, 31and 35) 4 (40/40) -8.09 [-25.4, 9.19] 0.360 93% <0.001
Mb 6 (1:4.5.6,28.and 30) 10 (74174) -8.28 [-22.9, 6.34] 0.270 96% <0.001
Ch 5 (8,20,22, 24 and 37) 23 (180/179)  -10.58 [-18.0, -3.13] 0.005 80% <0.001

! number of studies included in each subgroup (superscript numbers inside parenthesis refer to list of articles listed
in supplementary material 2); 2, number of comparisons in each subgroup (numbers inside parenthesis refer to
number of silage samples in control group and in inoculated silage group, respectively); 3, mean differences
between control (inoculated) and untreated treatments. 12 = proportion of total variation of size effect estimates
due to heterogeneity; 4, microbial inoculant with homofermentative bacteria; °, microbial inoculant with
heterofermentative bacteria; 6, mix of microbial inoculant with homofermentative and heterofermentative; 7,
chemical additives; 8 mix of microbial inoculant and chemical additives.
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Table 9. Subgroup analysis for the fermentative profile of silages inoculated with different

additives

Sub _— 5 MD (95% CI)® Heterogeneity
groups Studies N Random effect P-value 12 P-value
Water-soluble carbohydrates
Ho* 6 (18. 19 29,37, 38 and 40) 11 (307/307)  3.05[0.99, 5.12] 0.004 92%  <0.001
Mb® 35 (.45 6.and 30) 8 (66/66) -2.09[-2.83,-1.35] <0.001 98% <0.001
Ch’ 8 (15.18,19, 20, 24,29, 37 and 38) 18 (270/270)  7.01[4.63, 9.39] <0.001 93% <0.001
Mbch?® 4 (20.24,29,35and 40) 7 (106/106)  2.38[-1.70, 6.45] 0.250 80%  <0.001
pH
Ho 7 (10.18, 19, 29, 37, 38 and 40) 13 (323/323) -0.09[-0.17, 0.00] 0.050 92%  <0.001
He 3 (27.31and35) 4 (40/40) -0.01 [-0.06, 0.03] 0.560 45%  0.140
Mb 5 (1.4,5 6and 30) 8 (66/66) 0.08 [-0.04, 0.21] 0.190 97%  <0.001
Ch 12 (7.8,15,17,18,19,20,21,24,29,37and 38) 36 (517/517) -0.15[-0.23,-0.07] <0.001 93%  <0.001
Mbch 5 (20, 24,29, 35 and 40) 7 (106/106) -0.09 [-0.18, -0.01] 0.030 73%  0.001
Ammonia nitrogen
Ho 6 (18.19, 29,37, 38 and 40) 11 (307/307) -10.6[-20.1, -0.99] 0.030 100% <0.001
Mb 3 (1, 4and30) 4 (50/50) -3.563 [-6.64, -0.43] 0.030 79%  0.002
Ch 12 (7:8,15,17,18,19,20, 21, 24,29, 37and 38) 32 (403/403) -14.4[-17.8,-10.9] <0.001 100% <0.001
Mbch 3 (20, 29.and 40) 4(87/87)  -10.1[-14.5,-5.74] <0.001 16%  0.310
Lactic acid
Ho 7 (10,18, 19,37, 38 and 40) 13 (323/323) -2.23[-8.33, 3.86] 0.470 76%  <0.001
Mb 5 (.45, 6 and 30) 8 (66/66) -19.7[-31.3,-8.08] <0.001 99% <0.001
Ch 12 (7.8,15,17,18,19,20,21,24,20,37and 38) 34 (417/417) -4.42 [-10.9, 2.03] 0.180 89%  <0.001
Mbch 4 (20.24,29and 40) 6 (94/94) 1.13[-7.37,9.62] 0.800 78%  <0.001
Acetic acid
Ho 7 (10,18,19,29, 37 38 and 40) 13 (323/323) -5.43[-8.93,-1.93] 0.002 96%  <0.001
He 3 (27, 8Land 35) 4 (40/40) 6.73 [-1.59, 15.1] 0.110 95%  <0.001
Mb 5 (1.4,5 6 and 30) 8 (66/66) 5.16 [-5.36, 15.7] 0.340 98%  <0.001
Ch 12 (7.8,15,17,18,19,20,21,24,20,37and 38) 34 (417/417) -7.63[-10.2,-5.08] <0.001 93%  <0.001
Mbch 5 (20,24,29, 35 and 40) 7 (106/106) -3.84[-7.39, -0.28] 0.030 69%  0.004
Propionic acid
Ho 5 (10,18, 19, 29 and 37) 10 (298/298) -0.76 [-1.28, -0.23] 0.005 93% <0.001
Ch 8 (7:8,15,18,19, 24, 29 and 37) 16 (238/238) -0.65[-1.12,-0.18] 0.006 97%  <0.001
Butyric acid
Ho 5 (10,18, 19,29.and 37) 9 (250/250)  -0.14[-1.45, 1.16] 0.830 95%  <0.001
Ch g (7:8,15,18,19, 20, 21, 29 and 37) 27 (357/357) -0.86[-1.11,-0.61] <0.001 91% <0.001
Mbch 3 (20, 29 and 35) 5 (96/96) -0.16 [-0.46, 0.14] 0.300 0% 0.930
Ethanol
Ho 5 (10,18, 19,29.and 37) 10 (298/298) -0.87 [-2.40, 0.66] 0.270 92%  <0.001
Ch 6 (15, 18,19, 24, 29 and 37) 14 (231/231) -1.40[-2.12,-0.68] 0.0001 94% <0.001

! number of studies included in each subgroup (superscript numbers inside parenthesis refer to list of articles listed
in supplementary material 2); 2, number of comparisons in each subgroup (numbers inside parenthesis refer to
number of silage sample in control group and in inoculated silage group, respectively); 2, mean differences between
control (inoculated) and untreated treatments. 12 = proportion of total variation of size effect estimates due to
heterogeneity; 4 microbial inoculant with homofermentative bacteria; 5, microbial inoculant with
heterofermentative bacteria; ¢, mix of microbial inoculant with homofermentative and heterofermentative; 7,
chemical additives; 8 mix of microbial inoculant and chemical additives.
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Figure 1. Flowchart of the studies included
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O Homofermentative microbial inoculant [ S— MD = 0.04 (N = 13/24)
(P =0.01)

O Heterofermentative microbial inoculant } |
(P=0.01) MD =0.12 (N = 3/5)

E@Homo and heterofermentative I——%— MD =0.02 (N = 7/11)
microbial inoculant mixture (P = 0.40)

——  MD =0.05 (N = 16/32)

ﬁ
D Mixture of microbial inoculant and \\ — MD =0.07 (N = 7/13)
chemical additives (P < 0.001) N

-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3

BE1Chemical additives (P < 0.001)

Favour (Without additives) Favour (With additives)

Figure 2. Subgroup analysis for average daily gain (kg/animal/day) of beef cattle fed silages inoculated with
different additives. Values in parentheses refer to the number of studies and comparisons.
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Homofermentative microbial inoculant —E— MD =-0.02 (N = 14/21)
(P =0.76)

B Heterofermentative microbial inoculant
(P=0.07)

MD = 0.6 (N = 4/6)

@ Homo and heterofermentative microbial f ] 1 MD =0.05 (N = 7/11)
inoculant mixture (P = 0.70)

IS
& Chemical additives (P < 0.001) o

FEEEES

MD = 0.14 (N = 15/30)

1 Mixture of microbial inoculant and ‘
chemical additives (P = 0.56)

i MD=0.1(N=9/14)

-0.3 -0.1 0.1 0.3 0.5 0.7 0.9 11 13
Favour (Without additives) Favour (With additives)

Figure 3. Subgroup analysis for dry matter intake (kg DM/animal/day) of beef cattle fed silages inoculated with
different additives. Values in parentheses refer to the number of studies and comparisons.
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Figure 4. Funnel plot for the risk of publication bias for beef cattle ADG (average daily gain), DMI (dry matter
intake), FC (feed conversion), FE (feed efficiency), CW (carcass weight), and CY (carcass yield). P-value refers
to the test for funnel plot asymmetry by Egger’s regression method between the mean difference and standard
error. Funnel plot asymmetry is indicative of publication bias.
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Search

Query Items found

PubMed Search Strategy

#1

#2

#3

(CCCceceeceececceccecceccece(silage[MesH Terms]) OR (Silage[Text Word])) OR (re-ensiling[Text Word])) OR
(Sorghum[MeSH Terms])) OR (Sorghum[Text Word])) OR (Ensiling[Text Word])) OR (Forages[Text Word])) OR (Zea
mays[Text Word])) OR (total mixed ration[Text Word])) OR (tropical grasses[Text Word])) OR (Grasses[MeSH
Terms])) OR (Grasses[Text Word])) OR (temperate grass[Text Word])) OR (sugar cane[Text Word])) OR
(Poaceae[MeSH Terms])) OR (Poaceae[Text Word])) OR (Medicago sativafMeSH Terms])) OR (Medicago sativa[Text
Word])) OR (Fabaceae[MeSH Terms])) OR (Fabaceae[Text Word])) OR (Triticum[MeSH Terms])) OR (Triticum[Text
Word])) OR (Hordeum[MeSH Terms])) OR (Hordeum[Text Word])) OR (Lolium[MeSH Terms])) OR (Lolium[Text
Word])) OR (Helianthus[MeSH Terms])) OR (Helianthus[Text Word])) OR (Panicum[MeSH Terms])) OR
(Panicum[Text Word])) OR (Pennisetum[MeSH Terms])) OR (Pennisetum[Text Word])) OR (Cynodon[MeSH Terms]))
OR (Cynodon[Text Word]) OR (Corn[Text Word])

(((((((Animal nutrition Sciences[MeSH Terms]) OR (Animal nutrition Sciences[Text Word])) OR (Animal
nutrition[Text Word])) OR (ruminantsfMeSH Terms])) OR (ruminants[Text Word]) OR Feedlot[Text Word]) OR (Beef
Cattle[Text Word])

CCCqeeqreCeaeereenoculants[Text Word]) OR (Candida glabrata[Text Word])) OR (Candida glabrataflMeSH
Terms])) OR (Saccharomyces cerevisiae[Text Word])) OR (Saccharomyces cerevisiae[MeSH Terms])) OR
(Propionibacterium freudenreichii subsp. Shermanii[Text Word])) OR (Propionibacterium acidipropionici[Text Word]))
OR (Streptococcus bovis[Text Word])) OR (Streptococcus bovis[MeSH Terms])) OR (Propionibacterium
freudenreichii[ Text Word])) OR (Lactobacillus hilgardii[Text Word])) OR (Bacillus subtilis[Text Word])) OR (Bacillus
subtilisfMeSH Terms])) OR (Pediococcus acidilactici[Text Word])) OR (Pediococcus acidilactici[MeSH Terms])) OR
(Enterococcus faecium[Text Word])) OR (Enterococcus faecium[Text Word])) OR (Enterococcus faecium[MeSH
Terms])) OR (Lactococcus lactis[Text Word])) OR (Lactococcus lactisfMeSH Terms])) OR (Lactobacillus casei[Text
Word])) OR (Lactobacillus caseifMeSH Terms])) OR (Lactobacillus brevis[Text Word])) OR (Lactobacillus
brevisfMeSH Terms])) OR (Lactobacillus buchneri[Text Word])) OR (Lactobacillales[Text Word])) OR
(Lactobacillales[MeSH Terms])) OR (Pediococcus pentosaceus[Text Word])) OR (Pediococcus pentosaceus[MeSH
Terms])) OR (Lactobacillus rhamnosus[Text Word])) OR (Lactobacillus rhamnosus[MeSH Terms])) OR (Lactobacillus
plantarum[Text Word])) OR (Lactobacillus plantarum[MeSH Terms])) OR ((((((((((((((((((inoculants[Text Word]) OR
(acetic acids[Text Word])) OR (propionic[Text Word])) OR (benzoic[Text Word])) OR (sorbic[Text Word])) OR
(formic[Text Word])) OR (Antifungal Agents[Text Word])) OR (Antifungal Agents[MeSH Terms])) OR (Sorbic
Acid[Text Word])) OR (Sorbic Acid[MeSH Terms])) OR (Sodium Benzoate[Text Word])) OR (Sodium Benzoate[MeSH
Terms])) OR (Acetates[Text Word])) OR (AcetatesfMeSH Terms])) OR (Propionates[Text Word])) OR
(Propionates[MeSH Terms])) OR (Benzoic Acid[Text Word])) OR (Benzoic Acid[MeSH Terms])))

#1 AND #2 AND #3

25182
1

49703

56877

814

EMBASE
#1

#2

#3

silage OR poaceae OR fabaceae OR maize OR wheat OR hordeum OR alfalfa OR sunflower OR sorghum OR legume
OR sugarcane OR ensiling

ruminant OR bovine OR nutritional science OR beef cattle

inoculants OR lactobacillales OR acetic acid derivative OR saccharomyces cerevisiae OR antifungal agent OR bacillus
subtilis OR glycerol OR propionic acid derivative OR lactobacillus casei OR lactococcus lactis OR lactobacillus
plantarum OR candida glabrata OR lactobacillus rhamnosus OR sorbic acid OR enterococcus faecium OR lactobacillus
brevis OR benzoic acid OR pediococcus acidilactici OR pediococcus pentosaceus OR (acetic AND acids) OR
propionibacterium acidipropionici OR propionibacterium freudenreichii OR propionibacterium freudenreichii shermanii

#1 AND #2 AND #3

18690

59261

42983

641

LILACS
#1

#2

#3

(Silage) OR (re-ensiling) OR (Sorghum) OR (Ensiling) OR (Forages) OR (Zea mays) OR (total mixed ration) OR
(tropical grasses) OR (Grasses) OR (temperate grass) OR (sugar cane) OR (Poaceae) OR (Medicago sativa) OR
(Fabaceae) OR (Triticum) OR (Hordeum) OR (Lolium) OR (Helianthus) OR (Panicum) OR (Pennisetum) OR (Cynodon)
OR (corn)

(ruminants) OR (Animal nutrition Sciences) OR (ruminants) OR (Cattle) OR (Beef Cattle)

(inoculants) OR (Candida glabrata) OR (Saccharomyces cerevisiae) OR (Propionibacterium freudenreichii subsp.
Shermanii) OR (Propionibacterium acidipropionici) OR (Streptococcus bovis) OR (Propionibacterium freudenreichii)
OR (Lactobacillus hilgardii) OR (Bacillus subtilis) OR (Pediococcus acidilactici) OR (Enterococcus faecium) OR
(Lactococcus lactis) OR (Lactobacillus casei) OR (Lactobacillus brevis) OR (Lactobacillus buchneri) OR
(Lactobacillales) OR (Pediococcus pentosaceus) OR (Lactobacillus rhamnosus) OR (Lactobacillus plantarum) OR
(Lactobacillus plantarum) OR (inoculants) OR (acetic acids) OR (propionic) OR (benzoic) OR (sorbic) OR (formic) OR
(Antifungal Agents) OR (Sorbic Acid) OR (Sodium Benzoate) OR (Acetates) OR (Propionates) OR (Benzoic Acid)

#1 AND #2 AND #3

23764

37598

44479

16

WEB of SCIENCE

#1
#2

TS=(Silage)
TS=(Feedlot OR Beef Cattle)

35664
64389



#3

TS=(inoculants OR Candida glabrata OR Saccharomyces cerevisiae OR Propionibacterium freudenreichii subsp.
Shermanii OR Propionibacterium acidipropionici OR Streptococcus bovis OR Propionibacterium freudenreichii OR
Lactobacillus hilgardii OR Bacillus subtilis OR Pediococcus acidilactici OR Pediococcus acidilactici OR Enterococcus
faecium OR Lactococcus lactis OR Lactobacillus casei OR Lactobacillus brevis OR Lactobacillus buchneri OR
Lactobacillales OR Pediococcus pentosaceus OR Lactobacillus rhamnosus OR Lactobacillus plantarum OR acetic acids
OR propionic OR benzoic OR sorbic OR formic OR Antifungal Agents OR Sorbic Acid OR Sodium Benzoate OR
Acetates OR Propionates OR Benzoic Acid)

#1 AND #2 AND #3

102

15920
98

497

COCHRANE
#1

#2

#3

MeSH descriptor: [Silage] OR (Silage) (Word variations have been searched) MeSH descriptor: [Poaceae] OR (Poaceae)
(Word variations have been searched) OR MeSH descriptor: [Fabaceae] OR (Fabaceae) (Word variations have been
searched) OR (corn) (Word variations have been searched) OR (Wheat) (Word variations have been searched) OR MeSH
descriptor: [Triticum] OR (Triticum) (Word variations have been searched) OR MeSH descriptor: [Hordeum] OR
(Hordeum) (Word variations have been searched) OR MeSH descriptor: [Medicago sativa] OR (Medicago sativa) (Word
variations have been searched) OR MeSH descriptor: [Zea mays] OR (Zea mays) (Word variations have been searched)
OR MeSH descriptor: [Helianthus] OR (Helianthus) (Word variations have been searched) OR MeSH descriptor:
[Sorghum] OR (Sorghum) (Word variations have been searched) OR MeSH descriptor: [Lolium] OR (Lolium) (Word
variations have been searched) OR MeSH descriptor: [Panicum] OR (Panicum) (Word variations have been searched)
OR MeSH descriptor: [Pennisetum] OR (Pennisetum) (Word variations have been searched) OR MeSH descriptor:
[Cynodon] OR (Cynodon) (Word variations have been searched) OR (Maize) (Word variations have been searched) OR
(Grass) (Word variations have been searched) OR (Legume) (Word variations have been searched) OR (Forages) (Word
variations have been searched) OR (sugar cane) (Word variations have been searched) OR (total mixed ration) (Word
variations have been searched) OR (Ensiling) (Word variations have been searched)

(Animal nutrition Sciences) (Word variations have been searched) OR (Beef Cattle) (Word variations have been
searched) OR (ruminants) (Word variations have been searched) OR (“feedlot") (Word variations have been searched)

MeSH descriptor: [Lactobacillales] OR (Lactobacillales) (Word variations have been searched) OR (Acetates) (Word
variations have been searched) OR MeSH descriptor: [Saccharomyces cerevisiae] OR (Saccharomyces cerevisiae) (Word
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Abstract

This study aimed to carry out a systematic review and meta-analysis to evaluate the
efficacy of chemical, enzymatic, and microbial additives on the silage quality and performance
of sheep. After article selection using the Cochrane Library, Embase, Web of Science, LILACS
and MEDLINE-PubMed databases and a manual search of scientific journals and the references
of articles selected in the systematic review, 4,257 articles published through May 2021 were
identified. Fifty-four randomized control trials eligible for review were selected. Data were
grouped into subgroups by the additive type (Mho = homofermentative microbial inoculant;
Mhe = heterofermentative microbial inoculant; MMi = microbial inoculant mixture; Fa = formic
acid; En = enzymes). The meta-analysis was performed using the “meta” package of R software.
The data were analyzed using the random effects model and the raw mean difference with a
95% confidence interval (p<0.05). Fa use reduced (p<0.05) the silage crude protein digestibility
(CPD) (-20.7 g/kg DM), and the ammonia nitrogen (NHs—N) (-53.6 g/kg total N), and acetic
acid (-5.06 g/kg DM) content and pH (-0.325) and increased the animal nitrogen retention (1.30
g/day), and the dry matter (DM) (14.1 g/kg NM), crude protein (CP) (20.4 g/kg DM) and water-
soluble carbohydrate (WSC) (11.5 g/kg DM) content. En use reduced (p<0.05) the silage neutral
detergent fiber digestibility (NDFD) (-33.1 g/kg DM), CP (-10.8 g/kg DM), neutral detergent
fiber (NDF) (-49.1 g/kg DM), NHs—N (-25.5 g/kg total N) and acetic acid (-4.43 g/kg DM)
content. Mho use increased (p<0.05) the dry matter intake (DMI) (95 g/day), dry matter
digestibility (DMD) (28.8 g/kg DM), CPD (26.6 g/kg DM), WSC (2.55 g/kg DM), nitrogen
intake (2.23 g/day), retained nitrogen (2.19 g/day) and lactic acid (10.4 g/kg DM) content and
reduced the mold count (-1.01 logio CFU/g), NHs—N (-13.4 g/kg total N), acetic acid (-3.31 g/kg

DM) content and aerobic stability (-33.8 hours) of the silage. Mhe use increased (p<0.05) the
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DMI (78.6 g/day), carcass yield (0.906%), DM (9.96 g/kg NM), aerobic stability (23 hours) and
acetic acid (19.9 g/kg DM) content and reduced the NDF (-20 g/kg DM) and ADF (-16.2 g/kg
DM), yeast (-0.852 logio CFU/g) and mold (-0.469 logio CFU/g) counts. MMi use increased
(p<0.05) the average daily gain (17 g/day), DM (13.4 g/kg NM) and yeast (0.930 logio CFU/g)
count and reduced the silage pH (-0.037). All additive types improved the silage quality, but
only MMi improved weight gain in sheep. Mhe increased silage aerobic stability and can be
used for this purpose on commercial farms.

Keywords: Fibrolytic enzymes; lactic acid bacteria; Lactobacillus buchneri; Lactobacillus
plantarum; sheep

1. Introduction

Society is facing the challenge of producing food for the growing human population
(UN, 2019). In addition to food production, it is necessary to ensure that these foods reach
everyone in the world. In this context, the rearing of small ruminants represents an important
aspect of ensuring food security, especially in regions with lower income and more vulnerable
populations (Lobo, 2019; Wodajo et al., 2020). In family and commercial production systems,
the use of technologies that improve herd feeding and increase production efficiency, such as
the production of high-quality silages through additive use, can increase the production and
supply of food in regions with more vulnerable populations (Belanche et al., 2021).

Providing good quality silage depends on a proper conservation process. The
fermentative process can be improved with the addition of chemical, enzymatic, microbial
additives alone or in combination. These additives can reduce losses, improve the nutritional
value and fermentative profile of silage (McDonald et al., 1991; Muck et al., 2018) and increase

animal performance (Basso et al., 2018; Lara et al., 2018). Experiments on improvements due
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to additive use are often carried out in laboratory silos; however, it is important to evaluate
additives in farm-scale silos to replicate the silages used in animal nutrition, which have a less
controlled environment (Oliveira et al., 2017).

Enzymatic additives are mainly used to break down plant structural polysaccharides,
supply sugars to lactic acid bacteria and improve silage fermentation (Muck et al., 2018).
Usually, enzymes are used in combination with microbial inoculants, making it difficult to
evaluate enzyme additives alone. Microbial inoculants with homofermentative bacteria are
widely used, mainly in forages with low water-soluble carbohydrate (WSC) content, high
buffering capacity and moisture, to improve the fermentative process and increase dry matter
recovery (McDonald et al., 1991; Oliveira et al., 2017). Heterofermentative bacteria are used to
increase aerobic stability; these increases can be from 1.4 (35 and 25 h) to 20 times (503 and
25 h) greater when compared to uninoculated silage, depending on the inoculant dose
(Kleinschmit and Kung, 2006).

Chemical additives such as formic acid act directly on silage, lowering the pH and
controlling the growth of undesirable microorganisms, which can reduce silage losses
(Woolford, 1984). Other chemical additives, such as sorbic acid, propionic acid, potassium
sorbate and sodium benzoate, can also be used to increase aerobic stability (Leahy et al., 1990;
Muck et al., 2018).

Despite the benefits reported from silage additive use, robust meta-analysis studies have
focused on microbial inoculants (Kleinschmit and Kung, 2006; Oliveira et al., 2017; Blajman
etal., 2018; Bernardi et al., 2019; Irawan et al., 2021), and few have evaluated the performance
of sheep. To date, only the meta-analysis carried out by Bernardi et al. (2019) evaluated lactic

acid bacteria use in sheep. However, this study evaluated a small number of performance
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variables, possibly because it addressed other species such as beef and dairy cattle. In this
context, this study aimed to carry out a systematic review and meta-analysis to evaluate the
efficacy of chemical, enzymatic, and microbial additives on the chemical composition,
microbiological count and fermentative profile of silage produced at the farm scale, as well as
the performance of sheep and nitrogen (N) use.
2. Materials and methods
2.1. Protocol and registration

This study was carried out according to the recommendations of the guidelines proposed
by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses. A protocol was
submitted in the Open Science Framework entitled: Efficacy of adding chemical and microbial
additives to silage in ruminant feed: Systematic Review and Meta-analysis
(https://doi.org/10.17605/0OSF.10/S8BGY).
2.2. Eligibility criteria

Only randomized control trials published in scientific journals that examined sheep
consuming silage with additives as a treatment were included. The criteria for inclusion
followed the PICO template (Thomas et al., 2019): Population (type of participant): sheep
consuming ensiled forage; Intervention: additives used in silage; Comparison: silage without
additive (control); Outcomes: dry matter intake (kg/animal/day; DMI), average daily gain
(kg/animal/day; ADG), feed efficiency (kg BW/kg DM; FE), carcass weight (kg; CW), carcass
yield (%; CY), dry matter digestibility (g/kg DM; DMD), neutral detergent fiber digestibility
(o/kg DM; NDFD), crude protein digestibility (g/kg DM; CPD), nitrogen intake (g/animal/day;
NI), fecal nitrogen (g/animal/day; FN), urinary nitrogen (g/animal/day; UN) and retained

nitrogen (g/animal/day; RN), published through May 2021 in Portuguese or English.
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2.3. Information sources and search

The search for published articles was carried out systematically using the Cochrane
Library, Embase, Web of Science, LILACS and MEDLINE-PubMed databases and by manual
search of scientific journals and the references cited in the articles selected by the systematic
review. The search terms used included combinations between (TYPE OF PARTICIPANT -

29 ¢¢ 2% ¢

SILAGE) “silage”, “re-ensiling”, “sorghum”, “ensiling”, “forages”, “Zea mays”, “total mixed

2 < 29 <¢ 2 <¢ 29 <¢

ration”, “tropical grasses”, “grasses”, “temperate grass”, “sugar cane”, “Poaceae”, “Medicago
sativa”, “Fabaceae”, “Triticum”, “Hordeum”, “Lolium”, “Helianthus”, ‘“Panicum”,
“Pennisetum”, “Cynodon”, “corn”, (TYPE OF PARTICIPANT — SHEEP) “lamb”, “rams”,
“goats”, “ruminants”, “animal nutrition”, “animal nutrition sciences”, “small ruminants”,
(INTERVENTION) “inoculants”, “Candida glabrata”, “Saccharomyces cerevisiae”,
“Propionibacterium freudenreichii subsp. Shermanii”, “Propionibacterium acidipropionici”,
“Streptococcus bovis”, “Propionibacterium freudenreichii”, “Lactobacillus hilgardii”,
“Bacillus subtilis”, “Pediococcus acidilactici”, “Enterococcus faecium”, “Lactococcus lactis”,
“Lactobacillus casei”, “Lactobacillus brevis”, “Lactobacillus buchneri”, “Lactobacillales”,
“Pediococcus pentosaceus”, “Lactobacillus rhamnosus”, “Lactobacillus plantarum”,

2 (13 2 ¢ 2 (13 2 (13

“inoculants”, “acetic acids”, “propionic”, “benzoic”, “sorbic”, “formic”, “antifungal agents”,

29 ¢¢ 99 ¢¢

“sorbic acid”, “sodium benzoate”, “acetate”, “propionate” and “benzoic acid”. The last search
was carried out on 05/09/2021.
2.4. Study selection and data collection process

The search for articles was performed by one researcher and consolidated in a database

after removing all duplicates using the EndNote® article manager. The studies were extracted

and peer reviewed using Microsoft Excel. Prior training was carried out with the three
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researchers to standardize the assessments. The conformity of the evaluations was
approximately 94.8%. The divergences between researchers were resolved with the aid of an
additional researcher. Studies that could not be excluded by reading the title and abstract were
selected for full text reading. After excluding ineligible articles by reading the title and abstract,
the full text of the selected articles was peer reviewed and evaluated against the eligibility
criteria. Studies lacking information on the animal performance, the dose of additive used,
silage additives supplied at feeding time or formaldehyde-based additives were not included.
Studies that evaluated the quality of silage produced in laboratory silos were not included.
Studies with in vitro digestibility were also not evaluated because, in most cases, the ruminal
inoculum came from cattle. At this stage, there was no divergence between the researchers.
After validation, the data were extracted.
2.5. Data variables

Data were collected for the primary outcomes: DMI, DMD, NDFD, CPD, ADG, FE,
CW, CY, NI, FN, UN and RN. The secondary outcomes were dry matter (g/kg fresh matter;
DM), crude protein (g/kg DM; CP), neutral detergent fiber (g/kg DM; NDF), acid detergent
fiber (g/kg DM; ADF), water-soluble carbohydrate (g/kg DM; WSC), fermentative parameters
(pH, ammonia nitrogen (g/kg total N), lactic acid (g/kg DM), acetic acid (g/kg DM), propionic
acid (g/kg DM) and butyric acid (g/kg DM)), the microbiological profile (logio CFU/g) (count
of molds, yeasts and aerobic bacteria) and aerobic stability (AE; hours).
2.6. Risk of publication bias

The publication bias risk was assessed by testing the symmetry between the standard

deviation (SD — accuracy parameter) and RMD (true effect parameter) using a funnel plot
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(Higgins et al., 2019) and by the Egger’s regression method between the RMD and SD (Egger
etal., 1997).
2.7. Summary measures and synthesis of results

All data analysis was performed using the “meta” package of R Core Team software
(2019). For all variables, the data were grouped according to the additive type (Mho =
homofermentative microbial inoculant; Mhe = heterofermentative microbial inoculant; MMi =
microbial inoculant mixture; Fa = formic acid; En = enzymes). The MMi subgroup contained
homofermentative and heterofermentative microorganisms or a combination of these
microorganisms with other bacterial groups (Streptococcus bovis, Propionibacterium
acidipropionici and Bacillus sp.). The classifications of subgroups by additive type followed
that of Muck et al. (2018). Only formic acid was investigated as a chemical additive due to the
small number of studies that evaluated the effect of other chemical additives on sheep
performance. For each additive type, the silage characterization variables were classified by
forage type (corn; leguminous; tropical grass; temperate grass and leguminous plus temperate
grass), dose (Fa - between 0 to 3 L/ton or between 3.1 to 6 L/ton; Mho, Mhe and MMi - 10°,
108 or >=10" CFU/g of fresh matter) and silo type (silo drums or other silos). The division by
silo type was carried out with a focus on small properties that can use silo drums to improve
compaction, as these silos are small with rigid lateral barriers and can protect the silage against
rodent attacks. In addition to the classification by forage type, dose and silo type, the animal
performance variables were classified according to the inclusion of roughage in the diet (<50%;

50 to 75% or >75 to 100%) and by physiological stage (maintenance or weight gain).



116

The raw mean difference (RMD) was used as the dependent variable in the mixed meta-
regression model (Viechtbauer, 2010) to identify the covariate effect on silage and animal
variables according to the models:

For silage variables — (8i = o + PaXid + PtXit + PaXis + Ui)
For animal variables — (0; = o + BaXid + PtXit + BoXio + PaXia + PaXis + Ui)

where 0; refers to the true overall effect, o refers to the overall mean, Baxiq refers to the
covariate dose effect for the i-th study, Bexi refers to the covariate forage type effect for the i-th
study, BoxXio refers to the covariate physiological stage effect for the i-th study, Baxia refers to the
covariate roughage inclusion in the diet effect for the i-th study, BaxXis refers to the covariate silo
type for the i-th study, and ui - N (0; r?) where ? refers to the amount of residual heterogeneity
among the true effects.

Wald's multiparametric test was used to test the covariate effect on responses. The null
hypothesis is that the coefficients of the covariate are zero (Viechtbauer, 2007). The adjusted
R? value was calculated by Equation (1):

Eq. (1): R? (%) = (0% —0%)/c4?

where R? refers to the variation between studies, o2 refers to the variation between
studies without the covariate in the model, and o refers to the variation between studies with
the variable in the model. When the covariates had a significant effect on the response, subgroup
analysis was performed. When covariates were not significant, only an overall meta-analysis
by additive type was performed. Subgroup analyses that did not provide a study-relevant
response (did not result in an different effect than the general meta-analysis or did not reduce

heterogeneity) were not presented.
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Subgroup and overall meta-analyses were performed when three or more studies
evaluated the same additive. The weights assigned to each study were calculated by the inverse
of the variance. As the random effects model was used, in addition to taking into account the
variability of the estimates for each study caused by the error, it was also necessary to calculate
the variance between the estimates of the studies, known as the tau-squared (T?) value
(Borenstein et al., 2010). Because continuous variables were analyzed, the results were
expressed as the raw mean difference (RMD) using a random-effects model with a 95%
confidence interval (p<0.05). The random-effects model and summary intervention effect
estimate and the difference in means were calculated using the following equations (2, 3, and

4):

Eq(Z)Yl = |J.+El'+€i

where &; is the difference between the grand mean () and the true mean (0;) for Study i
(& =6i— ) and & is the difference between the true mean for Study i (6;) and the observed mean
(i) for Study i (ei =Yi - 6i) (Borenstein et al., 2010).

Y Yiwi
2 Wi

Eq (3):M =

where Yi is the intervention effect estimated in the i study, Wi is the weight given to

the i study, and the summation is across all studies (Deeks et al., 2019).

Eq (4): RMDi = My; — My,
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where the subscripts of M1i and My represent the mean values of the treatment and
control, respectively. When significant, positive values favor the treatment group, and negative
values favor the control group (Deeks et al., 2019).

Heterogeneity (1?) means that the confidence intervals for the results of individual
studies overlapped poorly, which generally indicates the presence of statistical heterogeneity.
12 describes the percentage of the variability in effect estimates that is due to heterogeneity

rather than sampling error (chance). The heterogeneity was calculated using Equation (5):

_df
Q >>< 100%

Eq(5): 12 = (

where Q is the Chi? statistic and df is the degrees of freedom (Higgins and Thompson
2002, Higgins et al., 2003). The heterogeneity was evaluated based on the following criteria: 12
less than 30%, 12 between 31 and 75% and 12 greater than 75%, which indicate low, moderate,
and high heterogeneity, respectively (Deeks et al., 2019). An error rate lower than 10% was
used, indicating significant heterogeneity. The importance of 12 depends on the magnitude,
direction of effects and strength of evidence of heterogeneity (e.g., P value) from the Chi? test
or a confidence interval for 12. When the number of studies is small, the uncertainty in the value
of 12 is substantial and should be interpreted with care.
3. Results
3.1. Study characterization

A total of 4,257 studies were selected from the databases surveyed; after excluding
duplicates, the titles and abstracts of 3,532 articles were extracted (Figure 1). After reading the
title and abstract, 98 articles were selected for reading the full text. The main cause of exclusion

was that the articles did not examine sheep consuming ensiled forage (2,739 articles). After
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reading the full text, 54 studies were selected, and the intervention type was the most common
exclusion cause at this stage (18 studies). Of these 54 articles, four were included by manual
search. Of the 54 studies included, 14 were carried out in Brazil, nine in Turkey, six in the
United Kingdom, six in Canada, five in South Africa, four in the United States and the
remaining in other countries. In 33.3% of the selected articles, Fa was evaluated, 51.9%
evaluated Mho, 20.4% evaluated MM, 11.1% evaluated En and 18.5% evaluated Mhe (Table
1). Corn was used in 44.4% of the articles, temperate forages were sed in 24.1%, leguminous
forages were used in 11.1%, leguminous plus temperate grass was used in 7.42%, tropical
forages were used in 7.42%, sugarcane was used in 3.71% and sunflower was used in 1.85%.
The main animal categories were lambs, wether, rams and sheep, which represented 40.7, 24.1,
20.4 and 13.0%, respectively. The characteristics of the variables evaluated are shown in Table
2. Of the 33 selected studies that evaluated digestibility, 30 used the apparent digestibility
methodology in metabolic cages, two used sheep cannulated in the rumen and one used a
ruminal marker. The meta-regression results for the silage characteristics and animal

performance variables are shown in Table S1.

3.2. Publication bias risk

The publication bias risk assessment showed that the RMD and standard deviation had
a symmetrical distribution in the funnel plot for ADG, DMD and FE, with p>0.05 in Egger’s
regression (Figure 2). However, although they did not show a great asymmetry, the DMI, CW

and CY had p<0.05 in Egger’s regression, indicating potential publication bias.

3.3. Animal performance and nitrogen utilization
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MMi use increased the ADG, and the other additive types generated gains similar to
uninoculated silage (Table 3). Silage inoculated with Fa at a dose of 3.1 to 6 L/ton in animals
in maintenance, with Mho and Mhe, increased the DMI compared to uninoculated silage. Mho
use in silages of tropical grass, leguminous and corn at doses >10" CFU/g increased intake.
Both levels of silage inclusion (50 to 75% or 75 to 100%) inoculated with Mho in the diet
increased the DMI, but higher inclusions generated greater DMI. The Mho, Mhe and MMi
subgroups had high heterogeneity for the ADG. For the DMI, all forage types showed high
heterogeneity. The subgroup with Fa at doses of 3.1 to 6 L/ton at a maintenance physiological
stage reduced heterogeneity. Division into subgroups by forage type reduced the heterogeneity
for Mho. The heterogeneity was intermediate for tropical grass and leguminous silage and low
for leguminous plus temperate grass silage. On the other hand, the heterogeneity of the corn
silage subgroup remained high. Dose division reduced the heterogeneity at a dose of 10 CFU/g.
The subdivision into groups of 50 to 75% forage in the diet and in drum silos reduced the
heterogeneity in the DMI of animals consuming silage inoculated with Mho. The carcass yield
increased in animals fed silage inoculated with Mhe compared to uninoculated silage. The Mhe
and MMi subgroups showed low and intermediate heterogeneity for the carcass weight and
yield, respectively.

The DMD was higher in silage treated with Mho but lower in those treated with Mhe
for animal weight gain compared to uninoculated silage. The heterogeneity was high for all
subgroups (Table 4). Silage treated with Mho at doses equal to or greater than 10’ CFU/g and
En reduced the NDFD compared to uninoculated silage. On the other hand, silage treated with
Mho at a dose of 106 CFU/g increased the NDFD. When used in amounts greater than 75% of

the diet, silage treated with MMi reduced the NDFD compared to uninoculated silage. The En
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subgroup had medium heterogeneity, and the other subgroups had high heterogeneity. Division
by forage reduced the heterogeneity in the Fa subgroup, division by dose reduced the
heterogeneity in the Mho subgroup for silage inoculated with doses greater than 106 CFU/qg,
and division by forage in the diet reduced the heterogeneity in the MMi subgroup of 50 to 75%
forage. The CPD was lower in animals that were maintenance fed Fa-treated silage and was
higher in those fed Mho-treated silage compared to uninoculated silage. The heterogeneity was
high in all subgroups.

The nitrogen intake was higher in animals fed Mho silage compared to uninoculated
silage (Table 5). The heterogeneity was medium in MMi, high in Mho and low in the other
subgroups. Mho use at a dose of 10° CFU/g reduced urinary nitrogen, and the heterogeneity
was low. Nitrogen retention was higher in sheep fed temperate grass silage inoculated with Fa,
En and Mho than in those fed uninoculated silage. The heterogeneity was medium in the En
subgroup and high in the Fa and Mho subgroups. En-inoculated temperate grass and leguminous
silage showed low and medium heterogeneity, respectively. Temperate grass silage inoculated
with Mho also had low heterogeneity.

3.4. Chemical composition and microbiological and fermentative profiles

Fa, Mhe and MMi use increased the DM content (Table 6) compared to the uninoculated
silage. The heterogeneity was medium in the Mhe subgroup and high in the other subgroups.
Fa use at a dose of 0 to 3 L/ton in leguminous and corn silage increased the CP content compared
to uninoculated silage. On the other hand, En use reduced the CP in inoculated silage compared
to uninoculated silage. Subgroup analysis reduced the heterogeneity in corn silage treated with
Fa. The heterogeneity was medium for En and high for the other additive types. Mho, Mhe and

En use reduced the NDF in inoculated silage compared to uninoculated silage. MMi use in drum
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silos reduced the NDF but increased the NDF with other silos. Fa use at doses of 3.1 to 6 L/ton
and in corn silage increased the ADF, but Mhe use reduced the ADF compared to uninoculated
silage. For the NDF, all types of additives had high heterogeneity. Subgroup analysis by forage
type reduced the heterogeneity for Fa. In the MMi subgroup, reductions occurred by division
by dose and silo type. Subgroup analysis for the ADF reduced the heterogeneity in silage
inoculated with Fa.

Fa use considering all comparisons and Mho use in leguminous plus temperate grass
silage and in silages not ensiled in drums increased the WSC content compared to uninoculated
silage (Table 7). For the WSC, silage inoculated with Fa had low heterogeneity, and silage
inoculated with other additives had high heterogeneity. Division by forage and silo type reduced
the heterogeneity in the Mho subgroup for leguminous plus temperate grass and silo drum
silage. Fa use in temperate grass and leguminous silage, and En and Mho in temperate grass
silage reduced ammonia nitrogen compared to uninoculated silage. Silages inoculated with
MMi and those not ensiled in drums had higher ammonia nitrogen content than uninoculated
silage. For ammonia nitrogen, the En subgroup had low heterogeneity, and the others had high
heterogeneity. However, subgroup analysis by forage type reduced the heterogeneity in
temperate grass forages inoculated with Fa and Mho. For the Mho subgroup, analysis by forage
type also reduced the heterogeneity in leguminous plus temperate grass. Fa use increased the
pH in corn silage and in silage from other silos but reduced it in leguminous silage and in drum
silos compared to uninoculated silage. Mho use increased the pH in corn silage, without changes
in other forages. MMi use reduced the silage pH but did not result in changes in corn silages

compared to uninoculated silage. All other additives showed high heterogeneity for the pH.
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Subgroup analysis by forage type reduced the heterogeneity in corn silage inoculated with Fa
or Mho. For Mho, leguminous plus temperate grass also showed reduced heterogeneity.

Fa use at a dose of 0 to 3 L/ton increased the lactic acid content compared to that of the
uninoculated silage (Table 8). Mho use in silo drums and in other silos increased the lactic acid
content compared to uninoculated silage, with a higher content in drum silos. The Mho
subgroup showed medium heterogeneity for the lactic acid content. Silages not ensiled in drums
and those inoculated with Mhe showed reduced lactic acid compared to uninoculated silage. Fa
use in leguminous or temperate grass silage reduced the acetic acid content compared to
uninoculated silage. Mho use and En use in temperate grass showed reduced acetic acid content,
and Mhe use increased the acetic acid content compared to uninoculated silage. The other
subgroups showed high heterogeneity for lactic acid and acetic acid. The division by silo type
decreased the heterogeneity for silage inoculated with Mho for the lactic acid response. Division
by silo type also reduced the heterogeneity in the Mhe subgroup. Divison by forage type
decreased the heterogeneity for the acid acetic responses for silage inoculated with En. Fa use
decreased the propionic acid content, but Mhe use in corn silage at a dose of 10° CFU/g
increased the propionic acid content compared to uninoculated silage. Division by forage in
Mho and by forage and dose in Mhe decreased the heterogeneity. Mho use in temperate grass
reduced the butyric acid content and showed low heterogeneity.

Mho use at a dose of 10% CFU/g in leguminous plus temperate grass silage increased the
bacterial count compared to uninoculated silage (Table 9). The heterogeneity was reduced in
the subgroup with leguminous plus temperate grass silage inoculated with Mho. The yeast count
was also not altered by Mho use considering all comparisons, but it was higher in those

inoculated at a dose of 108 CFU/g compared to uninoculated silage. Mhe use reduced the yeast
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count, but MMi use increased the yeast count compared to uninoculated silage. The
heterogeneity in the yeast counts was high in all subgroups. Mho and Mhe use reduced the mold
count compared to uninoculated silage. The heterogeneity was medium for Mho and Mhe and
high for MMi. The aerobic stability was lower in silage inoculated with Mho considering all
comparisons, but showed no change in aerobic stability at a dose of 10® CFU/g and in silage
not ensiled in drums. On the other hand, Mhe use increased the aerobic stability compared to
uninoculated silage, and showed medium heterogeneity while the other subgroups had high
heterogeneity.

4. Discussion

4.1. Publication bias risk and studies with high heterogeneity

The Egger’s regression result predicts the discordance of results between studies and
highlights potential publication biases (Egger et al., 1997). For the DMI variable, a significant
bias was observed, indicating a tendency to publish positive results that increase the DMI. These
results could be improved by excluding outliers (Oliveira et al., 2017). However, no studies
were observed with results lacking a biological explanation for the exclusion. For other
variables, such as CW and CY, outlier exclusion was limited due to the small number of
comparisons and therefore should be carefully evaluated (Egger et al., 1997). Despite presenting
risk of bias, these variables did not show high heterogeneity, which indicates similar outcomes
between the evaluated studies.

Regarding heterogeneity, Oliveira et al. (2017) also observed high heterogeneity in all
silage quality variables, with the exception of ADIN. Any change in the mean response or

confidence interval that leads to a failure to overlap the results between studies indicates the
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presence of statistical heterogeneity (Deeks et al., 2019). The covariates forage type, inclusion
of roughage in the diet, physiological stage, additive dose and silo type explained more than
50% of the heterogeneity in only 45% of the 91 outcomes evaluated, indicating that factors not
identified in this meta-analysis affected the additive use responses.

Greater heterogeneity in farm-scale silos may occur because management conditions are
more varied than at the laboratory scale (Oliveira et al., 2017). In addition, many forage factors,
such as the silage dry matter content, compaction density and storage time, and other animal
variables, such as age and weight, are poorly described in primary studies, which makes it
impossible to explore the data in models of meta-regression and subgroups. Therefore, variables
with high heterogeneity and a small number of comparisons must be interpreted with care
(Deeks et al., 2019).

4.2. Animal performance and nitrogen utilization

MMI use results in benefits associated with the rapid decrease in pH (Muck et al., 2018).
The lower pH may result in lower DM loss during ensiling (Muck et al., 2018). The lower loss
results in a higher concentration of MS (Bernardi et al., 2019) observed in silages inoculated
with MMI. The higher conservation of nutrients in MS possibly explains the higher ADG in
silages inoculated with MMI. Another factor that may explain the better performance in sheep
is a possible reduction in the count of enterobacteria, which increase in silages with a reduced
pH decrease (Queiroz et al., 2018). These microorganisms can increase the incidence of diarrhea
in sheep and reduce performance (Pereira et al., 2021). However, it was not possible to evaluate
the occurrence of diarrhea in sheep consuming silages with MMI or other additives because it

was not described in the selected studies. These results suggest the need for an assessment of
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the incidence of diarrhea in sheep consuming silage inoculated with MMI in future primary
studies.

Silage inoculated with Mhe increased the acetic acid content by 19.9 g/kg DM and the
DMI by 78.6 g/kg DM. This increase is possibly explained by the greater aerobic stability
promoted by the increase in the acetic acid content, which controls the yeast growth that can
initiate the silage deterioration process, reducing the nutritional value (Kleinschmit and Kung,
2006; Muck et al., 2018) and intake. Gerlach et al. (2013) demonstrated a linear reduction (r? =
0.681) in the DMI with increasing silage temperature in goats consuming aerobically unstable
silages, which demonstrates that Mhe use is a good strategy to increase aerobic stability and
intake in sheep.

Producing good quality silages is even more important in diets with greater inclusion of
roughage (>75%). This can be observed in the present study in the Fa-treated silage offered to
animals in maintenance, which normally consume more roughage, that increased the DMI by
113 g/day, and the same response did not occur with animals in the weight gain stage. The
increase in the DMI due to silage quality possibly also explains the average difference between
Mho treatments, which was four times greater in diets with greater inclusion of roughage.

Bernardi et al. (2019) also found no difference in feed efficiency in sheep fed silage
inoculated with Mhe and found no studies using Mho. The present meta-analysis presents more
comprehensive results in relation to the use of Mho, possibly due to having a more robust search
strategy. However, an important factor that needs to be highlighted is the nonstandardization of
the indicators presented in the literature. The feed efficiency and feed conversion indicators are
calculated in opposite ways, but they represent the same animal biological capacity. In this

systematic review, it was observed that some studies present the results in the form of feed
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conversion and others as feed efficiency, which reduces the number of comparisons in the meta-
analysis. Therefore, it is suggested to choose an indicator to be presented in studies to facilitate
future systematic reviews.

Silage inoculated with Mho increased 28.5 g/kg DM in DMD, possibly due to the faster
pH decrease, which increases the silage nutritional value and reduces nutrient losses (Weinberg
et al., 1993). The reduction of 19.06 g/kg DM in DMD in silage inoculated with Mhe may be
due to greater silage stability in the trough and maintenance of nutritional value (Muck et al.,
2018). As there was an increase of 78.6 d/day in the DMI due to the best silage quality with
Mho, it probably increased the rate of passage through the gastrointestinal tract, reducing the
retention time of feed, leading to a reduction in the digestibility (Chen et al., 1992).

In enzyme-inoculated silage, greater solubilization of more digestible cell wall
compounds is observed; consequently, a reduction in the NDF digestibility was observed
(Nadeau et al., 2000; Dehghani et al., 2012; Jin et al., 2015). Enzyme additives are commonly
applied in combination with bacterial inoculants, making it difficult to differentiate between
bacterial and enzyme responses (Muck et al., 2018). Of the five comparisons included in the
Mho subgroup at a dose greater than or equal to 10’ CFU/g, four were inoculated with enzymes,
which possibly explains the reduction of 33.1 g/kg DM in the NDF digestibility. The higher
NDF digestibility associated with the use of Mho at a dose of 10 CFU/g may be associated
with better fermentation in the inoculated silages and possibly results in lower losses. However,
it was not possible to evaluate this variable due to the small number of studies reporting DM
losses in farm-scale silos.

Formic acid reduces proteolytic bacterial growth, which reduces the formation of

nonprotein nitrogen and protein solubility, reducing degradation in the rumen (Broderick et al.,
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2007). This lower solubilization and the increase in the rumen undegradable protein (RUP)
possibly explain the decrease of 20.7 g/kg DM in the CP digestibility in silage inoculated with
Fa. The lower proteolysis associated with the accelerated pH decrease in silages inoculated with
Mho also possibly explains the increase of 26.6 g/kg DM in the crude protein digestibility in
the Mho subgroup. These results are particularly relevant in animals with higher performance
and higher requirements for true protein.

In ruminants, N metabolism is studied to assess rumen health and whether N
supplementation and balance are adequate (Broderick et al., 2007; Zheng et al., 2018). The
animals that consumed silage inoculated with Mho additives presented an increase of 2.23 g/day
in N intake. This higher N intake probably did not occur due to the increase in CP content in
the diet, which was similar between diets, but due to the increase in the DMI. This higher DMI
can be explained by the lower ammoniacal nitrogen and NDF and higher WSC contents in
silages (Mertens, 1994; Scherer et al., 2019).

As formic acid can increase the RUP, it may increase the amount of nitrogen absorbed
in relation to ingested, which explains the increase of 1.30 g/day in nitrogen retained. Silage
inoculated with Mho can reduce proteolysis and the conversion of amino acids to ammonia
nitrogen (Oliveira et al., 2017). The higher proportion of nitrogen in the form of amino acids
may have caused the increase in the nitrogen retained in animals fed silage inoculated with Mho
of 2.19 g/day. The reduction in proteolysis may also explain the increase of 0.625 g/day in
nitrogen retained in animals fed with temperate grass silage inoculated with En additives. In
temperate forages with higher buffering capacity (McDonald et al., 1991), En additives can

solubilize some less digestible compounds of the fibrous fraction and increase the supply of
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substrate for the growth of microorganisms, improving the fermentation process and reducing
proteolysis (Muck et al., 2018).
4.3. Chemical composition

Fa additives reduce the pH immediately after application, which justifies the increases
in the DM and CP due to the reduction of harmful biological processes such as plant enzymatic
activity, clostridia activity causing proteolysis and butyric acid production (Muck, 1988).
Improvement in the fermentative process was also observed in the silage inoculated with Mhe
and MMi. However, the literature reports that heterofermentative pathways are less efficient
and can increase DM losses (McDonald et al., 1991). The results presented by Bernardi et al.
(2019) corroborate the reports in the literature. However, these findings were not observed in
the present study, possibly because only farm-scale silos were used. Oliveira et al. (2017)
observed a higher DM content in silage inoculated with homofermentative bacteria. However,
these results were observed only in laboratory-scale silos, which corroborates the findings of
this study.

When added during ensiling, En releases more WSC, which can be used by epiphytic
microorganisms that accelerate the pH decrease, increase the lactic acid content, and reduce
proteolysis, clostridia fermentation, butyric acid accumulation and losses (Kung et al., 2003).
The CP reduction due to En use is not clear. However, only two studies were included in this
subgroup, with three comparisons. One of these studies (Islam et al., 2001) used Lolium
multiflorum as forage for ensiling, which presents adequate substrate for the fermentative
process (McDonald et al., 1991), possibly explaining why no differences were observed.

En solubilizes some cell wall compounds and reduces the NDF content in silage

(Dehghani et al., 2012). This solubilization explains the NDF reductions in the En subgroup. In
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a meta-analysis study, Irawan et al. (2021) observed similar effects and demonstrated that NDF
and ADF also decreased with enzyme use. In that study, the authors demonstrated that there
was no reduction in the NDF and ADF content in silage inoculated with homofermentative and
heterofermentative inoculants. However, in the present study, half of the silage inoculated with
Mho contained enzymes, which explains the lower content of NDF in these subgroups and the
general effect. The reasons why silage inoculated with Mhe reduced the NDF are not clear, but
it could possibly be due to an improvement in the conservation process (Rabelo et al., 2018),
which can be evidenced by the higher DM content.
4.4. Fermentative profile

Mho use improves fermentation quality with reductions in NHz-N and increases in the
lactic acid and WSC content (Zhang et al., 2021). The present study showed similar results.
Silage inoculated with Mho increased the WSC and lactic acid content and reduced the NHs-N
and acetic acid content, which demonstrates improvement in the fermentative process and
justifies the use of this inoculant type in farm-scale silos. It is important to highlight that 37.9%
of the studies used drums, and these silos can be used as viable options for ensiling on small
farms.

Despite immediate acidification (Muck, 1988), Fa reduced silage pH at silo opening.
Silage inoculated with Fa improved the fermentative process by increasing WSC conservation
and reducing the NHz3-N, acetic acid and propionic content without increasing the lactic acid
content. This improvement in the fermentative profile possibly occurred due to the rapid
acidification in the initial phase of the fermentative process by the direct action of the Fa

additive in the ensiled mass (McDonald et al., 1991). The reduction in the propionic acid content
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in silages inoculated with Fa occurs because propionic bacteria do not grow well in acidic media
(Avila and Carvalho, 2019).

Silage inoculated with En reduced silage proteolysis, as evidenced by the lower NH3-N
content. In addition, it possibly accelerated the decrease in pH, which reduced the acetic acid
content and indicates lower enterobacterial activity (McDonald et al., 1991). It is important to
emphasize that the population of epiphytic microorganisms interferes in the fermentation
process and, despite observing improvement in the fermentation process due to lower
proteolysis and acetic acid content, higher lactic acid content and lower pH were not observed
in the silage inoculated with En.

Homofermentative microorganisms with fast growth (Oliveira et al., 2017) and Fa
additives that promote immediate acidification (Randby and Bakken, 2021) reduced the silage
acetic acid content. En also reduced the acetic acid content due to the greater amount of substrate
available for fermentation. The acetic acid content increased with Mhe inoculation. Similar
results were observed in the meta-analysis performed by Kleinschmit and Kung (2006) due to
the transformation of lactic acid into acetic acid by strains of the L. buchneri group (Oude
Elferink et al., 2001).

In addition to increasing the acetic acid content, inoculation with L. buchneri increased
the propionic acid and 1-propanol content (Driehuis et al., 1999). This phenomenon occurs
because microorganisms present in silage can degrade 1,2-propanediol, a product of lactic acid
metabolism by L. buchneri, into propionic acid and 1-propanol. This justifies the higher
propionic acid content in silage inoculated with Mhe.

A possible benefit of using additives in silage is the reduction of pathogens in the feed

that can cause disease in sheep. Listeria monocytogenes is a gram-positive anaerobic bacterium
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usually found in poorly preserved silages and in those with a poor fermentation profile that can
affect sheep, as they are more sensitive (McDonald et al., 1991; Queiroz et al., 2018). Although
the data from this study do not support the reduction in the risk of occurrence of this disease in
sheep with additive use, there was a reduction in pH in silages inoculated with formic acid and
MMI, which demonstrates a potential use of this additive for the prevention of listeriosis.
Silages inoculated with Mho may also reduce the risk of the disease. Despite not having a
reduced pH, the silages inoculated with Mho had a higher lactic acid content, which has a strong
negative effect (r = -0.80) on the growth of Listeria (Pauly and Tham, 2003).

4.5. Microbiological profile and aerobic stability

The L. buchneri microorganisms are classified as Mhe (facultative and obligate) and
convert 2 lactic acid moles into 1 mole of acetic acid and 1 mole of 1,2-propanediol (Oude
Elferink et al., 2001). The results of the present study show that Mhe reduced the yeast count
and increased the AE compared to uninoculated silage. Acetic acid linearly reduced yeast
growth (R? = 0.66), increasing aerobic stability since these microorganisms are responsible for
the beginning of the deterioration process (Kleinschmit and Kung, 2006).

Silage inoculated with Mho can reduce the aerobic stability due to the greater amount
of lactic acid available for aerobic microorganism growth (Muck and Kung, 1997), which
explains the AE reduction in the present study. Despite the greater amount of substrate for
fermentation, the samples for microbiological count determination were evaluated at silo
opening and, as the stabilization of the fermentative process occurs more quickly, the mold
counts may have been reduced (Chen and Weinberg et al., 2014). The first temperature spike
after silo opening is associated with the growth of yeasts and acetic acid-producing bacteria,

and the second temperature increase is due to the growth of molds (Wilkinson and Davies,
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2013). Mho use reduced AE, which is explained by the increase in the lactic acid and WSC
content and the reduction in the acetic acid content (Rust et al., 1989; Weinberg et al., 1993).
In addition, in higher dose inoculations, Mho resulted in an increase in yeast counts, which may
predispose silages to AE loss.

The increase in yeast counts due to MMi use is not clear. This combination aims to
accelerate the decrease in pH through colonization by fast-growing Mho as well as increase AE
through acetic acid production that acts on yeast growth (Muck et al., 2018). However, few
studies (n=2) have evaluated the microbiology of silage inoculated with MMi; therefore, further
studies are needed to assess the outcomes.

5. Conclusions

Fa improved nitrogen utilization and the silage fermentative profile at doses of 3.1 to 6
L/ton and increased the DMI in animals in maintenance but had no effect on the ADG. Enzymes
reduced the fiber digestibility and improved the fermentative profile but did not improve
performance. In addition to improving the silage quality, the homofermentative inoculants
effectively increased the dry matter intake and digestibility but had no effect on sheep weight
gain. The heterofermentative inoculants increased the silage aerobic stability and dry matter
intake. However, this improvement did not increase weight gain. Use of the bacterial species
mixture improved the silage fermentative profile and animal performance. Among all additives
evaluated, homofermentative bacteria resulted in more consistent increases in the silage quality
and dry matter intake in sheep consuming farm-scale silage. Heterofermentative inoculant use
may increase aerobic stability and can be used in farms where the objective is to improve silage
stability for better management.
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Table 1. Characteristics of the additives, forages and animals used in the selected studies

Author/Year Silo type! Forage type? C';g:;;?;l Breed® Phy:;g;céglcal (E?g)j5 Inoculant type and dose*®
Aksu et al., 2006 150 L plastic barrels C Sheep M x K M 80:20 Ch-FA (5 L/t)/ Mho - LP + PeA (3.7 x 10° CFU/g of FM) + enzymes
Ando et al., 2006 200 L drums Trop. F Wether Suf M 100:0 En - Cel (0.2 L/t of FM) / Mho - LP (1.0x10” CFU/g of FM) / LR (1.0x10” CFU/g of FM)
Barry etal., 1978 - L Lamb Down M 100:0 Ch-FA (1.5, 3 or 6 L/t of FM)
Basmacioglu et al., 2003 120 L plastic silo c Rams - - - Mho - LP + PeA (1x10* CFU/g of FM) / LP + PeA (1x10° CFU/g of FM) + enzymes
Basso et al., 2014 Stack silo C Lamb SIxD G 80:20 Mhe - LB (1x10° CFU/g of FM) /MMi - LB + LP (1x10° CFU/g of FM)
Basso et al., 2018 Bunker silo Cc Lamb SIxD G 50:50 Mhe - LB (1x10° CFU/g of FM)
Baytok et al., 2005 150 L barrels C Lamb M x K M 80:20 Ch-FA (5 L/t of FM)/Mho - EF + LP + PeA (1x10 CFU/g of FM) + enzymes
Burghardi et al., 1980 Aerial C Lamb - M 100:0 MMi - LBul. + LA + LBr. + SL + SC (1.35x10® CFU/g of FM)
Candlish et al., 1973 Aerial/trench Temp. F Sheep - G 80:20 Ch-FA (4Lh)
Chamberlain et al., 1982 Bag silo Temp. F Wether - M 100:0 Ch-FA(2.3,4.6 or 5.9 L/t of FM)
Demirci et al., 2011 Wrapped bales Temp. F + L. Sheep Me G 68:32 Mho - LP + EF (1x10° CFU/g of FM) / MMi - LB + LP + EF (1x10° CFU/g of FM)
Demirel et al., 2013 Bag silo Temp. F Rams TxS G 66:34 Mho - LP + PeA + EF + LS (1x10* CFU/g of FM) + enzymes
Donaldson et al., 1976 Metal drums Temp. F Wether C M 100:0 Ch-FA (3.9 L/t of FM)
Donaldson et al., 1977 Bag silo Temp. F Wether C M 100:0 Ch-FA (13.9 L/t of FM)
Dénmez et al., 2003 - C Lamb M x K M 80:20 Ch-FA (5L/t)/ Mho - LP + PeA + EF + LS (1x10™ CFU/g of FM) + enzymes
Ferreira et al., 2012 100 kg plastic bags Trop. F Wether - M - Mho - EF (1x10°% CFU/g of FM) / EB (1x10° CFU/g of FM)
Fitzgerald, 1986 A Trench Temp. F + L. Lamb G x Suf G 66:34 Ch-FA (2.5 L/t of FM)
Fitzgerald, 1986 B Trench Temp. F Wether G G 73:27 Ch-FA (2.3 L/t of FM)
Jaakkola et al., 1990 Glass-fiber silos Temp. F Sheep F M 100:0 IE;\]/I) /G§1+ gg S,O|_:|L(5: I(_(;.tzc,)fozl\g)rS.gﬂ/t(%l‘zFI;\Ah)(;fC'::k:\A-)I:/i?4 LTt%f(cl):.l%/tls) L/t of FM) + Cel (0.2 L/t of
Jacobs et al., 1991 Aerial Temp. F Wether Suf M 100:0 En-GO + HC + Cel (0.19, 0.23, 0.38 or 0.47 L/t of FM) / Ch - FA (2.83 or 3.14 L/t of FM)
Jayme et al., 2011 200 L drums Trop. F Wether - M 100:0 Mho - LP + PeA + EF (8x10'° CFU/g of FM) + enzymes
6 6
Keles and Demirci, 2011 Round bale Temp. F + L. Sheep Me G 67:33 m:}g _|I__BP ((11))((1186 g,fbj//ggooff,:%) I Mho - LP + EF + PeA + LS (1x107 CFU/g of FM) + enzymes /
Keles and Yazgan, 2011 Round bale C Sheep Me G 56:44 Mho - LP + EF (1x10° CFU/g of FM) / Mhe - LB (1x10° CFU/g of FM)
Laraetal., 2018 A Stack silo C Lamb SIxD G 40:60 Mho - LP (1x10° CFU/g of FM) + BS (1x10° CFU/g of FM)
Laraetal., 2018 B Stack silo C Lamb TxD G 40:60 Mho - LP (1x10° CFU/g of FM) + BS (1x10° CFU/g of FM)
Marquardt et al., 2017 Trench c Lamb - M 70:30 Mho - LP + PeA + EF (1x10° CFU/g of FM) + enzymes
McAllister et al., 1995 Upright silos Temp. F Lamb Sufx R G 65:35 Mho - LP + EF (1x10° CFU/g of FM) + enzymes
Meeske and Basson, 1998 210 L drums C Lamb SAMM G 58:42 Mho - LP + LBul. + LA (1x10° CFU/g of FM) + enzymes
Meeske et al., 1999 Aerial Trop. F Rams Me M 91:9  Mho - LP +EF + LA (1x10° CFU/g of FM) + enzymes
Mendes et al., 2008 A Bag silo SC Lamb Sl G 50:50 Mhe - LB (5x10* CFU/g of FM)
Mendes et al., 2008 B Bag silo sC Lamb Sl G 50:50 Mhe - LB (5x10* CFU/g of FM)
Mendonca et al., 2020 200 L drums C Lamb Sl M 100:0 MMi - LP + PAcp. (1x10° CFU/g of FM)
Nadeau et al., 2000 100 L drums Temp. F Rams Dor x P M 100:0 Ch-FA (4 L/t)/ Mho - LP + PC (1x10° CFU/g of FM) + enzymes
Narasimhalu et al., 1992 Bag silo Temp. F Wether Dor M 100:0 Ch-FA (6.6 L/t)/En - Cel + Hcel (1.7 L/t)
NKkosi et al., 2009 210 L drums Cc Lamb Dor G 47:53 Mhe - LB (3x10° CFU/g of FM) / MMi - LP + PP + LB (2.5x10° CFU/g of FM)
Nkosi et al., 2011 210 L drums Cc Rams SAMM M 100:0 Mho - LL (1x10° CFU/g of FM) / Mhe - LB (1x10° CFU/g of FM)
Nkosi et al., 2016 210 L drums L Rams Dam M 64:36 MMi - PeA (5x10%° CFU/g of FM) + LB (7.5x10'° CFU/g of FM) / Mho - LP (1.2x10% CFU/g of

FM) + EF (1.5x10° CFU/g of FM) + LS (5x10° CFUI/g of FM)
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Nowak et al., 2004
Ozduven et al., 2009
Petit and Flipot, 1990
Phillip et al., 1990
Rabelo et al., 2017
Rabelo et al., 2018
Ranjit et al., 2002
Rodrigues et al., 2001
Rodrigues et al., 2002
Rodriguez et al., 2016
Rowghani et al., 2008
Rowghani et al., 2009

Sheperd and Kung Jr, 1996
Starczewski et al., 2020

Van Os et al., 1995
Wang et al., 2014

Wittenberg et al., 1983

120 L drums
120 L drums
Aerial
Concrete pipe silos
Stack silo
Bag silo
Plastic drums
200 L plastic drums
208 L plastic bags
Bag silo
Bag silo
Bag silo
220 L polyethylene
drums

220 L plastic drums

Upright silos (aerial)

Temp. F+ L.
GS

ooooorooorr

-

Temp. F
Temp. F
C

Rams
Lamb
Wether
Lamb
Wether
Lamb
Sheep
Wether
Lamb
Rams
Lamb
Lamb
Rams

Rams

Wether
Lamb

Lamb/Wether

Turk.

Suf.
SIxD
SIxD

Dor

I 2 55525 0mmELLLZLL

62:38
100:0
100:0
100:0
70:30
60:40
84:16
100:0
100:0
70:30
70:30

100:0

100:0
100:0
89:11

Mho - LP + EF (1x10° CFU/g of FM) / Ch - FA (4 L/t)

Mho - LP + EF (1x10° CFU/g of FM) / Mho - LP + EF + PeA (1x106 CFU/g of FM)
Mho - LP + LC + LA (2.8x10%° CFU/g of FM)

Ch - FA (4.5 L/t) / Mho - LP + EF (1x10° CFU/g of FM)

Mhe - LB (1x10° CFU/g of FM)

MMi - LB + LP (1x10° CFU/g of FM) / MMi - BS + LP (1x10° CFU/g of FM)
Mhe - LB (4x10° CFU/g of FM)

Mho - LP + PP (1x10° CFU/g of FM)

Mho - LP + EF (9.9x107 CFU/g of FM)

MMi - LP + EF + LBr. (1x10%° CFU/g of FM)

MMi - LP + PAcp. (1.5, 3 or 6 x10'° CFU/g of FM)

MMi - LP + PAcp. (3x10%° CFU/g of FM) / Ch - FA (2.4 L/t)

En - Cel + Hcel (0.22 L/t of FM)

MMi - LP + LL + LB (2x10® CFU/g of FM)

Ch - FA (4.5 L/t of FM)
Mho - LP + EF (1x10° CFU/g of FM)
Mho - LP + EF (8x10° CFU/g of FM)

L the bars indicate that there is more than one type in each study; > C = corn silage, Temp. F = temperate forage, L = leguminous, Trop. F = tropical forage, SC = sugarcane, GS
= sunflower, Temp. F + L. = temperate forage plus leguminous, > M x K = Morkaraman x Kivircik crossbreed, Suf = Suffolk; SI x D = Dorper x Santa Inés crossbreed; Me = konia
merino; T x Suf = Tahirova x Sakiz crossbreed; C = Cheviot; G x Suf = Galway x Suffolk crossbreed; G = Galway; F = Finnsheep; Suf = Suffolk; T x D = Texel x Dorper
crossbreed; Suf x R = Suffolk x Romanov crossbreed; SAMM = South African Mutton Merino; SI = Santa Inés; Dor. x P = Dorset x Polypay crossbreed; Dor = Dorset; Dam =
Damara; Turk = Turkgeldi; Meh. = Mehraban; T = Texel; 4 M = maintenance, G = weight gain; > forage to concentrate ratio; & Mho = microbial inoculant with homofermentative
bacteria, Mhe = microbial inoculant with heterofermentative bacteria, MMi = mix of microbial inoculant with homofermentative and heterofermentative, Ch = chemical additive,
En = enzymes, FA = formic acid; LP = Lactobacillus plantarum, PeA = Pediococcus acidilactici, CFU = colony-forming unit, FM = fresh matter, Cel = cellulase, LR =
Lactobacillus rhamnosus, LB = Lactobacillus buchneri, EF = Enterococcus faecium, LBul. = Lactobacillus bulgaricus, LA = Lactobacillus acidopbilus, LBr. = Lactobacillus
brevis, SL = Streptococcus lactis, SC = Streptococcus cremoris, PAc. = propionic acid, AAc. = acetic acid, LS = Lactobacillus salivarius, EB = Streptococcus bovis, GO = glucose
oxidase; HC = hemicellulose, BS = Bacillus subtilis, PAcp. = Propionibacterium acidipropionici, PC = Pediococcus cerevisiae, Hcel = hemicellulose, PP = Pediococcus
pentosaceus, LL = Lactococcus lactis, LAc. = lactic acid, AmF = ammonium formate, AmP = ammonium propionate, LC = Lactococcus casei, BE = sodium benzoate, SP =
sodium propionate.
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Table 2. Characteristics of variables of animal performance and silage characterization used in selected studies

Variables! Mean Median Minimum Maximum
Animal performance
Dry matter intake (g/day) 1027 1041 982 1848
Average daily gain (g/day) 147 143 139 265
Feed efficiency (kg of DM / kg of ADG) 9.96 10.3 4.37 20.6
Carcass yield (%) 45.8 46.9 41.4 48.9
Carcass weight (kg) 17.8 18.7 13.9 20.7
Dry matter digestibility (g/kg DM) 659 663 428 885
Neutral detergent fiber digestibility (g/kg DM) 567 601 300 758
Crude protein digestibility (g/kg DM) 674 686 281 938
Nitrogen utilization
Nitrogen intake (g/day) 22.0 21.1 6.57 40.5
Fecal nitrogen (g/day) 6.41 6.57 3.40 9.63
Urinary nitrogen (g/day) 7.52 8.31 0.19 13.7
Nitrogen retained (g/day) 4.34 2.83 1.40 15.6
Chemical composition
Dry matter (g/kg DM) 295 273 134 491
Crude protein (g/kg DM) 143 108 59.0 543
Neutral detergent fiber (g/kg DM) 516 528 256 716
Acid detergent fiber (g/kg DM) 307 315 153 422
Microbiological count
Bacteria (logio CFU/Q) 6.24 6.05 3.90 7.82
Molds (logio CFU/Q) 2.78 2.38 0.44 6.30
Yeasts (logio CFU/Q) 5.91 6.00 2.96 7.82
Aerobic stability (hours) 160 79.0 12.0 467
Fermentative profile
Water soluble carbohydrates (g/kg DM) 271 22.6 2.50 61.0
pH 4.21 4.11 3.50 5.53
Ammonia nitrogen (g/kg total nitrogen) 91.1 85.0 3.50 230
Lactic acid (g/kg DM) 53.9 53.0 1.30 125
Acetic acid (g/kg DM) 20.5 16.8 1.70 67.8
Propionic acid (g/kg DM) 1.07 0.46 0.01 9.50
Butyric acid (g/kg DM) 0.77 0.32 0.02 7.50

1 DM = Dry matter, ADG = Average daily gain, CFU = colony forming unit.
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Table 3. General meta-analysis for additive type and subgroup analysis for additive dose, forage type,
physiological stage, roughage inclusion in the diet and silo type for performance of sheep fed silage inoculated
with different additives

RMD (CI 95%)* Heterogeneity*
i 1 2
Variable N Random effect P-value 12(%)  P-value
Average daily gain (g/day)
Fa 10 -2.81[-20.9; 15.3] 0.761 19.1 0.268
Mho 8 9.77 [-7.69; 27.2] 0.273 92.2 <0.001
DOSE - 108 CFU/g 5 5.60 [ -7.83; 19.0] 0.410 70.1 0.009
Mhe 8 15.2 [-1.13; 31.4] 0.068  84.6 <0.001
MMi 6 17.0[10.2; 23.9] <0.001 99.8 <0.001
Dry matter intake (g/day)
Fa 16 24.7 [-24.8; 74.1] 0.328 835 <0.001
DOSE - Between 0 to 3 L/ton 10 -18.6 [-68.5; 31.2] 0.460  80.1 <0.001
Between 3.1 to 6 L/ton 6 98.2 [39.9; 156] 0.001 354 0.170
PHYSIOLOGICAL STAGE - Maintenance 6 113 [57.7; 167] <0.001 149 0.320
Weight gain 10 -20.5 [-69.1; 28.0] 0.410 80.2 <0.001
En 6 6.76 [-134; 147] 0925 893 <0.001
FORAGE - Temperate grass 4 -41[-111; 29.0] 0.450 0.00 0.580
SILO TYPE — Other silos 5 -40.6 [-102; 21.1] 0.200  0.00 0.790
Mho 20 95.0 [33.4; 157] 0.003 96.3 <0.001
FORAGE - Tropical grass 3 271 [233; 308] <0.001 64.3 0.060
Leguminous + temperate grass 4 4.37 [-12.5; 21.2] 0.430 0.00 0.610
Leguminous 6 71.3[19.2; 123] 0.006 69.2 0.070
Corn 5 142 [120; 165] <0.001 933 0.110
DOSE - 10° CFU/g 6 60.1 [-38.7; 159] 0.230 92.0 <0.001
108 CFU/g 7 39.5[-5.01; 83.9] 0.080 76.8 <0.001
>107 CFU/g 7 167 [87.0; 248] <0.001 919 <0.001
% OF SILAGE - 50 to 75 % 10 35.6 [1.80; 69.5] 0.004 62.5 0.040
75 to 100% 10 141[71.2; 211] <0.001 943 <0.001
Mhe 11 78.6 [31.7; 126] 0.001 8338 <0.001
MMi 10 12.0[-90.4; 114] 0.819 99.7 <0.001
Feed efficiency (kg of DM / kg of ADG)
Mho 6 -1.07 [-2.65; 0.52] 0.188 4138 0.127
Mhe 5 0.045[-0.648; 0.737] 0.900 98.6 <0.001
Carcass yield (%)
Mhe 4 0.906 [0.115; 1.69] 0.020 0.00 0.810
MMi 4 -0.557[-1.29;0.175] 0.140 60.0 0.060
Carcass weight (kg)
Mhe 4 0.340[-0.040, 0.720] 0.080  0.00 0.490
MMi 4 0.050-0.420, 0.530] 0.830 63.0 0.040

1 Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. * RMD = raw mean differences between treated and control silage. 4 I? = proportion of total
variation of size effect estimates that is due to heterogeneity, P-value for ¥2 (Q) test of heterogeneity.
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Table 4. General meta-analysis for additive type and subgroup analysis for additive dose, forage type,
physiological stage, roughage inclusion in the diet and silo type for digestibility of sheep fed silage inoculated

with different additives

RMD (CI 95%)°

Heterogeneity*

i 1 2
Variable N Random effect P-value 12(%)  P-value
Dry matter digestibility (g/kg DM)
Fa 16 2.70 [-11.3; 16.7] 0.716  90.0 <0.001
En 13 -2.70 [-14.0; 8.61] 0.640 81.1 <0.001
Mho 25 28.5[17.3; 39.7] <0.001 96.6 <0.001
Mhe 6 -7.72 [-21.6; 6.16] 0.276  95.6 <0.001
PHYSIOLOGICAL STAGE - Weight gain 4 -19.06 [-32.8; -5.4] 0.006  93.0 <0.001
MMi 11 4.31[-24.13; 32.7] 0.767  97.2 <0.001
Neutral detergent fiber digestibility (g/kg DM)

Fa 9 -7.96 [-36.9; 21.0] 0.590 90.2 <0.001
FORAGE - Temperate grass 5 -15.1[-35.3; 5.13] 0.140 54.3 0.070
En 12 -33.1[-49.6; -16.6] <0.001 64.4 0.0011
Mho 22 7.56 [-22.1; 37.2] 0.618  99.3 <0.001
DOSE - 10°CFU/g 11 20.6 [-15.9; 57.0] 0270 984 <0.001
108 CFU/g 6 14.4[2.19; 26.6] 0.020 76.6 <0.001

>107" CFU/g 5 -51.9[-84.1; -19.7] 0.020 68.0 0.010

Mhe 6 27.4[-26.7; 81.6] 0321  99.9 <0.001
MMi 10 1.42 [-50.8; 53.6] 0.958  99.3 <0.001
% OF SILAGE -50to 75 % 4 24.3[-1.53; 50.2] 0.070  0.00 0.550
75 to 100% 5 -34.8 [-65.3; -4.34] 0.030 96.3 <0.001

Crude protein digestibility (g/kg DM)

Fa 18 -20.7[-34.5; -6.79] 0.004 829 <0.001
En 11 -8.71[-25.9; 8.47] 0320 8838 <0.001
Mho 22 26.6 [5.08; 48.2] 0.015  90.7 <0.001
Mhe 5 -23.7 [-53.2; 5.90] 0.116 995 <0.001
MMi 11 -5.96 [-41.4; 29.5] 0.742  98.8 <0.001

1 Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. * RMD = raw mean differences between treated and control silage. # I? = proportion of total

variation of size effect estimates that is due to heterogeneity, P-value for 2 (Q) test of heterogeneity.
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Table 5. General meta-analysis for additive type and subgroup analysis for additive dose, forage type,
physiological stage, roughage inclusion in the diet and silo type for nitrogen utilization by sheep fed silage
inoculated with different additives

oy ) RMD (CI 95%)3 Heterogeneity*
Variable N Random effect P-value 12(%)  P-value
Nitrogen intake (g/day)
Fa 3 0.721[-0.775; 2.22] 0.345 0.00 0.802
En 5 -0.309 [-1.64; 1.02] 0.251 0.00 0.450
Mho 10 2.23[0.957; 3.50] 0.001 76.1 <0.001
Mhe 4 1.50 [-0.328; 3.32] 0.108 26.9 0.251
MMi 4 0.566 [-0.770; 1.90] 0.450 49.6 0.114
Fecal nitrogen (g/day)
Fa 3 0.660 [-0.350, 1.67] 0.200 44.0 0.170
En 4 0.120 [-0.520, 0.77] 0.710 0.00 0.930
Mho 6 -0.09 [-0.857; 0.669] 0.810 81.0 <0.001
% OF SILAGE -501t0 75 % 4 -0.522 [-1.46; 0.414] 0.270 67.5 0.030
PHYSIOLOGICAL STAGE - Maintenance 4 -0.522 [-1.46; 0.414] 0.270 67.5 0.030
Urinary nitrogen (g/day)
Fa 3 -0.49 [-1.32, 0.340] 0.250 0.00 0.470

En 4 -0.435[-1.05;0.178]  0.164  0.00 0.834
Mho 6 -0.02[-0.127;0.087]  0.711  49.9 0.076
% OF SILAGE - 75 to 100% 4 0.019 [-0.027;0.065] 0420  0.00 0.930
PHYSIOLOGICAL STAGE - Maintenance 4 0.019 [-0.027;0.065]  0.420  0.00 0.930
DOSE - 105 CFU/g 4 -0516[-0.895;-0.137]  0.008  0.00 0.550

SILO TYPE- Silo drums 3 0.019 [-0.027; 0.065] 0.420 0.00 0.840
Nitrogen retained (g/day)

Fa 8 1.30 [0.546, 2.05] 0.007 81.1 <0.001
FORAGE - Temperate grass 6 1.57[0.261; 2.88] 0.020 80.5 <0.001
En 10 0.200 [-0.250, 0.650] 0.380 72.0 <0.001
FORAGE - Temperate grass 5 0.625 [0.056; 1.20] 0.030 0.00 0.710

Leguminous 4 -0.218 [-0.627; 0.192] 0.300 72.5 0.010
Mho 6 2.19[0.762; 3.62] 0.003 85.9 <0.001
FORAGE - Temperate grass 3 0.673 [0.094; 1.25] 0.020 0.00 0.640

! Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. 3 RMD = raw mean differences between treated and control silage. 4 12 = proportion of total
variation of size effect estimates that is due to heterogeneity, P-value for 2 (Q) test of heterogeneity.
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Table 6. General meta-analysis for additive type and subgroup analysis for additive dose, forage type and silo
type in chemical composition of silage inoculated with different additives

RMD (CI 95%)°

Heterogeneity*

i 1 2
Variable N Random effect P-value 12 (%) P-value
Dry matter (g/kg DM)
Fa 14 14.1[1.72; 26.6] 0.026 97.4 <0.001
Mho 19 -2.03 [-14.2; 10.1] 0.743 93.9 <0.001
En 3 9.33[-10.7; 29.3] 0.360 89.8 <0.001
Mhe 8 9.96 [5.18; 14.7] <0.001 53.0 0.037
MMi 13 13.4 [4.89; 21.9] 0.002 99.3 <0.001
Crude protein (g/kg DM)

Fa 14 20.4 [7.53; 33.2] 0.002 91.1 <0.001
DOSE - Between 0 to 3 L/ton 5 57.7 [8.78; 107] 0.020 85.6 <0.001
Between 3.1 to 6 L/ton 9 11.1 [-3.64; 25.8] 0.140 90.4 <0.001
FORAGE - Leguminous 7 87.8 [16.0; 160] 0.020 94.9 <0.001
Corn 4 10.2 [5.63; 14.8] <0.001 0.00 0.610

En 3 -10.8 [-19.8; -1.90] 0.020 45.6 0.160
Mho 18 -0.54 [-5.18; 4.11] 0.821 79.9 <0.001
Mhe 7 0.638 [-4.79; 6.07] 0.818 91.9 <0.001
MMi 11 1.89 [-1.26; 5.04] 0.239 99.4 <0.001

Neutral detergent fiber (g/kg DM)

Fa 8 -24.4 [-70.6; 21.9] 0.301 83.9 <0.001
FORAGE - Corn 4 17.2 [ -25.5; 59.8] 0.430 0.00 0.900
En 4 -49.1[-94.7; -3.53] 0.030 83.8 <0.001
Mho 21 -27.5[-43.1; -11.9] <0.001 97.6 <0.001
Mhe 7 -20.0 [-32.1; -7.91] 0.001 83.5 <0.001
MMi 13 7.33[-5.84; 20.5] 0.275 97.6 <0.001
DOSE - 10° CFU/g 7 -1.99 [-16.9; 12.9] 0.790 98.7 <0.001
>107 CFU/g 7 19.9 [-15.9; 55.7] 0.280 49.3 0.020

SILO TYPE- Silo drums 4 -19.24 [-34.7; -3.76] 0.010 96.7 <0.001
Other silos 9 14.1 [5.15; 23.0] 0.002 71.2 <0.001

Acid detergent fiber (g/kg DM)

Fa 7 8.19 [-0.868; 17.2] 0.076 19.5 0.281
DOSE - Between 3 to 6 L/ton 5 12.1[2.48; 21.7] 0.010 0.00 0.950
FORAGE - Corn 4 17.7 [1.58; 33.7] 0.030 0.00 0.750
Mho 17 -13.2 [-35.6; 9.15] 0.247 99.1 <0.001
Mhe 7 -16.2 [-25.9; -6.44] 0.001 90.4 <0.001
MMi 13 -2.44 [-12.3; 7.41] 0.627 97.8 <0.001

! Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. 3 RMD = raw mean differences between treated and control silage. 4 12 = proportion of total

variation of size effect estimates that is due to heterogeneity, P-value for 2 (Q) test of heterogeneity.
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Table 7. General meta-analysis for additive type and subgroup analysis for additive dose, forage type and silo
type in water soluble carbohydrates, ammonia nitrogen and pH of silage inoculated with different additives

- ) RMD (Cl 95%)3 Heterogeneity*
Variable N Random effect P-value 12(%)  P-value
Water soluble carbohydrates (g/kg DM)

Fa 3 11.5[2.92; 20.1] 0.009 0.00 0.449
Mho 15 2.55[0.440; 4.65] 0.018 86.7 <0.001
FORAGE - Temperate grass 4 4.82 [-0.460; 10.1] 0.070 78.4 0.003
Leguminous + temperate grass 4 9.02 [3.72; 14.3] <0.001  0.100 0.390

SILO TYPE - Silo drums 8 -0.084 [-2.04; 1.87] 0.930 57.1 0.020
Other silos 7 7.50 [3.14; 11.9] <0.001 87.2 <0.001

Mhe 5 0.549 [-3.36; 4.45] 0.783 97.1 <0.001
FORAGE - Corn 4 1.50 [ -2.46; 5.44] 0.460 97.8 <0.001
MMi 9 -1.91[-8.22; 4.40] 0.553 96.4 <0.001

Ammonia nitrogen (g/kg total N)

Fa 11 -53.6 [-74.9; -32.4] <0.001 96.2 <0.001
FORAGE — Temperate grass 3 -21.2 [-31.1; -11.3] <0.001 0.00 0.890
Leguminous 7 -71.8 [-96.4; -47.2] <0.001 90.8 <0.001

En 4 -25.5 [-33.5; -17.4] <0.001 9.80 0.340
Mho 13 -13.4[-19.7; -7.18] <0.001 91.7 <0.001
FORAGE- Temperate grass 4 -25.5[-42.2; -8.85] 0.003 47.6 0.130
Leguminous + temperate grass 3 1.17 [-1.04; 3.38] 0.300 0.00 0.870

Mhe 6 -3.94 [-11.7; 3.79] 0.317 98.9 <0.001
MMi 6 -3.23[-9.07; 2.62] 0.280 97.7 <0.001
SILO TYPE — Other silos 4 4.49 [0.095; 8.89] 0.050 89.0 <0.001

pH

Fa 15  -0.325[-0.526; -0.125] 0.001 98.8 <0.001
FORAGE- Temperate grass 3 0.046 [-0.302; 0.394] 0.800 97.7 <0.001
Corn 4 0.289 [0.234; 0.344] <0.001 0.00 0.990
Leguminous 7 -0.683[-0.900; -0.466] <0.001 96.4 <0.001

SILO TYPE - Silo drums 5  -0.309 [-0.535; -0.084] 0.007 97.7 <0.001
Other silos 3 0.234 [0.060; 0.407] 0.006 86.9 <0.001

En 4 -0.137 [-0.382; 0.109] 0.280 99.1 <0.001
Mho 19  -0.083[-0.179; 0.013] 0.090 86.7 <0.001
FORAGE - Temperate grass 4 -0.087 [-0.265; 0.092] 0.340 91.3 <0.001
Leguminous + temperate grass 4 -0.117 [-0.305; 0.070] 0.220 68.8 0.020

Corn 6 0.066 [0.039; 0.094] <0.001 0.00 0.670

Mhe 8 0.006 [-0.047; 0.060] 0.825 84.1 <0.001
MMi 9  -0.087[-0.171;-0.002] 0.045 96.5 <0.001
FORAGE - Corn 7 -0.102 [-0.224; 0.020] 0.100 97.3 <0.001

1 Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. * RMD = raw mean differences between treated and control silage. 4 I? = proportion of total
variation of size effect estimates that is due to heterogeneity, P-value for ¥2 (Q) test of heterogeneity.
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Table 8. General meta-analysis for additive type and subgroup analysis for additive dose, forage type and silo
type in common fermentation end products of silage inoculated with different additives

RMD (CI 95%)°

Heterogeneity*

i 1 2
Variable N Random effect P-value 12(%)  P-value
Lactic acid (g/kg DM)
Fa 15 1.13[-11.7; 14.0] 0.863 97.0 <0.001
DOSE - Between 0 to 3 L/ton 5 19.0 [4.10; 34.0] 0.010 92.3 <0.001
Between 3.1 to 6 L/ton 9 -7.38 [-20.6; 5.88] 0.280 95.7 <0.001
En 4 5.29 [-0.923; 11.5] 0.100 87.1 <0.001
Mho 12 10.4 [7.35; 13.4] <0.001 47.8 0.033
SILO TYPE- Silo drums 6 12.7[9.39; 16.1] <0.001 21.7 0.230
Other silos 6 6.93 [4.70; 9.16] <0.001 0.00 0.480
Mhe 7 -8.72 [-27.6; 10.2] 0.365 99.1 <0.001
SILO TYPE - Other silos 5 -21.8[-30.2; -13.4] <0.001 67.6 0.010
MMi 9 -4.57 [-11.1; 1.92] 0.167 98.4 <0.001
Acetic acid (g/kg DM)
Fa 14 -5.06 [-7.80; -2.31] <0.001 99.4 <0.001
FORAGE - Temperate grass 3 -5.79 [-11.6; -0.041] 0.050 92.2 <0.001
Corn 3 11.7 [-4.11; 27.4] 0.150 84.0 0.002
Leguminous 7 -7.90 [-10.5; -5.27] <0.001 98.8 <0.001
En 4 -4.43 [-7.60; -1.25] 0.006 90.7 <0.001
FORAGE - Temperate grass 3 -3.10 [-5.34; -0.86] 0.007 62.2 0.070
Mho 17 -3.31[-5.52; -1.10] 0.003 94.7 <0.001
Mhe 8 19.9 [8.50; 31.3] <0.001 99.1 <0.001
MMi 8 5.31[-1.35; 11.9] 0.118 98.6 <0.001
Propionic acid (g/kg DM)
Fa 10 -0.425[-0.608; -0.243] <0.001 77.1 <0.001
Mho 10  -0.206 [-0.490; 0.077] 0.153 84.2 <0.001
FORAGE - Temperate grass 4 -0.011 [-0.374; 0.351] 0.950 91.5 <0.001
Leguminous + temperate grass 3 1.20[-1.87; 4.26] 0.450 69.7 0.040
Mhe 6 0.213[0.015; 0.411] 0.035 85.4 <0.001
FORAGE - Corn 5 0.140 [0.027; 0.252] 0.010 63.5 0.030
DOSE - 10° CFU/g 4 0.118 [0.016; 0.219] 0.020 62.3 0.050
MMi 7 -0.053 [-0.229; 0.122] 0.554 98.1 <0.001
FORAGE - Corn 6 -0.093 [-0.265; 0.079] 0.290 98.3 <0.001
DOSE - 10° CFU/g 4 -0.165 [-0.714; 0.385] 0.560 98.8 <0.001
SILO TYPE - Other silos 6 -0.141 [-0.322; 0.040] 0.130 97.8 <0.001
Butyric acid (g/kg DM)
Fa 9 -0.060 [-0.181; 0.061] 0.329 38.6 0.111
Mho 11 -0.009 [-0.078; 0.059] 0.787 61.3 0.004
FORAGE - Temperate grass 4 -0.020 [-0.040; -0.001] 0.040 0.00 0.950
Leguminous + temperate grass 4 0.233[-0.151; 0.617] 0.240 67.3 0.030
Mhe 4 -1.22 [-2.96; 0.522] 0.170 98.7 <0.001
MMi 7 0.025 [-0.075; 0.124] 0.629 96.0 <0.001

! Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes. 2N = number of comparisons between treated
and control silage. * MD = raw mean differences between treated and control silage. 4 12 = proportion of total

variation of size effect estimates that is due to heterogeneity, P-value for 2 (Q) test of heterogeneity.
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Table 9. General meta-analysis for additive type and subgroup analysis for additive dose, forage type and silo

type in microbial profile and aerobic stability of silage inoculated with different additives

RMD (CI 95%)°

Heterogeneity*

i 1 2
Variable N Random effect P-value 12(%)  P-value
Bacteria (logio CFU/g)
Mho 7 0.458 [-0.463; 1.38] 0.329 95.2 <0.001
DOSE - 10° CFU/g 5 1.13[0.322; 1.94] 0.006 87.5 <0.001
FORAGE - Leguminous + temperate grass 3 0.364 [0.124; 0.605] 0.003 0.00 0.970
MMi 4 0.786 [-0.103; 1.67] 0.083 98.6 <0.001
Yeast (logio CFU/Q)
Mho 5 0.537 [-0.893; 1.97] 0.462 96.1 <0.001
DOSE - 10° CFU/g 3 1.80 [0.084; 3.51] 0.040 90.7 <0.001
Mhe 3 -0.852 [-1.69; -0.015] 0.050 95.9 <0.001
MMi 3 0.93[0.25, 1.60] 0.007 95.0 <0.001
Molds (logio CFU/Q)
Mho 6 -1.01[-1.41; -0.606] <0.001 57.4 0.039
Mhe 4 -0.469 [-0.769; -0.169] 0.002 53.3 0.093
MMi 4 0.300 [-0.409; 1.01] 0.407 97.3 <0.001
Aerobic stability (hours)
Mho 5 -33.8 [-63.3; -4.25] 0.025 98.3 <0.001
DOSE - 108 CFU/g 3 -90.7 [-190; 9.04] 0.070 91.6 <0.001
SILO TYPE- Other silos 3 -90.7 [-190; 9.04] 0.070 91.6 <0.001
Mhe 5 23.0[10.3; 35.7] <0.001 70.2 0.009
MMi 3 38.9 [-40.7, 118] 0.340 100 <0.001

! Fa = formic acid; Mho = homofermentative microbial inoculant; Mhe = heterofermentative microbial
inoculant; MMi = microbial inoculant mixture; En = enzymes; CFU = colony forming unit. > N = number of
comparisons between treated and control silage. 3 RMD = raw mean differences between treated and control
silage. 12 = proportion of total variation of size effect estimates that is due to heterogeneity, P-value for ¥2 (Q)

test of heterogeneity.
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Figure 1. Flowchart of the studies included

Duplicate records removed = 728
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Excluded by titles and abstracts: 3,434
* Type of participant: 2739

* Type of study: 70

* Type of intervention: 625

Excluded after full reading and not
recovered = 44

* Type of participant: 12

* Type of study: 9

* Type of intervention: 18

* Not available: 5
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Figure 2. Funnel plot for publication bias risk evaluation for ADG (average daily gain), DMI (dry matter intake), DMD (dry matter digestibility), FE (feed

efficiency), CW (carcass weight) and CY (carcass yield). P-value refers to the test for funnel plot asymmetry by Egger’s regression method between Mean Difference

and standard error. Funnel plot asymmetry is indicative of publication bias.
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Table S1. Meta-regression of the effect of dose, forage type, physiological stage, roughage inclusion in the diet and silo type on raw
mean differences (RMD) between inoculated with formic acid and uninoculated silage for silage and animal performance

Dependent variable

Meta-regression parameters (P-value)

Inclusion of roughage

Physiological

(Y, RMD) Intercept Forage type in the diet Sstage Dose Silo Type R? (%)°
Formic acid
Dry matter intake -65.8 (p=0.532) 0.083 (p=0.761) -0.531 (p=0.737) 0.484 (p=0.002)  0.458 (p <0.001)  -0.348 (p=0.619) 60.2
Average daily gain 2.36 (p=0.898) 0.546 (p=0.157) 0.560 (p=0.221) - -0.501 (p=0.966) - 77.0
Dry matter digestibility 18.8 (p=0.740) 0.744 (p=0.093) 0.002 (p=0.430) 0.002 (p=0.622) 0.314 (p=0.554) 0.100 (p=0.098) 93.9
Neutral detergent fiber digestibility -256 (p=0.005) 0.816 (p=0.034) -0.019 (p=0.809) - 0.128 (p=0.898) 0.930 (p<0.001) 100
Crude protein digestibility -82.7 (p=0.231) -0.038 (p=0.240) 0.052 (p=0.092) 0.326 (p=0.001) -0.145 (p=0.818) 0.011 (p=0.184) 53.2
Nitrogen retained 0.734 (p=0.592) 0.237 (p=0.039) 0.042 (p=0.087) - -0.677 (p=0.340) - 0.00
Dry matter -46.2 (p=0.594) 0.004 (p=0.438) - - -0.108 (p=0.491) 0.005 (p=0.370) 0.00
Crude protein 3.18 (p=0.846) -0.263 (p=0.003) - - -0.214 (p=0.031) 0.242 (p=0.138) 100
Neutral detergent fiber 6.00 (p=0.913) 0.841 (p=0.008) - - -0.311 (p=0.617)  -0.311 (p=0.617) 100
Acid detergent fiber -4.00 (p=0.511) 0.100 (p=0.051) - - 0.100 (p=0.035) -0.223 (p=0.888) 100
Ammonia nitrogen -25.0 (p=0.495) 0.332 (p=0.027) - - 0.032 (p=0.688) - 10.0
pH 0.100 (p=0.781) 0.370 (p < 0.001) - - 0.109 (p=0.376) - 0.00
Lactic acid -28.5 (p=0.046) -0.052 (p=0.588) - - 0.427 (p=0.036) 0.514 (p=0.086) 98.9
Acetic acid 5.40 (p=0.201) 0.463 (p=0.001) - - 0.296 (p=0.618) 0.410 (p=0.185) 88.3
Propionic acid -1.75 (p=0.003) -0.587 (p=0.341) - - -0.149 (p=0.964)  -0.370 (p=0.479) 0.00
Butyric acid -1.35 (p=0.417) 0.632 (p=0.191) - - 0.420 (p=0.377) 0.743 (p=0.132) 0.00

¢ R? = proportion of the between-study variance (heterogeneity) explained by the dose, forage type, physiological stage, roughage inclusion in
the diet and silo type
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Table S2. Meta-regression of the effect of dose, forage type, physiological stage, roughage inclusion in the diet and silo type on raw
mean differences (RMD) between inoculated with enzymes and uninoculated silage for silage and animal performance

Dependent variable

Meta-regression parameters (P-value)

Inclusion of roughage

Physiological

(Y, RMD) Intercept Forage type in the diet stage Dose Silo Type R? (%)*
Enzymes
Dry matter intake -49.0 (p=0.235) 0.100 (p <0.001) - - 0.731 (p=0.053) 0.100 (p<0.001) 100
Dry matter digestibility 22.1 (p=0.408) 0.169 (p=0.121) - - 0.141 (p=0.750) 0.040 (p<0.001) 33.9
Neutral detergent fiber digestibility 115 (p=0.020) -0.164 (p=0.646) - - -0.244 (p=0.816)  -0.005 (p=0.170) 0.00
Crude protein digestibility -13.8 (p=0.240) -0.023 (p=0.453) - - -0.198 (p=0.893)  -0.034 (p=0.816) 0.00
Nitrogen retained 0.721 (p=0.205) 0.778 (p<0.001) - - -0.209 (p=0.950) - 77.8
Crude protein -15.0 (p=0.124) -0.121 (p=0.604) - - - - 0.00
Ammonia nitrogen -21.7 (p=0.006) -0.123 (p=0.628) - - - - 0.00
pH 0.016 (p=0. 969) -0.424 (p=0.101) - - -0.025 (p=0.093) - 0.00
Lactic acid 27.6 (p=0.346) -0.129 (p=0.709) - - -0.125 (p=0.998)  -0.153 (p=0.469) 0.00
Acetic acid -2.64 (p=0.160) 0.737 (p=0.010) - - - -0.191 (p=0.851) 37.1

¢ R? = proportion of the between-study variance (heterogeneity) explained by the dose, forage type, physiological stage, roughage inclusion in
the diet and silo type

155



156

Table S3. Meta-regression of the effect of dose, forage type, physiological stage, roughage inclusion in the diet and silo type on raw
mean differences (RMD) between inoculated with heterofermentative microbial inoculant and uninoculated silage for silage and animal

performance
Dependent variable Meta-regression parameters (P-value)
(Y, RMD) Intercept Forage type IncIusilrc])r;hc;f(;?eLighage Physsltc;g)glcal Dose Silo Type R? (%)°
Heterofermentative microbial inoculant
Dry matter intake -14.6 (p=0.945) -0.074 (p=0.768) -0.308 (p=0.459) -0.344 (p=0.430) 0.213 (p=0.223) -0.279 (p=0.245) 0.00
Average daily gain 13.0 (p=0.883) -0.474 (p=0.588) -0.313 (p=0.752) - 0.118 (p=0.407) 0.374 (p=0.170) 0.00
Feed efficiency -1.78 (p=0.302) -0.001 (p=0.386) 0.100 (p<0.001) - -0.004 (p=0.699)  -0.004 (p<0.001) 100
Dry matter digestibility 49.5 (p=0.067) 0.002 (p=0.174) -0.158 (p=0.919) 0.532 (p=0.007) 0.002 (p=0.919) 0.239 (p=0.121) 85.3
Neutral detergent fiber digestibility 76.0 (p=0.194) -0.002 (p=0.492) 0.634 (p=0.150) 0.324 (p=0.150) -0.002 (p=0.492) 0.709 (p=0.005) 79.5
Crude protein digestibility 40.0 (p=0.608) - -0.780 (p=0.995) - - 0.342 (p=0.187) 0.00
Nitrogen intake 0.320 (p=0.820) - 0.100 (p=0.141) - - -0.659 (p=0.488) 100
Dry matter 6.97 (p=0.834) -0.128 (p=0.853) - - -0.120 (p=0.321) 0.100 (p=0.002) 100
Crude protein 4.63 (p=0.721) -0.025 (p=0.822) - - -0.025 (p=0.822)  -0.160 (p=0.836) 0.00
Neutral detergent fiber 11.9 (p=0.765) -0.031 (p=0.660) - - -0.031 (p=0.660)  -0.054 (p=0.293) 0.00
Acid detergent fiber -46.7 (p=0.270) -0.018 (p=0.680) -0.018 (p=0.680) 0.163 (p=0.189) 12.7
Molds 1.20 (p=0.306) 0.324 (p=0.152) - - 0.324 (p=0.152) - 324
Yeasts 0.200 (p=0.790) -0.048 (p=0.223) - - -0.048 (p=0.223) - 0.00
Aerobic stability -44.5 (p=0.316) 0.033 (p=0.195) - - 0.170 (p=0.593) - 20.2
Water soluble carbohydrates -16.4 (p=0.224) 0.024 (p=0.027) - - -0.259 (p=0.208)  -0.167 (p=0.376) 0.00
Ammonia nitrogen -16.1 (p=0.352) -0.002 (p=0.964) - - -0.002 (p=0.964)  -0.252 (p=0.085) 0.00
pH -0.183 (p=0.171) -0.032 (p=0.960) - - 0.793 (p=0.006) 0.002 (p=0.217) 78.1
Lactic acid 0.496 (p=0.987) -0.452 (p=0.821) - - -0.189 (p=0.955)  0.641 (p=0.020) 63.0
Acetic acid 21.8 (p=0.161) -0.256 (p=0.952) - - -0.251 (p=0.999)  0.573 (p=0.299) 57.8
Propionic acid 8.20 (p<0.001) 0.762 (p<0.001) - - 0.159 (p=0.032) 0.141 (p=0.061) 86.1
Butyric acid -0.545 (p=0.899) -0.623 (p=0.515) - -0.210 (p=0.563)  -0.157 (p=0.636) 0.00

¢ R? = proportion of the between-study variance (heterogeneity) explalned by the dose, forage type, physiological stage, roughage inclusion in

the diet and silo type
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Table S4. Meta-regression of the effect of dose, forage type, physiological stage, roughage inclusion in the diet and silo type on raw
mean differences (RMD) between inoculated with homofermentative microbial inoculant and uninoculated silage for silage and animal

performance

Dependent variable

Meta-regression parameters (P-value)

(Y, RMD) Intercept Forage type Inclusilr?r;h%f(;?;ghage Physsltc;g)eglcal Dose Silo Type R? (%)°
Homofermentative microbial inoculant
Dry matter intake 19.2 (p=0.787) 0.774 (p<0.001) 0.619 (p=0.023) 0.612 (p=0.010) 0.597 (p=0.051) 0.675 (p<0.001) 82.4
Average daily gain -3.00 (p=0.905) -0.405 (p=0.783) - - 0.763 (p=0.001) -0.053 (p=0.783) 73.2
Feed efficiency -3.15 (p=0.069) 0.055 (p=0.3167) - - 0.467 (p=0.138) - 5.47
Dry matter digestibility 75.5 (p=0.225) 0.086 (p=0.141) 0.027 (p=0.196) 0.022 (p=0.023) 0.116 (p=0.780) 0.239 (p<0.001) 46.2
Neutral detergent fiber digestibility 132 (p=0.261) 0.852 (p=0.084) 0.033 (p=0.070) 0.014 (p=0.650) 0.640 (p=0.001) 0.190 (p=0.710) 98.7
Crude protein digestibility 24.3 (p=0.755) -0.249 (p=0.286) -0.056 (p=0.310) - -0.180 (p=0.267) 0.104 (p=0.074) 0.00
Nitrogen intake 4.45 (p=0.123) 0.276 (p=0.078) 0.659 (p=0.242) 0.173 (p=0.103) 0.126 (p=0.286) 0.110 (p=0.262) 28.6
Fecal nitrogen 0.570 (p=0.192) 0.962 (p<0.001) 0.664 (p=0.033) 0.664 (p=0.033) -0.202 (p=0.761)  -0.224 (p=0.853) 59.3
Urinary nitrogen -0.400 (p=0.790) 0.100 (p=0.045) 0.100 (p=0.005) 0.100 (p=0.005) 0.100 (p=0.006) 0.100 (p=0.005) 100
Nitrogen retained 0.650 (p=0.318) 0.778 (p<0.001) 0.138 (p=0.063) 0.138 (p=0.063) -0.209 (p=0.950) 0.062 (p=0.129) 72.2
Dry matter -26.7 (p=0.562) -0.271 (p=0.431) - - -0.271 (p=0.431)  -0.100 (p=0.625) 0.00
Crude protein -1.18 (p=0.964) -0.852 (p=0.967) - - -0.244 (p=0.774)  -0.082 (p=0.790) 0.00
Neutral detergent fiber -47.3 (p=0.582) -0.201 (p=0.639) - - -0.142 (p=0.066) 0.056 (p=0.082) 0.00
Acid detergent fiber -18.4 (p=0.824) -0.356 (p=0.772) - - -0.153 (p =0.485)  0.015 (p=0.677) 0.00
Bacteria -1.25 (p<0.001) 0.937 (p<0.001) - - 0.580 (p < 0.001) 0.396 (p=0.001) 93.7
Molds -1.25 (p<0.001) 0.100 (p=0.006) - - 0.021 (p=0.232) -0.390 (p=0.430) 100
Yeasts -1.25 (p=0.003) 0.884 (p<0.001) - - 0.628 (p=0.001) 0.754 (p<0.001) 88.4
Aerobic stability -22.4 (p<0.001) -0.037 (p=0.002) - - -0.714 (p=0.485) - 100
Water soluble carbohydrates -1.50 (p=0.471) 0.493 (p=0.026) - - -0.226 (p=0.193)  -0.127 (p=0.005) 100
Ammonia nitrogen -5.50 (p=0.767) -0.236 (p=0.744) - - 0.111 (p=0.161) 0.179 (p=0.062) 0.00
pH -0.060 (p=0.902) -0.652 (p=0.827) - - 0.105 (p=0.078) 0.213 (p=0.825) 39.7
Lactic acid 14.0 (p=<0.001) -0.563 (p=0.773) - - -0.125 (p=0.996)  0.760 (p=0.012) 100
Acetic acid -2.78 (p=0.794) -0.236 (p=0.667) - - -0.256 (p=0.854)  0.534 (p=0.165) 0.00
Propionic acid -2.06 (p<0.001) 0.002 (p=0.016) - - 0.197 (p=0.005) 0.362 (p=0.119) 87.9
Butyric acid 0.151 (p=0.613) 0.077 (p=0.003) - - -0.045 (p=0.414)  -0.067 (p=0.894) 72.8

¢ R? = proportion of the between-study variance (heterogeneity) explained by the dose, forage type, physiological stage, roughage inclusion in

the diet and silo type
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Table S5. Meta-regression of the effect of dose, forage type, physiological stage, roughage inclusion in the diet and silo type on raw
mean differences (RMD) between inoculated with microbial inoculant mixture and uninoculated silage for silage and animal performance

Dependent variable

Meta-regression parameters (P-value)

Inclusion of roughage

Physiological

(Y, RMD) Intercept Forage type in the diet stage Dose Silo Type R? (%)*
Microbial inoculant mixture
Dry matter intake -158 (p=0.555) -0.117 (p=0.806) 0.621 (p=0.293) 0.433 (p=0.620) -0.007 (p=0.926) 0.001 (p=0.861) 63.7
Average daily gain 21.8 (p=0.076) 0.002 (p=0.2518) 0.002 (p=0.002) - 0.002 (p=0.252)  -0.497 (p=0.431) 0.00
Dry matter digestibility 48.8 (p=0.591) -0.036 (p=0.520) -0.085 (p=0.813) -0.063 (p=0.532)  -0.172 (p=0.612)  -0.173 (p=0.721) 0.00
Neutral detergent fiber digestibility 96.3 (p=0.095) -0.010 (p=0.535) 0.848 (p=0.001) 0.538 (p=0.431) -0.043 (p=0.697) 0.575 (p<0.001) 83.4
Crude protein digestibility 89.2 (p=0.507) -0.167 (p=0.697) -0.407 (p=0.653) -0.404 (p=0.899)  -0.267 (p=0.822) 0.023 (p=0.888) 0.00
Nitrogen intake -0.135 (p=0.961) - -0.031 (p=0.378) - - 0.597 (p=0.118) 6.20
Dry matter 45.0 (p=0.036) -0.018 (p=0.304) - - 0.017 (p=0.061) 0.321 (p=0.154) 32.0
Crude protein 14.0 (p=0.236) -0.003 (p=0.556) - - -0.003 (p=0.864) 0.044 (p=0.300) 3.93
Neutral detergent fiber -54.0 (p=0.119) 0.368 (p=0.009) - - 0.435 (p=0.012) 0.670 (p<0.001) 70.6
Acid detergent fiber -68.0 (p=0.031) 0.004 (p=0.081) - - -0.010 (p=0.876)  -0.296 (p=0.312) 0.00
Bacteria 0.140 (p= 0.885) -0.111 (p=0.441) - - -0.111 (p=0.441) - 0.00
Molds 0.210 (p=0.809) -0.030 (p=0.909) - - -0.030 (p=0.909) - 0.00
Water soluble carbohydrates 4.00 (p=0.698) -0.256 (p=0.344) - - -0.568 (p=0.368) 0.137 (p=0.265) 6.50
Ammonia nitrogen -59.9 (p<0.001) 0.307 (p<0.001) - - 0.307 (p<0.001) -0.251 (p<0.001) 64.1
pH -0.070 (p=0.423) -0.025 (p=0.093) - - 0.424 (p=0.101) -0.504 (p=0.986) 47.3
Lactic acid -13.0 (p=0.327) -0.256 (p=0.608) - - -0.569 (p=0.305)  0.050 (p=0.338) 0.00
Acetic acid -2.80 (p=0.406) -0.289 (p=0.511) - - -0.026 (p=0.197)  -0.306 (p=0.526) 86.3
Propionic acid 0.730 (p<0.001) 0.058 (p<0.001) - - -0.745 (p<0.001)  0.137 (p=0.029) 54.2
Butyric acid -0.380 (p=0.013) 0.028 (p=0.250) - -0.016 (p=0.435)  -0.107 (p=0.290) 19.2

¢ R? = proportion of the between-study variance (heterogeneity) explained by the dose, forage type, physiological stage, roughage inclusion in
the diet and silo type
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Abstract

This study aimed to create an equation to predict the dry matter intake (DMI) of
Nellore cattle using intake data from Azevedo et al. (2016) and intake data from animals
raised in commercial feedlots in Brazil. This equation will then be compared with other
equations already published. A correlation analysis between performance variables and DMI
was performed. The metabolic body weight (MBW), average daily gain (ADG) and average
daily gain squared (ADG?) variables were included in the model to generate the prediction
equation using SAS software. The new prediction equation was validated according to
accuracy and precision in two feedlots. After validation, the new equation was compared to
Equation 2.1 published by Azevedo et al. (2016) and other equations published by
McMeniman et al. (2010), Anele et al. (2014) and Silva et al. (2021) in two other commercial
feedlots using the software Model Evaluation System v. 3.2.3. The proposed equation for
commercial feedlots was DMI = -2.1948 + 0.08338 * MBW + 3.9328 * ADG - 0.9030 *
ADG?. Neither the equations proposed by Anele et al. (2014) and Silva et al. (2021) nor
Equations 3 and 4 published by McMeniman et al. (2010) proved to be adequate in predicting
intake in commercial feedlots. The Azevedo et al. (2016) Equation 2.1 and the new equation
generated in the commercial herd in tropical conditions accurately predicted the actual intake
of validation herds 1 and 2. Equation 5 proposed by McMeniman et al. (2010) was accurate
and precise to predict the actual intake only in feedlot 2. However, the new equation
presented better accuracy and precision indicators. This new equation is more adequate in
predicting the intake of Nellore beef cattle in commercial feedlots. The new equation can
make feedlot beef cattle feeding systems in Brazil more accurate in tropical conditions and,
therefore, more suitable.

Keywords: animal nutrition; management; prediction model; production systems.
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1. Introduction

Beef cattle production in feedlots in Brazil increased 2.96 times from 2001 to 2019,
and the Nellore breed is the most commonly used in this system (ABIEC, 2020). These data
demonstrate the importance of this production system and the Nellore breed in Brazilian beef
cattle. An intake prediction model for feedlot beef cattle widely used in Brazil was published
by Azevedo et al. (2016). However, this prediction equation was generated from data on
individual intake of experimental animals until 2010 and animals in maintenance or with low
weight gain, which may reduce the accuracy and precision of this model to predict intake in
current commercial feedlots. Other models, such as RLM (maximum profit ratio), NRC
(1996), CNCPS (Fox et al., 2004), and NASEM (2016), are widely used and added to BR-
CORTE (2016), representing 88.9% of the models used to formulate diets in Brazil (Silvestre
and Millen, 2021).

In sequential surveys performed by Millen et al. (2009) until 2008 and Pinto and
Millen (2018) until 2016, it was observed that the percentage of Brazilian nutritionists who
used more than 80% concentrate in the diet increased from 19.4 to 54.6%, which indicates a
higher energy density of the diets of feedlots in recent years. Another important change in
current commercial feedlots is the increase in animal performance. According to Pinto and
Millen (2018), beef cattle in feedlots in Brazil had an average daily gain (ADG) of 1.56
kg/day for bulls and 1.38 kg/day for steers, values higher than those found in the Azevedo et
al. (2016) database (0.92 kg/day). These changes in the productive profile of feedlots in
Brazil probably reduce the Azevedo et al. (2016) equation precision and justify the creation
of a new equation. Considering the other models used in Brazil, the NRC (1996), CNCPS

(Fox et al., 2004), and NASEM (2016) were not developed under climatic conditions similar
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to those found in Brazil or with Nellore animals, which can reduce the accuracy and precision
of these models in Brazilian feedlots.

In North America, intake equations have been developed for commercial feedlots
with the aim of increasing the accuracy and precision of dry matter intake (DMI) prediction.
(Galyean et al., 2010; McMeniman et al., 2010; Anele et al., 2014). However, to date, there
is no intake prediction equation generated from animals in commercial feedlots in Brazil.
Thus, this study aimed to create an equation to predict the DMI of Nellore cattle using intake
data from Azevedo et al. (2016) plus intake data from animals raised in commercial feedlots
in Brazil and to compare this equation with other equations already published. We
hypothesized that including data from commercial herds improves the accuracy and precision
of the prediction Model 2.1 BR Corte proposed by Azevedo et al. (2016) and that this new
model is more accurate and precise than other models previously published.

2. Materials and methods
2.1. Dataset

A meta-analysis was performed using 479 pen data points, totaling 56,452 male
bovines, confined from 06/06/2014 to 21/06/2017 in commercial feedlots located in
northwestern Minas Gerais in the region of Paracatu city (17° 33' 01.8"S; 46° 59' 17.4"W).
The animals used to generate the intake equation were of the Nellore breed purchased in
commercial properties located 447 + 351 km on average from the feedlot in the Minas Gerais
and Goiés states.

Feed management in the feedlot used to generate the equation used the period of
adaptation to finishing diets for 21 days. The adaptation phase was carried out using diets
with 36% + 7.1% concentrate for seven days, with a transition of diets every seven days

including 25, 50, and 75% of the daily supply with finishing diets containing 83.1% + 4%
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concentrate. A scale automatically registered the pens’ daily intake in the truck integrated to
an on-board computer with automatic recognition of the pens through TEG RFID located at
the beginning and end of each pen. The chemical composition of the formulated diets and
feeds used (Tables 1 and 2).
2.2. Development of model

To generate the intake equation, a correlation analysis was performed using the
variables initial body weight (IBW), final body weight (FBW), body weight (BW), metabolic
body weight (MBW), average daily gain (ADG), average daily gain squared (ADG?) and
total days in confinement. After correlation analysis, a mixed model including MBW, ADG,
and ADG? was tested using the SAS MIXED procedure (version 9.4, Inst. Inc., Cary, NC)
with a 5% probability for type I error.
2.3. Validation of model

To validate the equation, two independent databases of commercial feedlots were
used with observations of 222 and 231 pens and a total of 23,531 and 6,384 Nellore animals.
The feedlots used to validate the equation had diets with chemical composition and feeds
(Tables 1 and 2) common to feedlots in Brazil (Silvestre and Millen, 2021). The database
used to generate the equation differed from the data used to validate the equation. The
observed and predicted values were compared using the regression model: Y = 0 + 1 x X,
where Y = represents the observed response values; B0 = represents the intercept of the
equation; B1 = represents the slope of the equation, and X = represents predicted values.
Regression was evaluated with the following statistical hypotheses (Neter et al., 1996): HO =
B0 =0and p1 =1; Ha = No HO.

The slope and intercept of the curve were evaluated separately to identify possible

errors in the equations. After validation, the model's prediction errors were determined using
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the estimated mean squared error of prediction (MSEP), which is closer to 0 and its
components (mean bias, systematic bias, and random errors) according to Bibby and
Toutenburg (1977). The root squares mean prediction error (RMSEP) was used to evaluate
model precision, and the smaller the RMSEP was, the better the model precision. The
coefficient of determination (r?) was used as a precision predictor, and values closer to 1 were
better. The concordance correlation coefficient (CCC) was used to assess the model accuracy
and precision (Deyo et al., 1991; Nickerson, 1997; Liao, 2003). The CCC ranges from -1 to
+1, where values closer to +1 are better. Another precision measure used was the mean bias
comparison (MBC), whose calculation is based on the difference between the values
predicted and observed by the model; values closer to 0 are better (Cochran and Cox, 1957).
2.4. Evaluation of the models

After validating the proposed equation, the main models currently available published
after 1996 were evaluated. According to McMeniman et al. (2009), the equations proposed
by the NRC (1996) were not useful to predict the DMI of cattle in commercial feedlots.
Therefore, the models proposed by Azevedo et al. (2016), McMeniman et al. (2010) using
the ISBW (initial shrunk body weight), Anele et al. (2014), and Silva et al. (2021) as a
predictor of observed intake in commercial feedlots (Table 3) were tested.

The values of r?, Akaike information criterion (AIC), CCC, MBC, MSEP, and
RMSEP were calculated using the software Model Evaluation System v. 3.2.3 (MES) and
used to define the best equation for use in commercial feedlots. The RMSEP values were
expressed concerning the averages observed. For statistical comparison of accuracy and
precision between models, graphical analysis was also used. The linear regression of
observed and predicted values (Figure 1 and 2) and the RMSEP (values expressed in kg

DM/day and percentage of observed DMI) with a confidence interval with a Type | error of
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5% (Torres et al., 2019) (Figure 3 and 4) were calculated. The characteristics of the herds
used by Azevedo et al. (2016) to create the new equation and validate the equations are shown
in Table 4.
3. Results

The new equation proposed for commercial herds was DMI = -2.1948 (+ 0.2437;
p<0.0001) + 0.08338 (+0.003028; p<0.0001) * MBW + 3.9328 (+0.1849; p<0.0001) * ADG
—0.9030 (+0.08578; p<0.0001) * ADG?. where DMI = refers to dry matter intake; MBW =
refers to metabolic body weight, ADG = refers to average daily gain; and ADG? = refers to
the average daily gain squared.

The average real DMI of commercial herds 1 and 2 was 9.13 and 11.0 kg, respectively
(Table 5). In the validation of commercial herd 1, the Azevedo et al. (2016) equation and the
new proposal were precise and accurate in predicting intake [p>0.05 for intercept (a = 0) and
slope (b = 1)]. However, according to comparative analysis between the models in MES, the
new proposal was also 3.1 times more precise and accurate. The new proposal had higher r?
(0.465 vs. 0.459), higher MBC (-0.001 vs. -0.069), higher CCC (0.659 vs. 0.648), lower
MSEP (0.317 vs. 0.324) and lower AIC (377 vs. 380). However, the RMSEP was similar
between the two models (p>0.05). No other model tested was precise and accurate in
predicting DMI in commercial feedlot 1.

In the validation of commercial herd 2, the Azevedo et al. (2016) equation, the
McMeniman et al. (2010) Equation 5 and the new proposal generated in the commercial herd
were accurate and precise [p>0.05 for intercept (a = 0) and slope (b = 1)] (Table 6). However,
according to comparative analysis in MES, the new equation showed better accuracy and
precision, was 304 times better than the Azevedo et al. (2016) model and 10,000 times better

than McMeniman et al. (2010) Equation 5. Better accuracy and precision can be observed by
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the higher r? (0.511, 0.486 and 0.408), lower MBC (0.327, 0.337 and 1.10), higher CCC
(0.600, 0.571 and 0.253), lower MSEP (0.414, 0.437 and 1.59) and lower AIC (389, 400 and
433) for the new equation, Azevedo et al. (2016) and McMeniman et al. (2010) Equation 5,
respectively. The RMSEP was similar (p>0.05) in the new equation and Azevedo et al.’s
(2016) model. However, it was smaller than Equation 5 proposed by McMeniman et al.
(2010) (p<0.05) (Figure 1).
4. Discussion

The new equation was more accurate and precise in predicting the DMI of Nellore
beef cattle in commercial feedlots than the previously published equations. It improved the
accuracy and precision of the equation indicated by Azevedo et al. (2016), which confirms
our hypothesis. Increasing the number of observations in the Azevedo et al. (2016) equation
by including intake data from a commercial feedlot with animals fed high concentrate diets
and in groups improved the accuracy and precision of the Azevedo et al. (2016) equation that
was generated from experimental data. Anele et al. (2014), in North America, evaluated four
equations for predicting intake in a database of experimental animals in groups or
individually or animals from two commercial herds in groups. The authors observed that the
equations validated in commercial herds had a higher coefficient of determination (mean r?
=0.69) and lower root mean square error (RMSE = 0.49) than those validated in experimental
data on group intake (r> = 0.42; RMSE = 1.0) or individual intake (r* = 0.17; RMSE = 1.51).
This observation confirms our results and indicates that equations developed from
commercial feedlot data are more suitable for animals subject to compensatory gain.

Experimental data were more biased, probably because they used younger and lighter
animals compared to commercial data (Sauvant et al., 2008; Anele et al., 2014), which are

also subject to lower compensatory gain. According to Neal et al. (1984), the DMI prediction
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equations should be evaluated under conditions similar to those in which they will be used,
which justifies the choice to adjust Azevedo et al.’s (2016) Equation 2.1 based on data from
commercial feedlots. This difference between the data used by Azevedo et al. (2016) (mostly
from experimental data) and commercial herds can be seen in diets and performances. Zebu
animals from Azevedo et al. (2016) consumed diets with approximately 65.5% of total
digestible nutrients (TDN) and presented an ADG of 0.92 kg/day and lower initial and final
body weight. In Brazil, Pinto and Millen (2018) demonstrated that 54.6% of nutritionists used
diets with more than 80% concentrate and high TDN content and that male animals had ADG
above 1.38 kg/day, which demonstrates a great variation between the data used by Azevedo
et al. (2016) and the data from Brazilian commercial feedlots.

McMeniman et al. (2010) developed three equations using data from commercial
feedlots located in the plains regions of the southern United States (Texas, Oklahoma, and
New Mexico), using male and female animals of British and continental breeds. The animals
used to develop the model were treated with hormonal implants, management not authorized
in Brazil. These differences in climatic conditions, in the characteristics of animals and in the
management used in the United States’ commercial feedlots, probably justify the lower
accuracy and precision of the models compared to the new equation and to the one proposed
in Azevedo et al. (2016).

These differences between the equation development and validation databases
possibly also explain the nonvalidation of the two models developed by Anele et al. (2014)
in feedlots 1 and 2. The equation proposed by Anele et al. (2014) was developed from a
robust database with information obtained from commercial feedlots and the results of

unpublished experiments conducted in the United States and Canada. These differences

173



174

demonstrate that equations developed in feedlots with similar breeds and climatic conditions
seem more suitable.

In this context, the equations developed by Silva et al. (2021) to predict beef cattle
intake under tropical climate conditions would be more adequate to assess intake in
commercial feedlots in Brazil. However, the database used to develop the model comprised
different genetic groups [Bos indicus (41.67%) and Bos taurus x Bos indicus crossbred
animals (58.33%)], sexual classes (89.9% of steers and 9.1% of heifers), and diets with high
inclusion of roughage (45% of DM on average). These data differ from those observed in
commercial feedlots in Brazil, where 64% of nutritionists use finishing diets with more than
80% concentrate (Silvestre and Millen, 2021). These findings justify the nonvalidation of the
equations proposed by Silva et al. (2021) in commercial feedlots 1 and 2.

The beef cattle origin in experiments and feedlots in Brazil is another aspect that may
explain the difference between the equations. Animals in commercial feedlots are usually
prevenient from different herds, which are often far away from the feedlots. These great
distances can trigger metabolic changes such as increased cortisol and epinephrine (Loerch
and Fluharty, 1999). In addition, these animals often come from herds without adequate
supplementation strategies. This supplementation lack associated with stress during transport
can cause the animal to arrive at confinement with poor body condition and change intake at
the beginning of the feedlot (Arthington et al., 2008).

Furthermore, ruminants are animals with social hierarchy (Phillips and Rind, 2002),
influencing feeding behavior and animal performance (Bruno et al., 2017; Llonch et al.,
2018). For example, Zobel et al. (2011) observed that dominant animals had higher DMI,
longer duration, and higher feeding frequency. According to Cafe (2010), subordinate

animals can reduce the DMI due to stress response, change in metabolism, or increased
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energy expenditure to maintain the alert state. These differences between the group and
individual intake of beef cattle may also have altered the equation precision and accuracy.
5. Conclusion

The new equation generated to predict dry matter intake was DMI = -2.1948 +
0.08338 * MBW + 3.9328 * ADG — 0.9030 *ADG?. This equation, for use in commercial
feedlots with Nellore animals in Brazil, was more precise and accurate than the equations
previously published. Furthermore, despite small improvements, it increases the accuracy
and precision of the equation proposed by Azevedo et al. (2016): DMI: -1.7824 + 0.07765 *
MBW + 4.0415 * ADG - 0.8973 * ADG? in predicting Nellore beef cattle intake in
commercial feedlots and must be used under these conditions.
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Table 1. Chemical composition of diets used to determine and validate the regression model

(Commercial feedlot for equation determination)

(Commercial feedlot for validation 1)

(Commercial feedlot for validation 2)

Composition?

(% of DM) Mean + SD Median Minimum Maximum Mean+SD Median Minimum Maximum  Mean+SD Median Minimum Maximum
Adaptation diets

DM (% of FM)  54.4 +£4.27 54.2 43.8 63.8 66.2 +5.31 66.5 43.8 74.0 59.6 £7.24 57.2 51.2 72.0
CP 12.0+1.59 115 9.70 16.0 13.7+£1.37 13.9 9.20 175 13.1+1.18 13.2 114 145
EE 234+069 216 1.61 4.03 386+045 3.86 2.23 4.82 434+1.12 43 2.50 6.00
NDF 38.3+3.87 38.1 32.1 449 416 £5.82 41.0 29.8 59.1 49.6 £5.41 49.2 43.1 57.7
ADF 22.2+3.37 225 16.4 28.1 26.2+£5.31 26.1 16.0 345 32.4+7.06 27.9 26.9 424
NFC 39.7+276 394 35.8 445 351+464 352 26.9 45.3 26.6+6.98  26.0 174 36.0
Starch 30.1+3.92 30.4 244 36.6 321+4.23 335 204 40.5 21.9+8.25 204 114 37.3
TDN 65.6+3.07 66.9 60.3 69.7 69.2+321  70.0 62.2 74.3 66.3+235 67.6 61.8 68.2
Finishing diets

DM (% of FM)  70.0 £3.23 70.0 62.7 78.3 75.4 £ 3.75 75.9 66.1 81.6 77.4+9.28 75.8 62.2 90.7
CP 11.1+£0.92 11.2 9.51 131 12.2+1.08 12.0 9.40 151 144 +211 14.4 10.7 20.0
EE 274+066 249 2.01 3.90 356+04 3.69 2.23 4.26 567+1.44 460 3.00 8.01
NDF 26.4+£1.73 26.7 21.3 29.0 28.3+4.79 27.8 22.3 411 39.4 £5.50 38.4 28.0 48.5
ADF 153+ 1.15 154 121 17.7 17.2 +3.80 16.7 121 26.6 22.3+5.52 20.8 17.0 353
NFC 52.6 £1.62 53.0 48.7 56.0 49.6 £2.94 50.1 42.3 56.9 35.0+£8.77 34.0 19.3 52.2
Starch 453 +1.53 45.0 42.0 50.0 48.7£3.30 49.5 39.4 53.9 29.5+10.6 29.0 9.87 45.1
TDN 73.4+£181 72.7 70.9 76.8 75.7 £2.49 76.7 68.9 79.5 73.8+3.73 73.3 67.2 80.3

'FM, fresh matter; DM, dry matter; CP, crude protein; EE, ether extract; NDF, neutral detergent fiber; ADF, acid detergent fiber; NFC, non-fibrous
carbohydrate; TDN, total digestible nutrient; SD, standard deviation.
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Table 2. Feeds utilized in the diets used to determine and validate the regression model

Ingredients N! Mean Med SD Min Max N Mean Med SD Min Max
(% of dry matter) Adaptation diets (Commercial feedlot Finishing diets (Commercial feedlot
equation determination) equation determination)

Corn 33 332 322 131 830 593 29 573 585 410 415 617
Sorghum 31 910 310 986 190 350 11 585 562 548 533 703
Soybean molasses 10 354 256 283 200 893 40 128 126 291 500 175
Cotton pie 4 187 211 740 799 248 19 11.7 107 448 6.00 215
Corn gluten meal 13 183 135 128 240 400 16 947 980 293 6.40 141
Cotton brand 14 898 935 197 526 132 10 598 513 293 260 117
Soybean meal 14 108 102 298 382 148 12 453 5.00 129 254 6.04
Corn straw 31 108 110 405 160 175 12 959 100 1.65 580 120
Corn silage 20 289 322 154 330 597 26 120 114 536 598 285
Sugarcane bagasse 10 141 163 109 196 300 15 555 500 097 4.00 7.49
Mombaca grass silage 8 340 335 503 277 400 8 7.02 556 371 380 150
Mineral premix 8 171 149 125 202 312 40 318 316 051 227 5.29

Adaptation diets

(Commercial feedlot for validation 1)

Finishing diets

(Commercial feedlot for validation 1)

Corn

Sorghum

Soybean molasses
Cotton pie

Corn gluten meal
Soybean meal
Soybean hulls
Corn silage
Sugarcane bagasse
Mombaca grass silage
Mineral premix

49
20
21
66
5

1
37
35
35
25
70

32.7
33.7
10.5
21.6
12.2
10.7
18.8
24.0
12.7
34.3
2.70

335
31.2
10.0
21.3
12.8
10.7
19.0
25.0
11.6
30.4
2.67

9.80
9.68
2.06
3.58
1.49
4.39
6.85
5.52
11.9
0.138

15.0
22.8
8.00
15.2
9.53
10.7
10.3
7.49
5.00
25.3
1.95

47.9
47.2
15.0
31.5
13.0
10.7
31.0
39.0
24.6
78.4
341

43
22
20
62
29
29
29
29
30
30

56.2
63.5
8.57
14.5
15.0
14.4
10.0
6.88
14.1
3.08

55.6
63.9
8.50
14.7
15.0
13.2
8.51
6.00
14.8
3.06

7.53
3.21
2.28
297
0.01
6.24
451
2.51
1.60

37.9
58.4
6.00
9.05
15.0
6.00
4.50
3.50
11.7

0.097 271

69.2
67.0
13.5
21.9
15.0
31.0
24.6
11.6
17.0
3.24

Adaptation diets

(Commercial feedlot for validation 2)

Finishing diets

(Commercial feedlot for validation 2)

Corn

Cottonseed
Cottonseed cake
Cottonseed huls
Distiller's dried grains
High protein DDG
Soybean meal
Grass silage
Soybean hulls
Urea

Mineral premix

7
2
1
4
6
1
1
6
5
2

7

217.7
8.67
5.50
12.8
26.7
4.67
8.83
27.8
13.4
0.617
3.33

26.5
8.67
5.50
10.5
250
4.67
8.83
30.7
14.3

0.617 0.118 0.530 0.700

10.9
0.943
7.48
7.40

9.79
3.02

12.2
8.00
5.50
7.00
20.0
4.67
8.83
10.0
10.0

42.8
9.33
5.50
23.3
41.0
4.67
8.83
35.0
17.0

3.50 0418 270 3.83

o AP NN

1
6
5
2

7

37.5
10.0
8.75
354
7.50
13.3
11.8

0.350 0.350 0.495

3.29

36.5
10.0
7.50
315
7.50
135
15.0

17.2
2.83
2.87
21.8

7.31
6.13

7.47
8.00
7.00
13.5
7.50
6.00
1.83

3.50 0.367 270

60.0
12.0
13.0
75.0
7.50
20.0
17.0
0.700
3.50

IN, Number of uses the ingredient in diets; SD, standard deviation; Med, Median; Min, Minimum; Max,

Minimum.
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Table 3. Models to predict the DMI (kg/day)

No 1t Model Equation 2

1 New approach DMI: -1.7824 + 0.07765 x BW%™ + 4,0415 * ADG - 0.8973 * ADG?

2 Azevedo et al. (2016) DMI = -1.7824 + 0.07765 x BW®™ + 4,0415 x ADG — 0.8973 x ADG?
3 McMeniman et al. (2010)! DMI = 3.31 + 0.0154 ISBW

4 McMeniman et al. (2010)> DMI =3.73 + 0.0146 ISBW

5 McMeniman et al. (2010)° DMI = 3.83 + 0.0143 ISBW

6 Anele et al. (2014)* DMI = 1.2425 + 1.9218 x NEm — 0.7259 x NEm? x (BW/100)

7 Anele et al. (2014)? DMI =0.01673 x End BW + 8.123 x NEm - 3.0042 x NEm? - 3.6262
8 Silva et al. (2021)* DMI = —1.6235 + 0.0956 x BW°7® + 1.6712 x ADG

9 Silva et al. (2021)? DMI =0.1129 x BW®" — 45366 x g ~1-2374xADG

'Equation reference number in the paper

2DM, dry matter; ISBW, initial shrunk bodyweight (kg); End BW, final weight; TDN, total digestible nutrients;
ME, metabolisable energy; NEg, net energy for gain; DE, digestible energy; BW, average bodyweight (kg);
BW?5, metabolic BW; ADG, average daily gain (kg/day); NEm, net energy of maintenance. Estimated
according to NRC (2001) from TDN of diet: NEm = 1.37 x (ME for NEg) x 0.138 x (ME for NEg)? + 0.0105 x
(ME for NEg)® - 1.12; where ME for NEg (Mcal/kg DM) = 0.82 x DE of diet (Mcal /kg DM), and DE of diet =
observed TDN of diet (% DM) x 4.4. TDN estimated according to NRC (2001).
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Table 4. Productive indicators of Nellore beef cattle used to determine and validate the

regression model

N Mean Median SD Minimum Maximum
Azevedo et al. (2016)
Feedlot duration, days 649 a 106 90 45.1 42 271
Initial body weight, kg 649 a 308 317 72.8 110 475
Final body weight, kg 649 a 400 413 84.4 125 580
Average daily gain, kg/day 649 a 0.920 0.970 0.42 -0.36 1.84
Commercial feedlot used for equation determination + Azevedo et al. (2016)
Feedlot duration, days 1128 ¢ 102 95 36.9 42.0 271
Initial body weight, kg 1128 ¢ 330 341 70.0 110 499
Final body weight, kg 1128 ¢ 450 471 91.3 125 652
Average daily gain, kg/day 1128 ¢ 1.23 1.32 0.49 -0.36 2.00
Commercial feedlot for validation 1
Feedlot duration, days 222 ¢ 129 126 30.8 66.0 206
Initial body weight, kg 222 ¢ 309 305 42.9 229 523
Final body weight, kg 222 ¢C 497 493 35.9 386 714
Average daily gain, kg/day 222 ¢ 1.49 1.48 0.190 1.02 2.32
Commercial feedlot for validation 2
Feedlot duration, days 231c 103 108 14.8 70 127
Initial body weight, kg 231¢c 426 418 37.0 344 570
Final body weight, kg 231¢c 593 576 45.6 527 763
Average daily gain, kg/day 231c 1.62 1.62 0.21 1.08 2.24

SD, standard deviation; a, animals; ¢, curral
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Table 5. Validation statistics between dry matter intake predicted by the new equation and

by the equations already published and observed in commercial feedlot 1

Observed Predicted?
Item?
Com® 1 2 3 4 5 6 7 8 9

Mean DMI 9.13 9.13 9.20 8.07 8.24 8.25 9.45 9.56 9.47 10.1
+SD, kg 0.770 0.590 0.580 0.660 0.626 0.613 0.84 0.60 0.748 0.659

Median DM, kg 9.10 9.00 9.08 8.00 8.18 8.19 9.26 9.47 9.29 9.95

Intercept - 1.05 0.879 282 2.30 2.17 3.20 2.64 2.56 1.09
+SD - 0.587 0.606 0.465 0.499 0.51 0.423 0.688 0.483 0.569
(p-value) - 0.076 0.148 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.056
Slope - 0.886 0.897 0.782 0.829 0.845 0.627 0.679 0.695 0.797
+SD - 0.064 0.066 0.057 0.060 0.062 0.045 0.072 0.051 0.056
(p-value) - 0.075 0.118 <0.001 0.005 0.013 <0.001 <0.001 <0.001 <0.001
r2 - 0.465 0.459 0.457 0.462 0.460 0473 0.289 0.459 0.476
MBC - -0.001 -0.069 106 0.893 0.887 -0.32 -0.427 -0.338 -0.955
CCcC - 0.659 0.648 0.317 0367 0364 0.635 0439 0.616 0.361
MSEP - 0.317 0.324 1.47 1.12 111 0.51 0.63 0481 1.24

AIC - 377 380 380 379 379 374 440 379 372
MBIM - 0.000 0.005 1.13 0.797 0.787 0.102 0.182 0.114 0.912
SB - 0.004 0.004 0.021 0.011 0.009 0.097 0.038 0.052 0.018

RE - 0.312 0.315 0.316 0.314 0.315 0.307 0.414 0.315 0.305

RMSEP - 0.563 0.569 1.21 1.06 1.054 0.711 0.796 0.694 1.11
RMSEP 6.16 6.18 15.0 12.9 12.78 7.53 8.33 7.32 11.0

(% of mean X)

1 DMI, dry matter intake; SD, standard deviation; MBC, mean bias comparision; CCC, Concordance correlation
coefficient; MSEP, Mean square error of prediction; AIC, Akaike's Information Criterion; MBIM, mean bias
individual model; SB, Systematic bias; RE, random erros; RMSEP, Root squares mean prediction error.
2 Equations 1 to 9 described in table 3.

3 Com, commercial feedlot 1.
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Table 6. Validation statistics between dry matter intake predicted by the new equation and
by the equations already published and observed in commercial feedlots 2

Observed Predicted?
Item?
Com?® 1 2 3 4 5 6 7 8 9
Mean DMI 11.0 10.7 10.7  9.90 998 995 12.2 11.5 11.3 12.1
+SD, kg +079 *+055 +053 0569 0540 0529 1.011 0.757 0.679 0.685
Median DMI, kg 10.1 10.6 106 978 986 984 1205 114 11.2 11.9
Intercept - -0.051 -0230 225 166 152 3.69 1.20 1.81 0.869
+SD - 0.717 0.765 0.694 0.743 0.758 3.687 0.495 0.646 0.642
(p-value) - 0934 0.764 0.001 0.026 0.046 <0.001 0.016 0.006 0.177
Slope - 1.04 105 0.889 0941 0958 3.687 0.853 0.814 0.843
+SD - 0.067 0.072 0.070 0.075 0.076 0.034 0.043 0.057 0.053
(p-value) - 0598 0459 0.114 0433 0.585 <0.001 <0.001 0.001 0.004
r2 - 0.511 0486 0.412 0.411 0408 0.575 0.634 0472 0.523
MBC - 0327 0337 115 108 110 -1.142 -0.489 -0.299 -1.02
CCC - 0.600 0571 0.255 0.264 0.253 0.410 0.660 0.625 0.366
MSEP - 0.414 0437 171 153 159 173 0481 0437 136
AIC - 389 400 431 432 433 356 322 407 383
MBIM - 0.107 0.113 133 116 122 1305 0.239 0.089 1.04
SB - <0.001 <0.001 0.004 0.001 0.000 0.156 0.012 0.015 0.011
RE - 0.307 0.322 0369 0370 0371 0.267 0.230 0.332 0.299
RMSEP - 0643 0661 131 124 126 131 0.694 0.661 1.16
RMSEP

(% of mean X) 6.01 6.18 132 124 127 1080 6.02 5.83 9.66

! DM, dry matter intake; SD, standard deviation; MBC, mean bias comparision; CCC, Concordance correlation
coefficient; MSEP, Mean square error of prediction; AIC, Akaike's Information Criterion; MBIM, mean bias
individual model; SB, Systematic bias; RE, random erros; RMSEP, Root squares mean prediction error.

2 Equations 1 to 9 described in table 3.

3 Com, commercial feedlot 2.
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Figure 1. Relationships of observed (+) and residual (observed — predictedO) dry matter intake (DMI) values with predicted values for beef cattle
using the New approach, Azevédo et al. (2016), McMeniman et al. (2010)!, McMeniman et al. (2010)%, McMeniman et al. (2010)3, Anele et al.
(2014)%, Anele et al. (2014)?, Silva et al. (2021)* and Silva et al. (2021)? in the feedlot 1 (Predicted?).
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Figure 2. Relationships of observed (+) and residual (observed — predictedO) dry matter intake (DMI) values with predicted values for beef cattle
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Figure 3. Values of root mean square prediction error (RMSEP) and its confidence interval (ClI
95%) of the dry matter intake (DMI) predictive models for beef cattle in the Commercial feedlot

1. The Equations 1 to 9 are described in table 3
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Figure 4. Values of root mean square prediction error (RMSEP) and its confidence interval (ClI
95%) of the dry matter intake (DMI) predictive models for beef cattle in the Commercial feedlot

2. The Equations 1 to 9 are described in table 3
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