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RESUMO

Este trabalho teve como objetivo integrar diferentes abordagens para investigar a ocorréncia de
acidose subclinica em vacas leiteiras, bem como o comportamento alimentar e estratégias
nutricionais e/ou de monitoramento voltadas a sua prevencao, com potencial impacto sobre a
produtividade e a satde animal em sistemas leiteiros. Para isso, foram conduzidos trés estudos
complementares, combinando experimentacdo controlada, integracdo de bancos de dados
experimentais e avaliacdo em condicdes comerciais. No primeiro estudo, avaliou-se 0 uso de
fosfato de magnésio (MgP) como fonte de magnésio e fésforo para vacas em lactagdo. A
suplementacdo com MgP, isoladamente ou associada ao 6xido de magnésio, ndo alterou o
consumo de matéria seca, a producdo de leite ou variaveis de pH ruminal e fermentacdo. No
entanto, maior fornecimento de magnésio aumentou a concentracdo de gordura do leite,
associado a maiores proporcOes de acidos graxos pré-formados e maior digestibilidade de
extrato etéreo. No segundo estudo, foram avaliadas associag¢fes entre consumo de carboidratos,
comportamento ingestivo e dindmica do pH ruminal, utilizando dados integrados de dois
experimentos com mensuracdo continua de pH via bolus ruminal. A ingestdo de fibra,
especialmente FDN de forragem e FDN fisicamente efetiva em relacdo ao peso corporal, esteve
positivamente associada ao tempo de ruminacdo e mastigacdo e a indicadores de maior
estabilidade do pH ruminal. A ruminagdo modulou a relagdo entre ingestdo de fibra e pH,
enguanto efeitos de ordem de parto indicaram maior responsividade de vacas multiparas e maior
susceptibilidade de primiparas a condi¢BGes desfavoraveis de pH. Variaveis de pH também se
associaram a desempenho produtivo, perfil de &cidos graxos do leite e marcadores fisiol6gicos.
No terceiro estudo, avaliou-se o potencial do tempo de ruminacdo obtido por colares de
monitoramento como ferramenta para monitoramento nutricional em nivel de lote, em
condic¢des comerciais. O tempo de ruminacgdo apresentou associa¢do positiva com producéo de
leite e consumo de matéria seca, além de relacdo com varidveis de composicao da dieta e
ingestdo de nutrientes, especialmente lignina. Essas associagdes foram mais evidentes no inicio
da lactacéo, e os resultados indicam que dados de ruminacdo derivados de sensores podem ser
utilizados como indicadores Uteis do manejo nutricional em sistemas comerciais. De forma
integrada, os resultados demonstram que a dindmica do pH ruminal e sua relacdo com
desempenho produtivo dependem da interacdo entre ingestdo de fibra, comportamento
ingestivo e caracteristicas dos animais, e que ferramentas baseadas em sensores apresentam

potencial para apoiar o monitoramento nutricional e a tomada de decis@o em sistemas leiteiros.

Palavras-chave: acidose subclinica; pH ruminal; atividade mastigatoria; ruminagdo; magnésio.



ABSTRACT

This work aimed to integrate different approaches to investigate the occurrence of subacute
ruminal acidosis in dairy cows, as well as feeding behavior and nutritional and/or monitoring
strategies for its prevention, with potential implications for productivity and animal health in
dairy systems. To achieve this, three complementary studies were conducted, combining
controlled experimentation, integration of experimental datasets, and evaluation under
commercial conditions. In the first study, magnesium phosphate (MgP) was evaluated as a
source of magnesium and phosphorus for lactating dairy cows. Supplementation with MgP,
either alone or in combination with magnesium oxide, did not affect dry matter intake, milk
yield, or ruminal pH and fermentation variables. However, increased dietary magnesium supply
increased milk fat concentration, which was associated with greater proportions of preformed
fatty acids and higher ether extract digestibility, as well as improved total-tract nutrient
digestibility. In the second study, associations among carbohydrate intake, feeding behavior,
and ruminal pH dynamics were evaluated using integrated data from two experiments with
continuous ruminal pH measurement via bolus sensors. Fiber intake, particularly forage NDF
and physically effective NDF relative to body weight, was positively associated with
rumination and chewing time and with indicators of greater ruminal pH stability. Rumination
modified the relationship between fiber intake and ruminal pH, whereas parity effects indicated
greater responsiveness in multiparous cows and increased susceptibility of primiparous cows
to unfavorable pH conditions. Ruminal pH variables were also associated with productive
performance, milk fatty acid profile, and physiological markers. In the third study, the potential
of collar-derived rumination time as a tool for nutritional monitoring at the pen level under
commercial conditions was evaluated. Rumination time was positively associated with milk
yield and dry matter intake and showed strong relationships with diet composition and nutrient
intake variables, particularly lignin. These associations were more pronounced in early
lactation, and the results indicate that sensor-derived rumination data can serve as useful
indicators of nutritional management in commercial dairy systems. Overall, the results
demonstrate that ruminal pH dynamics and their relationship with productive performance
depend on the interaction among fiber intake, feeding behavior, and animal characteristics, and
that sensor-based tools have potential to support nutritional monitoring and decision-making in

dairy production systems.

Keywords: subacute ruminal acidosis; ruminal pH; chewing behavior; rumination; magnesium.



INDICADORES DE IMPACTO

O presente trabalho teve como objetivo investigar fatores nutricionais e
comportamentais relacionados a acidose ruminal subclinica em vacas leiteiras e avaliar
estratégias para seu monitoramento e prevencdo. Os resultados geraram conhecimentos que
contribuem para o aprimoramento do manejo nutricional, demonstrando que a suplementacéo
de magnésio pode favorecer a digestibilidade dos nutrientes e o teor de gordura do leite. Além
disso, a pesquisa evidenciou que dados de ruminacéo obtidos por sensores podem ser utilizados
como ferramenta de apoio ao manejo nutricional e a tomada de decisdo em fazendas leiteiras,
contribuindo para a adocdo de tecnologias de pecuaria de precisdo. Do ponto de vista
econbmico, o0s conhecimentos gerados fornecem subsidios para aumentar a eficiéncia
alimentar, reduzir perdas associadas a acidose ruminal subclinica e melhorar a produtividade
dos rebanhos. A pesquisa também apresenta impacto social ao disponibilizar informacdes que
podem ser aplicadas por produtores e técnicos na melhoria do manejo dos animais. Parte dos
estudos foi conduzida em fazendas comerciais parceiras, fortalecendo a integracdo entre a
UFLA e o setor produtivo e favorecendo a transferéncia de conhecimento para condicdes reais
de producdo. Os impactos diretos incluem a formacdo de recursos humanos e a geracdo de
conhecimento aplicado para fazendas leiteiras, enquanto os impactos potenciais envolvem a
adocdo das estratégias propostas por produtores, técnicos e empresas do setor. O trabalho
enquadra-se principalmente nas areas de Tecnologia e Producdo e Educacdo da Politica
Nacional de Extensdo e esta alinhado aos Objetivos de Desenvolvimento Sustentavel (ODS) da
Agenda 2030 da Organizacdo das Nagdes Unidas, especificamente o ODS 2 (Fome Zero e

Agricultura Sustentavel) e 0 ODS 12 (Consumo e Producdo Responsaveis).



IMPACT INDICATORS

This work aimed to investigate nutritional and behavioral factors related to subclinical
ruminal acidosis in dairy cows and to evaluate strategies for its monitoring and prevention. The
results generated knowledge that contributes to improving nutritional management,
demonstrating that magnesium supplementation can enhance nutrient digestibility and milk fat
content. In addition, the research showed that rumination data obtained through sensors can be
used as a tool to support nutritional management and decision-making on dairy farms,
contributing to the adoption of precision livestock farming technologies. From an economic
standpoint, the knowledge generated provides support for increasing feed efficiency, reducing
losses associated with subclinical ruminal acidosis, and improving herd productivity. The
research also has social impact by making available information that can be applied by
producers and technicians to improve animal management. Part of the studies was conducted
on partner commercial farms, strengthening the integration between UFLA and the productive
sector and fostering knowledge transfer to real production conditions. Direct impacts include
human resource training and the generation of applied knowledge for dairy farms, while
potential impacts involve the adoption of the proposed strategies by producers, technicians, and
companies in the sector. The work falls primarily within the areas of Technology and
Production and Education of the National Extension Policy and is aligned with the Sustainable
Development Goals (SDGs) of the United Nations' 2030 Agenda, specifically SDG 2 (Zero
Hunger and Sustainable Agriculture) and SDG 12 (Responsible Consumption and Production).
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1. INTRODUCAO

O presente trabalho teve como objetivo integrar diferentes abordagens para investigar a
ocorréncia de acidose subclinica em vacas leiteiras, bem como o comportamento alimentar e
estratégias nutricionais e/ou de monitoramento voltadas a sua prevencdo, com potencial
impacto positivo sobre a produtividade e a saude animal em sistemas leiteiros. A primeira parte
consiste em um referencial tedrico focado na etiologia da acidose subclinica. A segunda parte
retne trés artigos. O primeiro descreve um experimento conduzido para avaliar o fornecimento
de fosfato de magnésio para vacas em lactacdo. O segundo utiliza um banco de dados integrando
dois experimentos (incluindo o primeiro desta tese), nos quais foram utilizados bélus ruminais
para investigar associacfes entre consumo de fibra, atividade mastigatéria, pH ruminal,
desempenho e variaveis fisiologicas. O terceiro artigo avalia o uso de colares de monitoramento
de ruminacdo como ferramenta para monitoramento nutricional em nivel de lote, em condicGes

comerciais.

2. REFERENCIAL TEORICO

2.1 Acidose subclinica em vacas leiteiras

Vacas leiteiras tém alta exigéncia nutricional. Assim, para suprir as exigéncias de
energia e proteina, é comum aumentar a oferta de alimentos concentrados e reduzir a quantidade
de forragem nas dietas. Tipicamente, em dietas de vacas em lactacdo em sistemas confinados,
o teor de amido varia de 20 a 30% na matéria seca (MS - NASEM, 2021). Valores proximos de
30% s&@o frequentemente encontrados, pois aumentam o aporte de energia para o animal,
aumentam a eficiéncia alimentar e maximizam a sintese de proteina microbiana (Hall e Derek,
2001; NASEM, 2021). No entanto, isso também aumenta o risco de acidose subclinica (ASC).
Caso a prevaléncia de ASC em um rebanho seja alta, os beneficios de se fornecer uma dieta
com alto amido ndo serdo observados, além de que provavelmente ocorrera queda na producao
e teor de gordura (Bauman e Griinari, 2001) e proteina (Chang et al., 2018) do leite, além de
aumento nos casos de deslocamento de abomaso, problemas de casco e problemas hepaticos
(Plaizier et al., 2008). Nesse contexto, um dos maiores desafios na nutricdo de vacas leiteiras €
0 balanceamento de carboidratos (considerando velocidade de degradacéo do amido e tamanho
de particula da fibra) da dieta para promover adequada producdo de &cidos graxos de cadeia
curta (AGCC) e crescimento microbiano, ja que o animal possui grande demanda por energia e

proteina, mas sem comprometer a salde do trato gastrointestinal.
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A ASC é um distarbio metabolico altamente prevalente em rebanhos leiteiros.
Levantamentos realizados nos Estados Unidos, Ird, Holanda e Alemanha mostraram que a
prevaléncia de ASC, determinada quando o pH do liquido ruminal coletado por ruminocentese
foi < 5,5, variou de 13,8 a 27,6% (Garret et al., 1997; Tajik et al., 2009; Kleen et al., 2009;
Kleen et al., 2012). Embora ndo haja dados semelhantes disponiveis para o Brasil, é possivel
especular que a prevaléncia de ASC em fazendas brasileiras seja ainda maior que nos outros
paises mencionados. Isso principalmente porque a silagem de milho, frequentemente com
pequeno tamanho de particula, é a principal forragem conservada utilizada no pais (Bernardes
et al., 2018; Daniel et al., 2019); a maior parte das fazendas parece ndo incluir uma segunda
fonte de forragem na dieta (Bernardes et al., 2018); e os teores de gordura e proteina do leite no
pais sdo historicamente baixos (Rezende, 2022), mesmo com o baixo nivel de producdo médio

relatado em levantamentos nacionais (IBGE, 2017).
Mensuracédo do pH ruminal e detec¢do de acidose subclinica

Em trabalhos que mediram a prevaléncia de ASC utilizando a técnica de ruminocentese,
considera-se que o disturbio metabdlico ocorre quando pH do liquido ruminal < 5,5 (Garret et
al., 1997). No entanto, apesar de util para levantamentos em fazendas comerciais, a mensuragao
de pH por ruminocentese possui limitacfes, como o potencial trauma ao animal e a coleta em
um Unico horério do dia. Sabidamente, o pH ruminal varia ao longo do dia, sendo inversamente
proporcional ao acumulo de AGCC no meio (atingindo o nadir normalmente de 8 a 12 horas
apos a primeira alimentacdo — Pereira e Armentano, 2000; Resende, 2022). Resultados de pH
ruminal em amostras coletadas por sonda esofagica também apresentam problemas, apesar de
serem frequentemente relatado em artigos (Cueva et al., 2021; Stefenoni et al., 2021; Lobo et
al., 2023). Nesse caso, as amostras podem sofrer com alta contaminacao de saliva (Terré et al.,
2013), o que resulta em valores de pH mais elevados. Além disso, assim como na
ruminocentese, quase sempre é possivel coletar apenas uma amostra por dia, ja que o uso da
sonda esofagica repetidas vezes aumenta o risco de traumas e, consequentemente, queda no

consumo de mateéria seca (CMS) e desempenho dos animais.

Assim, em estudos que avaliam estratégias de controle da ASC, metodologias mais
solidas sdo preferencialmente adotadas. O uso de animais com fistula de ramen possibilita a
coleta de amostras varias vezes por dia. A possibilidade de tracar a curva de pH ruminal ao
longo do dia é muito util, ja que o efeito da dieta sobre o pH ruminal pode depender do tempo
de amostragem. Outra vantagem evidente do uso de vacas fistuladas é a possibilidade de

analisar outros parametros do liquido ruminal, como concentra¢do de AGCC, ao longo do dia.
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Entretanto, é importante observar que poucos centros de pesquisa possuem acesso a um grande
namero de vacas fistuladas. Nesse contexto, o uso de bélus eletrdnicos que permitem a medicdo
continua do pH ruminal tem ganhado destaque em pesquisas recentes (Humer et al., 2015; Petri
et al., 2019; Stauder et al., 2020; Resende, 2022).

Os bolus ficam localizados no reticulo e mensuram o pH em intervalos programados, a
cada 5, 10 ou 15 minutos, por exemplo. Essa informacdo permite tracar uma curva de pH
ruminal ao longo do dia bastante robusta, desde que o equipamento em questdo seja validado
em pesquisa e corretamente calibrado. Assim, além da simples comparacgdo das medias de pH
ruminal entre os tratamentos, é possivel avaliar valores maximos e minimos, bem como o tempo
diario em que o pH ruminal fica abaixo de 5,6; 5,8 ou qualquer outro limite. Na literatura,
existem sugestdes de limite de tempo diario de pH ruminal abaixo de um determinado valor
especifico para caracterizacdo de ASC. Por exemplo, Plaizier et al., (2008) considera ASC
quando o pH permanece < 5,6 por mais que 3 horas por dia, enquanto Zebeli et al., (2012) a

considera quando o pH permanece < 5,8 por mais de 5 horas por dia.

Adicionalmente, o tempo que o animal permanece em ASC é importante para
determinar a severidade desse disturbio. Dohme et al., (2008) desafiaram vacas em lactacdo
(restri¢do de consumo para 50% do ad libitum no dia 4 do periodo experimental e fornecimento
de 2 kg de cevada + 2 kg de trigo antes da alimentacdo no dia 5) com acidose por trés periodos
consecutivos de 14 dias e observaram que os menores valores de pH ruminal foram encontrados
no terceiro desafio (médias de pH de 6,13; 6,03 e 5,77; nadir de pH 5,52; 5,34 e 5,14; para 0s
periodos desafio 1, 2 e 3, respectivamente). Essa maior queda em pH ao longo dos desafios
provavelmente ocorre porque a repeticdo do quadro de ASC reduz a capacidade de absorcéo de
AGCC do epitélio ruminal (Aschenbach et al., 2019), tornando o rimen mais propenso ao
acumulo de acidos. O uso de bolus de pH ruminal também € interessante nesse sentido, ja que
permite o monitoramento diario de pH de forma ndo invasiva, durante um periodo relativamente
longo de tempo. Contudo, o uso de bolus apresenta como principais desvantagens o alto custo,
a duracdo do sensor de pH (normalmente dura apenas um experimento) e a possiblidade do
sensor mudar o seu local dentro do rimen, pela prépria motilidade. Caso isso aconteca, ndo é
possivel utilizar o dado do animal em questéo, ja que o sensor estara mensurando o pH em um

local diferente dos outros animais, o que confunde o efeito de tratamento.

Demais variaveis e acidose subclinica
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Indo além, os sintomas de ASC ndo se limitam a diminuigdo do pH ruminal. Portanto,
uma avaliacdo dessa desordem metabdlica deve levar em consideracdo uma combinacdo de
variaveis, incluindo outros parametros do ramen, bem como parametros sanguineos, do leite e
das fezes (Plaizier et al., 2018). Ainda no proprio rimen, a ASC esta associada a uma alteracéo
da microbiota e perfil fermentativo, producdo de endotoxinas, falha na funcdo de barreira do

epitélio e até rumenites em casos mais graves.

O uso de dietas com maior teor de amido e menor teor de FDN favorece a producéo de
propionato (produzido principalmente por bactérias amiloliticas) e desfavorece a producéo de
acetato (produzido principalmente por bactérias celulolitcas). Sendo assim, a relacdo
acetato/propionato no rimen funciona como um bom indicador do risco de ASC (Pereira e
Armentano, 2000). Isso ocorre pelo efeito de substrato e pela diferenca entre esses grupos de
bactérias na tolerancia ao abaixamento do pH. Como bactérias celuloliticas sd&o menos
resistentes ao baixo pH (Russel, 2002), uma queda na degradacéo de FDN e, consequentemente,
menor producéo de acetato sdo esperados com 0 aumento no teor de amido da dieta. A relacdo
acetato/propionato varia de 3/1 (dietas com alto teor de FDN) para 2/1 (dietas com alto teor de
amido) (Pereira e Armentano, 2000). Geralmente, o que se busca na formulacao de dietas para
vacas de alta producdo € a reducéo da relacdo acetato/propionato no rimen, ja que isso aumenta
a eficiéncia energética do animal. O ganho em eficiéncia energética ocorre porque substituir
FDN por amido aumenta a digestibilidade da dieta e a conversdo de energia digestivel para
energia metabolizavel (reduz perda de energia pela producdo de CH4 no ramen). Porém, em
uma relacdo acetato/propionato mais baixa, provavelmente a producdo de AGCC no rdimen

estara mais rapida, aumentando o risco de acidose.

A concentragdo de butirato no rimen, que aumenta com o maior fornecimento de
carboidratos rapidamente fermentaveis (principalmente sacarose - Gao e Oba, 2016), é
importante para a etiologia da ASC. Em bezerros em aleitamento, o aumento da
producdo/suplementacdo de butirato aumenta o crescimento de papilas no rumen, o que
geralmente resulta em maior superficie de absorcdo de nutrientes e, provavelmente, melhor

desempenho produtivo (Gorka et al., 2018).

Por outro lado, em vacas adultas consumindo dietas com moderado/alto teor de
carboidratos rapidamente fermentéveis, 0 aumento exacerbado da concentragdo ruminal de
butirato pode promover hiperqueratose e paraqueratose excessiva (Costa et al., 2008; Kauffold
et al., 1977 — citado por Aschenbach et al., 2019). Tais efeitos sdo indesejaveis, ja que a

hiperqueratose reduz a capacidade metabolica (absor¢do) do epitélio ruminal (Baldwin e Jesse,
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1991), enquanto a paraqueratose excessiva reduz a funcdo de barreira, 0 que 0 aumenta o risco
de absorcédo de endotoxinas. Adicionalmente, o aumento da concentragdo ruminal de butirato e
propionato, mas nao acetato (Kendall e McLeay, 1996), parece inibir motilidade ruminal pela
ativacdo dos receptores quimicos do epitélio, o que pode prejudicar a absorcao de AGCC como

um todo, além de causar queda no CMS.

Indo além, os efeitos do butirato sobre o epitélio ruminal e intestinal sdo complexos.
Utilizando ratos com fistula ileal, Sakata et al., (1987) compararam os efeitos do butirato,
propionato e acetato sobre a proliferacdo de células da parede do ceco e jejuno in vivo e, no
mesmo experimento, coletaram tecido desses 6rgdos para testar os efeitos dos mesmos AGCC
in vitro. Interessantemente, o butirato teve o maior efeito estimulatério in vivo, mas o maior
efeito inibitorio in vitro. Esse trabalho sugere que o butirato atua de forma direta e indireta sobre

0 epitélio do trato gastrointestinal.

O efeito direto acontece pelo contato desse AGCC com as células do epitélio, enquanto
o efeito indireto acontece de forma sistémica e é provavelmente mediado por horménios. Sabe-
se que o butirato possui um potente efeito positivo sobre a secrec¢do de insulina e IGF-1 (De
Jong, 1982 - citado por Fukumori et al., 2021), o que causa crescimento de papilas e aumento
da capacidade absorcdo de AGCC do epitélio ruminal. Mais recentemente, uma relacdo entre
butirato e 0 hormonio do trato gastrointestinal peptideo-2 semelhante ao glucagon (GLP-2)
também foi demonstrada (ElSabagh et al., 2017; Fukumori et al., 2021). Em vacas secas
consumindo dietas de alta forragem, a suplementacdo de butirato de sédio (0,04% do peso
corporal) durante 22 dias triplicou o0 GLP-2 no sangue (Fukumori et al., 2021). Essa relacédo
entre butirato e GLP-2 pode ser importante para rebanhos com alta prevaléncia de ASC, ja que
0 aumento de GLP-2 no sangue esta associado a melhor funcdo de barreira e menor resposta
inflamatoria no trato gastrointestinal (Baldassano e Amato, 2014).

Considerando os efeitos diretos e indiretos do butirato, é possivel dizer que a influéncia
desse AGCC no epitelio ruminal depende do balango entre esses efeitos. Para obter uma
influéncia benéfica, é provavel que a producdo de butirato no ramen deva ser suficiente para
estimular a acdo hormonal, sem, no entanto, causar danos ao epitélio ruminal pelo efeito direto.
Esse contexto, inclusive, ajuda a explicar por que os efeitos do butirato sdo geralmente positivos
em bezerros, mas geram controveérsias em vacas em lactacéo, especialmente em dietas com teor
de concentrado mais elevado. Dado que a producéo de butirato € baixa em bezerros (Gorka et
al., 2018), é plausivel que o efeito predominante ao suplementar butirato seja o indireto. Por

outro lado, em vacas em lactagcdo que consomem dietas ricas em concentrado, a produgédo de
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butirato j& estd aumentada (Aschenbach et al., 2019; Gao e Oba, 2016) e, nesse contexto,

estratégias nutricionais que aumentem ainda mais podem favorecer o efeito direto.

Ainda explorando os possiveis efeitos da ASC no rimen, uma revisdo de literatura
recente (Aschenbach et al., 2019) discute a relagéo entre a ocorréncia de ASC e a funcédo de
barreira (integridade) do epitélio ruminal. Dentre 0os componentes da funcdo de barreira do
epitélio ruminal, que incluem fatores mecanicos e quimicos, as juncGes de oclusdo (tight
junctions) destacam-se como um fator-chave, com o papel de atuar como uma barreira seletiva
que previne a entrada de moléculas nocivas (e até bactérias) na circulacdo portal (Aschenbach
et al., 2019). Existem algumas evidéncias que comprovam a influéncia da dieta nas juncGes de
oclusdo do epitélio ruminal. Steele et al., (2016), utilizando vacas secas, demonstraram que, ao
alterar a dieta dos animais de 0 para 65% de grdos, ocorreu uma dessensibilizacdo de proteinas
transmembranas associadas as jun¢des de oclusdo do epitélio ruminal, indicando uma funcgéo

de barreira comprometida.

A menor eficiéncia das juncdes de oclusdo em condicGes de ASC € explicada pelos
efeitos do baixo pH, alta concentragdo de AGCC e hiperosmolaridade sobre as mesmas
(Aschenbach et al., 2019). Embora o pH ruminal desempenhe um papel crucial na eficiéncia da
funcdo de barreira do epitélio, a concentracdo de AGCC parece ter um papel igualmente
importante. Estudando o epitélio ruminal ex vivo, Meissner et al., (2017) notaram que somente
a reducdo do pH do meio para 5,1 ndo foi suficiente para alterar a permeabilidade do epitélio
ruminal, enquanto a reducdo do pH para 5,1 somada a alta concentracdo de AGCC no meio
promoveu um aumento de permeabilidade significativo. A contribuicdo da hiperosmolaridade
para menor integridade da barreira epitelial também ja foi estudada e confirmada ex vivo
(Penner et al., 2010). Em condicdes in vivo, porém, provavelmente ocorrerdo queda no pH,
hiperosmolaridade e aumento da concentracdo de AGCC de forma simulténea, ja que a
concentracdo de AGCC € justamente a principal causadora da queda de pH e

hiperosmolaridade.

Além de reduzir a integridade e funcédo de barreira, a ASC pode reduzir a capacidade de
absorcdo do epitélio ruminal (Aschenbach et al., 2019). Apesar de quedas moderadas de pH
estimularem a absorcdo de AGCC (Dijkstra et al., 1993; Aschenbach et al., 2009), quedas
acentuadas reduzem a absorcdo (Schwaiger et al., 2013). E valido salientar que a funcdo de
barreira e capacidade de absorcéo do epitélio ruminal representam processos que acontecem de
forma paracelular e transcelular, respectivamente, e podem ser afetados de forma opostas pela
ASC (Aschenbach et al., 2019). A redugéo da absor¢do de AGCC com a ocorréncia de ASC
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ocorre, provavelmente, para evitar a acidificacdo interna das células do epitélio ruminal
(Aschenbach et al., 2019).

De forma bilateral, a ASC reduz a capacidade de absorcéo do epitélio ruminal, mas a
propria menor capacidade de absor¢do aumenta o risco de ASC. Interessantemente, Penner et
al., (2009) demonstraram que ovelhas com baixa capacidade de absor¢do de AGCC
desenvolveram ASC rapidamente, ao receberem um drench oral de glicose na dose de 5 g/kg
de peso corporal. Por outro lado, ovelhas com alta capacidade de absor¢do de AGCC receberam
0 mesmo drench e foram capazes de manter o pH ruminal acima do limite de ASC. No mesmo
sentido, Schlau et al., (2012) observaram que vacas com maior tendéncia genética a ASC
(indice de acidose 61,7 versus 13,5 min de pH abaixo do limiar/kg CMS) também apresentaram

maior concentracdo ruminal de AGCC e menor capacidade de absorcéo.

Além dos efeitos sobre o epitélio, a ASC também est4 associada a maior produgdo e
liberacdo de endotoxinas e aminas biogénicas (principalmente histamina) no fluido ruminal.
Tal fato tem grande importancia porque, somado a falha na funcéo de barreira, a absorcéo desses
compostos pode causar um estado de inflamagéo sistémica nos animais (Aschenbach et al.,
2019). Endotoxinas sdo uma forma de lipopolissacarideo (LPS), componente de membrana de
bactérias gram-negativas, amplamente produzidas e liberadas no meio ruminal quando o pH
cai. E interessante ressaltar que o proprio aumento da concentracio de endotoxinas no rdmen,
e ndo sb os outros fatores ja discutidos, pode reduzir a fungdo de barreira do epitélio ruminal
(Aschenbach et al., 2019). De fato, na maioria dos trabalhos que mensuraram essa variavel, o
aumento de LPS no fluido ruminal se traduz em um aumento de LPS no plasma e,
consequentemente, aumento de mercadores de resposta inflamatoria nos animais (tabela 1). A
tabela 1 traz um compilado da literatura sobre os efeitos da ASC sobre a producdo de
endotoxinas, aminas biogénicas e resposta inflamatdria em vacas leiteiras.

Tabela 1. Efeito da acidose subclinica (ASC) sobre a concentracdo de endotoxinas

(LPS), proteina de ligacdo a lipopolissacarideo (LBP), aminas biogénicas (histamina) e
resposta inflamatdria em vacas leiteiras.

Estudo Variavel - Unidade Amostragem Controle ASC EPM P valor
Khafipour et al 2009 LPS — EU/mL Fluido ruminal 28193 111520 34590 <0,01
Memon et al 2019 LPS — EU/mL Fluido ruminal 47470 78430 6180 <0,01
Gozho et al 2007 LPS — Log 10 EU/mL Fluido ruminal 4,39 511 0,15 <0,01
Zhao et al 2018 LPS - EU/mL Fluido ruminal 30768 130589 1675 <0,01
Khafipour et al 2009 LPS — EU/mL Plasma < 0,05 0,52 0,18 <0,01
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Memon et al 2019 LPS — EU/mL Plasma arterial 0,45 0,85 0,09 <0,01
Memon et al 2019 LPS — EU/mL Plasma venoso 0,15 0,25 0,09 <0,01
Zhao et al 2018 LPS — EU/mL Plasma < 0,05 0,21 0,06 <0,01
Wang et al 2013 Histamina - pumol/L Fluido ruminal 46,4 161,2 3,40 <0,01
Wang et al 2013 Histamina - pumol/L Plasma 2,03 7,92 0,34 <0,01
Khafipour et al 2009  Amiloide A, pg/mL Plasma 167,4 438,6 51,0 <0,01
Gozho et al 2007 Amiloide A, pg/mL Plasma 286,6 498,8 0,15 <0,01
Khafipour et al 2009 Haptoglobina, pg/mL Plasma ND? 476 48,0 <0,01
Gozho et al 2007 Haptoglobina, mg/mL Plasma 0,244 0,265 0,03 0,59

Khafipour et al 2009 LBP - pg/mL Plasma 18,2 531 10,8 0,02

Khafipour et al 2009 LBP - pg/mL Leite 3,02 6,94 1,24 0,02

IND = Nao detectado.

Inicialmente, pensava-se que, ap6s a absorcao por falha na funcdo de barreira do epitélio
do trato gastrointestinal, LPS e/ou histamina atuavam diretamente em Orgdos periféricos e
causavam distarbios de locomocao (Irwin et al., 1979). Posteriormente, foi proposto que o
principal local de acdo de LPS e histamina é o figado, que possui papel-chave no
desenvolvimento de um estado de inflamacéo sistémica (Aschenbach et al., 2019). Sendo assim,
a mensuracdo de algumas proteinas de fase aguda, como LBP, amiloide sérico A e
haptoglobina, € utilizada para auxiliar no diagnostico de ASC (tabela 1; Humer et al., 2018).
No entanto, é necessario ponderar que alguns animais desenvolvem rapida tolerancia a LPS e
ndo apresentam a resposta inflamatoria esperada (Elsasser et al., 2005), além de que outras
doencas também podem promover aumento de proteinas de fase aguda no plasma (Bradford et
al., 2015). Interessantemente, vacas em ASC sofreram maior queda na producao de leite e CMS
quando expostas a infusdo intramamaria de LPS do que vacas que nao estavam em ASC (Aditya
etal., 2017).

E bem estabelecido na literatura que a ativacdo de um estado de inflamac&o sistémica
em vacas leiteiras possui um custo energético significativo (Kvidera et al., 2017). Por exemplo,
existe relato que a concentracdo ruminal de LPS teve correlagcdo negativa com producdo de
gordura do leite, leite corrigido para gordura e eficiéncia alimentar em vacas leiteiras,
possivelmente pelo custo energético da inflamagdo sistémica e, consequentemente, menor
disponibilidade de nutrientes para a producéo de leite (Dong et al., 2011). Chang et al (2018)
testaram o fornecimento de uma dieta mais acidogénica (60% concentrado e 40% de forragem,
31,9% FDN e 32,3% amido versus 40% concentrado e 60% forragem, 37,7% FDN e 25,3%

amido) por 18 semanas, reduziu expressivamente o pH ruminal, a producéo de leite (28,1 versus
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26,9 kg/d, P < 0,01) e os teores de gordura (3,54 versus 2,94%, P < 0,01) e proteina do leite
(3,02 versus 2,88%). Nesse trabalho, a maior inclusdo de concentrado aumentou
significativamente a concentracdo de histidina no fluido ruminal, sangue, figado e glandula
mamaria. Na glandula mamaria, a maior concentracdo de histidina foi associada a uma maior
expressdo de genes relacionados a inflamacéo e menor expresséo de genes associados a sintese

de caseina.

Caso as condices dietéticas e/ou do animal fagam com que uma grande quantidade de
amido chegue ao intestino grosso, a acidose também pode acontecer neste compartimento do
trato gastrointestinal (Steele et al., 2016; Pederzolli et al., 2018), simultaneamente ou n&o a sua
ocorréncia no rumen. Nesse caso, a acidose intestinal também poderia causar inflamacao
sistémica, seguindo um mecanismo semelhante ao proposto para o rimen (Aschenbach et al.,
2019). De fato, € possivel especular que, pelo tamanho do compartimento e pelas diferencas no
epitélio, o intestino grosso seja até mais sensivel a falha de funcdo de barreira que o rimen.
Como o epitélio ruminal é estratificado e o epitélio intestinal ndo, teoricamente pode ser mais

facil que a absorcdo de LPS e histamina aconteca a partir do intestino.

No entanto, recentemente diversos trabalhos com vacas leiteiras (Piantoni et al., 2022;
Abeyta et al., 2023a; Abeyta et al., 2023b; Abeyta et al., 2022; Abeyta et al., 2023c; Abeyta el.,
2023d), em diferentes condic6es de animal e dieta, induziram acidose no intestino grosso com
a infusdo de até 4 kg de amido puro diretamente no abomaso e ndo detectaram respostas
consistentes em marcadores de resposta inflamatéria no sangue e desempenho dos animais, 0
gue sugere que a acidose intestinal € menos importante do que o esperado. Contudo, a acidose
intestinal ainda precisa ser melhor estudada. Notavelmente, a resposta mais consistente nesses
trabalhos foi em pH fecal, que reduziu em todos os tratamentos com infusdo de amido no

abomaso.

No leite, a ASC pode causar queda no teor e producdo de gordura e proteina. A
depressdo de gordura do leite ocorre quando as condi¢bes do meio ruminal levam a rota
alternativa de biohidrogenacdo dos acidos graxos insaturados da dieta (Bauman e Griinari,
2001). A rota de biohidrogenacéo alternativa tem maior chance de ocorrer quando o pH ruminal
esta baixo e/ou a inclusdo dietética de acidos graxos insaturados, principalmente acido linoleico,
é alta (Lock et al., 2006). Essa rota alternativa leva a formacéo de &cidos linoleicos conjugados
(CLA) intermediarios altamente bioativos, que escapam do rimen e inibem as enzimas que séo
responsaveis pela sintese de gordura na glandula mamaria. Desses CLA bioativos, o CLA trans-

10, cis-12 é o mais estudado. Baumgard et al., (2000) observaram uma acentuada queda no teor
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(3,22 versus 2,36%) e producéo de gordura do leite (1034 versus 742 g/dia) quando infundiram
10 g/dia de CLA trans-10, cis-12 no abomaso de vacas leiteiras. De forma mais especifica, a
depressdo de gordura do leite (DGL) afeta de forma mais intensa a sintese de novo de acidos
graxos pela glandula mamaria, reduzindo, portanto, principalmente a producéo de &cidos graxos
de até 16 carbonos no leite (Woolpert et al., 2017; Barbano, 2018).

Fatores dietéticos que afetam o risco de acidose subclinica
Aprofundar discussdo em fisiologia de ramen.

Para ruminantes, a fibra pode ser definida como a matéria organica lentamente digestivel
ou indigestivel que ocupa espaco no rumen (Mertens, 1997). Nesse contexto nutricional, a
metodologia de anélise de fibra insolivel em detergente neutro (FDN; Van Soest, 1964 —
citados por Hall e Mertens, 2017) revolucionou a nutri¢do de ruminantes, ja que, até o momento,

ndo existia uma forma eficaz de caracterizar quimicamente os carboidratos dos alimentos.

No entanto, o tamanho de particulas (caracteristica fisica) da fibra também é importante
e afeta a fisiologia do animal. H& décadas este fato é reconhecido. Porter et al., (1953), por
exemplo, mostraram que o fornecimento de alfafa moida ou peletizada resultou em menor teor
de gordura do leite do que o fornecimento de alfafa picada com maior tamanho de particula.
Outros trabalhos, com diferentes fontes de forragens, encontraram resultados semelhantes no
teor e/ou producdo de gordura do leite (Powell, 1939; Tyznik e Allen, 1951). Além dos
resultados em gordura do leite, descobriu-se que o tamanho de particula da fibra afeta sua taxa
de passagem (Moore, 1964), a atividade mastigatdria necessaria para reduzir o tamanho de
particula (Balch, 1971; Sudweeks e tal., 1981) e a consisténcia do contetdo ruminal (Welch,
1982).

Tipo da amostra (Umida ou seca). Sendo assim, Lammers et al., (1996) propuseram um
conjunto de peneiras, atualmente chamado de Separador de Particulas Penn State (SPPS),
composto de peneiras com crivos de 19 mm, 8 mm e um fundo, com o objetivo de monitorar o
tamanho de particulas em alimentos e na dieta total misturada (TMR). Na literatura, existem
propostas da adicdo de mais uma peneira ao SPPS, com crivos de 1,18 mm (Kononoff et al.,
2003) ou 4 mm (Heinrichs, 2013). Contudo, em dietas de vacas leiteiras, a quantidade de FDN
> 8 mm (FDN fisicamente efetivo — FDNfe) teve melhor correlagdo com tempo de ruminacao
do que os outros crivos mencionados (Zebeli et al., 2012). Zebeli ndo testou 4 mm. A

metodologia do SPPS permitiu uma grande evolucdo no balanceamento de carboidratos para
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vacas leiteiras, por padronizar a forma de mensuragdo do tamanho de particulas nos alimentos

e dietas e, além disso, por ser uma forma prética e facilmente aplicavel nas fazendas.

Por afetar a ruminacéo, producao de saliva, motilidade, formacéo de um colchéo fibroso
no rumen (MAT), velocidade de absorcdo de AGCC e pH (Mertens, 1997; Zebeli et al., 2012),
a FDNfe da dieta tem grande importancia para o risco de ASC. De fato, ao realizarem uma
metanalise e modelarem os efeitos de parametros dietéticos sobre o pH ruminal, o teor de
FDNfe da dieta apareceu como um dos efeitos principais, juntamente com o teor de amido
(Khorrami et al., 2021). Como esperado, maior teor de FDNfe na dieta gerou menor risco de
ASC, enquanto maior teor de amido dietético causou maior risco de ASC (Khorrami et al.,
2021).

E necessario fazer uma ressalva sobre a metodologia normalmente empregada para se
calcular o FDNfe na TMR. Normalmente, se multiplica a porcentagem do material retida acima
de 8 mm pelo teor de FDN da TMR (Khorrami et al., 2021; Lammers et al., 1996), com
resultados semelhantes quando a conta é feita na matéria natural ou MS (Havekes et al., 2020).
No entanto, essa metodologia assume que o teor de FDN é constante nas caixas do SPPS, o que
obviamente ndo é verdade, ja que a maior parte do concentrado se concentra no fundo. Sendo
assim, os teores de FDNfe na metandlise de Khorrami et al., (2021) estdo provavelmente
subestimados. O mesmo conceito € valido para silagem de milho. Khorrami et al., (2021)
reconhecem essa falha, mas argumentam que a maior parte dos trabalhos ndo reporta o teor de
FDN em cada caixa do SPPS, o que torna impossivel o calculo do FDNfe real das dietas. Além
disso, apesar de metodologicamente correto, mensurar o FDN de cada caixa do SPPS pode ser
inviavel em condicbes de fazenda. Essa ressalva na determinacdo do FDNfe tem importancia
para ASC, ja que esse € um dos principais parametros da dieta que influenciardo no risco desse
distarbio metabolico. E importante que os trabalhos analisem separadamente as caixas do SPPS

para que, no futuro, possamos ter melhores referéncias de FDNfe.

Apesar da importancia amplamente reconhecida do FDNfe, 0o NASEM (2021) ainda traz
recomendacdes para 0 minimo de FDN de forragem (FDNF) de acordo com o teor de amido da
dieta. Isso provavelmente ocorre pela falta de sistematizacdo na mensuragdo de FDNfe na
literatura. Como a FDNfe da dieta normalmente vem de forragens (a excecéo é o carogo de
algodéo), essa abordagem pode fazer sentido para formulacdo de dietas quando o tamanho de
particula da forragem é adequado. Contudo, quando silagem de milho com pequeno tamanho
de particula é utilizada, condicdo comumente encontrada no Brasil (Bernardes et al., 2018;

Daniel et al., 2019), a formulagdo por FDNF ndo sera suficiente para minimizar o risco de ASC.
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Considerando a importancia do tamanho de particula da FDN, o NASEM (2021) sugere 0 uso
do FDN fisicamente ajustado (FDNfa; White et al., 2017). Contudo, o uso desse parametro
exige a determinacdo da matéria seca de cada caixa do SPPS e ainda ndo foi validado em
condi¢des comerciais. O maior gasto de tempo para utilizacdo desse parametro na formulacgéo

pode ser um obstaculo para seu uso rotineiro por nutricionistas. Incluir solugéo.

Considerando o uso do SPPS para a formulacédo de dietas pelo parametro FDNfe, uma
questdo importante é se particulas > 19 mm possuem a mesma efetividade fisica que particulas
entre 8 a 19 mm. Visando responder essa questdo, Piran Filho et al., (2023) utilizaram o SPPS
para isolar manualmente fracdes de silagem de milho <8 mm, entre 8 a 19 mm e > 19 mm. As
dietas utilizadas foram 1) controle - 17% FDNF advindo de silagem de milho, com 31,5%
amido e 31,9% FDN; 2) particulas < 8 mm — 17% FDNF advindo de silagem de milho + 9% de
FDN advindo de particulas de silagem de milho < 8 mm, com 25,9% amido e 37,9% FDN; 3)
particulas entre 8 a 19 mm — 17% FDNF advindo de silagem de milho + 9% de FDN advindo
de particulas de silagem de milho entre 8 a 19 mm, com 25,5% amido e 38,3% FDN; 4)
particulas > 19 mm — 17% FDNF advindo de silagem de milho + 9% de FDN advindo de
particulas de silagem de milho > 19 mm, 24,9% amido e 38,8% FDN. Vacas consumindo mais
particulas entre 8 a 19 mm apresentaram maior CMS e leite corrigido para energia (22,4 e 26,9
kg/dia, respectivamente) que vacas consumindo a dieta controle (20,8 e 24,7 kg/dia) e vacas
consumindo mais particulas acima de 19 mm (21,2 e 24,8 kg/dia). Interessantemente,
considerando as outras varidveis mensuradas no trabalho, o que parece explicar o pior
desempenho de vacas consumindo mais particulas > 19 mm em relacdo a vacas consumindo
mais particulas entre 8 a 19 mm é a maior selecdo contra FDN (95,6 versus 97,8%), que resultou
em menor CMS e, consequentemente, menor consumo de FDN (7,94 versus 8,37 kg/dia) e

amido (5,27 versus 5,71 kg/dia), além de menor tempo de mastigacao (657 versus 718 min/dia).

Dietas com alta incluséo de FDNfe s&o mais saudaveis e eliminam o risco de ASC, mas,
por outro lado, podem limitar o consumo por enchimento fisico do rimen (NASEM, 2021) e,
consequentemente, limitar a producdo dos animais. Nesse sentido, em dietas modernas de
ruminantes a inclusao de carboidratos nao fibrosos (CNF — principalmente amido) é alta e torna

0 balanceamento adequado desafiador (Hall e Mertens, 2017; Plaizier et al., 2022).

Do lado de CNF, é necessario separar amido de pectina + sacarose (CNF néo amilaceo),
ja que amido possui maior variagdo na degradacdo ruminal que CNF ndo amilaceo (NASEM,
2021), gera um perfil fermentativo diferente no ramen (Bradford e Allen, 2004; Gozho e
Mutsvangwa, 2008; Oba e Allen, 2003; Gao e Oba, 2016) e maximiza a sintese de Pmic (Hall
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e Herejk, 2001). Dietas de vacas leiteiras em sistemas confinados normalmente variam de 20 a
30% de amido (NASEM, 2021). Além de considerar o teor de amido da dieta, é necessario
considerar o quanto desse amido sera degradavel no rumen e o quanto desse amido sera digerido
no trato total. Em geral, a meta é maximizar a degradabilidade ruminal do amido, ja que isso
aumenta o aporte de energia e proteina para a vaca (NASEM, 2021), além de normalmente
aumentar a eficiéncia alimentar. No entanto, quanto maior a degradacdo ruminal do amido,

maior o risco de ASC e maior deveria ser o teor de FDNfe da dieta (Khorrami et al., 2021).

A degradacdo ruminal do amido depende de diversos fatores, destacando-se tipo de
grdo, hibrido utilizado, maturidade a colheita do grdo e processamento (Ferrareto et al., 2013).
Mundialmente, o milho é a principal fonte de amido para vacas leiteiras, seja na forma de
silagem de planta inteira ou na forma de milho grdo. Sabidamente, a maioria do milho
comercializado no Brasil possui endosperma duro e apresenta, portanto, menor degradacao
ruminal e menor digestéo no trato total (Correia et al., 2002). Nesse contexto, 0 processamento

do milho ganha importancia como forma de otimizar o desempenho dos animais.

Por exemplo, Salvati et al., (2019) compararam silagens de planta inteira de milho
colhidas por méaquina autopropelida com processador de grdos com trés tamanhos tedricos de
corte diferentes (6, 12 e 18 mm) versus silagem colhida por maquina tracionada por trator sem
processador de grdos (tamanho tedrico de corte de 6 mm). Comparando apenas o tratamento
maquina autopropelida com tamanho teorico de corte 6 mm versus maquina tracionada por
trator, com o objetivo de isolar o efeito do processamento de graos, os autores relataram maior
digestibilidade aparente do amido no trato total (95,3 versus 93,1%, P = 0,04), maior
concentracdo de glicose no plasma (64,7 versus 61,6 mg/dL, P = 0,03) e, consequentemente,
maior producdo de leite (29,4 versus 28,2 kg/dia, P = 0,02), maior producao de proteina do leite
(956 versus 920 g/dia, P = 0,01), lactose (1357 versus 1296 g/dia, P = 0,02), maior eficiéncia
alimentar (leite corrigido para energia/CMS; 1,54 versus 1,46, P = 0,04) e menor nitrogénio
ureico do leite (10,3 versus 11,4 mg/dL, P < 0,01). Por outro lado, 0 maior processamento de
gréos tendeu a aumentar amiloide sérico A, um marcador de resposta inflamatoria, no sangue
(6,0 versus 3,9 pg/mL, P = 0,08), indicando que o maior processamento do amido
possivelmente aumentou o risco de ASC. Tamanho de particula foi menor também, considerar

iSSO.

No que diz respeito a relagcdo entre processamento do milho gréo, degradagdo ruminal
do amido e digestibilidade do amido no trato total, existem inimeros trabalhos publicados na

literatura (Moharrery et al., 2014; Rafiee e Darabighane, 2021; Ferrareto et al., 2013; Castro et
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al., 2019; Silva et al., 2025). Caso o processamento do gréo resulte em maior digestédo do amido
para vacas leiteiras, a resposta mais consistente parece ocorrer em eficiéncia alimentar

(producéo de leite/CMS), seja por reducdo do CMS e/ou aumento da producéo de leite.

Os efeitos do aumento de agucar (sacarose) na dieta de vacas leiteiras sdo controversos.
Hall e Mertens (2017) discutem que o0 aumento na producdo de gordura do leite encontrado em
alguns trabalhos que aumentaram o fornecimento de acucar (Nombekele e Murphy, 1995;
Broderick et al., 2008) pode ser associado a maior propor¢do molar de butirato no rimen, ja
que esse AGCC é, juntamente com acetato, precursor para sintese de gordura do leite. Um outro
possivel mecanismo que relaciona teor de aclcar da dieta com producdo de gordura do leite
envolve a biohidrogenacdo de acidos graxos insaturados no ramen. Penner e Oba (2009), ao
elevarem o nivel de sacarose da dieta para 4,7%, observaram tendéncia de aumento na producéo
de gordura do leite e reducdo da concentracdo do acido graxo trans 18:1, um marcador da rota
de biohidrogenacdo alternativa, na gordura do leite. I1sso pode ter ocorrido porque algumas
bactérias responsaveis pela rota de biohidrogenacdo normal utilizam glicose e podem ter sido
favorecidas pelo aumento de sacarose na dieta. No entanto, 0 aumento de butirato no rimen
pode ser indesejavel do ponto de vista de ASC, como discutido anteriormente. De qualquer
forma, os trabalhos que avaliaram o aumento de aglUcar na dieta ainda sdo escassos e nao

existem recomendacdes dietéticas sélidas para esse parametro.
Nivel de consumo, estagio de lactacéo e ordem de parto

Khorrami et al., (2021) realizaram uma metanalise para entender os principais fatores
que afetam o risco de ASC em vacas leiteiras e, ao incluirem efeitos do animal no modelo, o
CMS apareceu como efeito mais importante. Quanto maior o CMS, maior o risco de ASC. Em
vacas de alta producéo, o metabolismo microbiano no rimen chega a produzir mais que 100
mols/dia de AGCC, o que é equivalente a mais que 7 kg de acido puro (Aschenbach et al.,
2011). Considerando este dado, a correlacdo positiva entre CMS e risco de ASC faz sentido,
uma vez que o maior CMS aumenta a quantidade de substrato para fermentacdo ruminal e,
consequentemente, aumenta o risco do acumulo de AGCC no meio. Também € necessario
ressaltar que, provavelmente, vacas com maior CMS tenham maior nivel de producéo, tendo,
portanto, maior exigéncia de energia e maior risco de regulacdo do consumo por enchimento
fisico (NASEM, 2021).

Considerando a fisiologia da vaca leiteira, que muda radicalmente ao longo do ciclo

produtivo (Baumgard et al., 2017), é provavel que o risco de ASC também varie
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consideravelmente ao longo da lactagdo. Com todas as mudangas abruptas (dieta, manejo,
ambiente, sociais) que acontecem ao redor do parto, € plausivel que o risco de ASC seja maior
no pds-parto. Contudo, a conducao de pesquisa nessa fase da lactacdo é desafiadora e os dados

disponiveis ainda ndo séo totalmente claros.

Vacas no periodo pos-parto necessitam de precursores de glicose (principalmente
propionato, advindo da degradacdo ruminal de amido) para atender ao rapido aumento da
producdo de leite enquanto 0 CMS esta reduzido (NASEM, 2021). No entanto, a degradacéo
ruminal do amido pode reduzir ainda mais 0 CMS, pela teoria da oxidacdo hepatica (Allen et
al., 2009). Alguns experimentos testaram o teor de amido da dieta no periodo pos-parto
(Andersen et al., 2003; Rabelo et al., 2005; Dann e Nelson, 2011; McCarthy et al., 2015;
Albornoz e Allen, 2018). Andersen et al., (2003) e Rabelo et al., (2005) relataram maior CMS
e maior producio de leite ao elevar o teor de amido da dieta pos-parto. E interessante notar que,
nesses experimentos, o aumento de amido da dieta foi alcangado substituindo forragem por
grdos de cereais. Nesse sentido, pode ser que o aumento de CMS tenha acontecido por menor
risco de enchimento fisico. Por outro lado, quando o aumento de amido dietético (21,5 versus
26,2%) foi alcancado com a substituicdo de subprodutos fibrosos por milho, Dann e Nelson
(2011) relataram menor CMS (- 1,5 kg/dia) para a dieta de amido mais alto.

Albornoz e Allen (2018) alimentaram vacas em periodo pos-parto em um fatorial 2x2,
em que os fatores eram degradabilidade do amido (milho seco moido versus milho grdo umido)
e teor de amido da dieta (baixo, 22% versus alto, 28%). Interessantemente, o milho grdo umido
reduziu o CMS (17,6 versus 18,6 kg/dia em baixo amido, 16,3 versus 20,2 kg/dia em alto amido,
P para teor de amido = 0,96, P para fonte de amido = 0,01, P para interacdo teor x fonte de
amido = 0,07). Considerando a producdo de leite, 0 milho grdo Umido teve efeito negativo
independentemente do teor de amido da dieta (36,8 versus 41,1 kg/dia, P para fonte de amido
= 0,02). Esses resultados sugerem que, no periodo pos-parto, vacas leiteiras sao mais afetadas
pela degradabilidade do amido e ndo simplesmente pelo teor na dieta. No entanto, os autores
ndo observaram efeito significativo de tratamento sobre a producédo de leite cumulativa até 72
dias de lactacdo (em média 2485 kg), o que dificulta a elaboracdo de recomendacGes para o teor
de amido adequado para 0 pos-parto a partir desse experimento. Em outra publicagdo com dados
de resposta inflamatéria do mesmo experimento, Albornoz et al., (2020) relatam que o grao
umido s6 promoveu maior resposta inflamatdria quando utilizado na dieta de alto amido.

Infelizmente, o pH ruminal ndo foi mensurado nesse experimento.
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E provavel que o CMS no pds-parto posso ser controlado tanto pela oxidacao hepética
quanto pela distensdo do rumen (enchimento fisico), sendo que o mecanismo dominante é
dependente da disponibilidade de acetil-CoA para oxidacao hepatica, degradabilidade ruminal
do amido e do risco de enchimento fisico da dieta (NASEM, 2021). O fornecimento de fontes
de amido com degradabilidade moderada (milho moido fino, por exemplo) provavelmente
permitira o fornecimento de dietas com maior teor de amido e aumentard o CMS (Albornoz e
Allen, 2018), reduzindo a intensidade do balango energético negativo dos animais (NASEM,
2021). Até o momento, pensando exclusivamente em ASC, os efeitos da composicédo da dieta

pos-parto ainda ndo sdo bem entendidos e precisam ser melhor estudados.

Vacas em final de lactacdo possuem menor exigéncia para producdo de leite e,
consequentemente, estdo mais propensas ao ganho de escore de condi¢do corporal que, quando
excessivo, pode prejudicar a producédo de leite, eficiéncia reprodutivo e aumentar o risco de
disturbios metabolicos na préxima lactacdo (NASEM, 2021). Pensando nisso, a dieta para o
final de lactacdo pode ser formulada com menor teor de amido e maior inclusao de subprodutos
fibrosos (Firkins, 1997), o que, inclusive, reduziria o risco de ASC. No entanto, como nessa
fase da lactacdo 0 CMS ja esta mais baixo (NASEM, 2021), essa decisdo é provavelmente muito
mais impactada pelo custo e disponibilidade de subprodutos fibrosos na fazenda.

Por fim, existem dados na literatura que sugerem que primiparas sdo mais sensiveis a
ASC do que multiparas (Krause e Oetzel, 2006; Bramley et al., 2008 — citados por Humer et
al., 2018). Humer et al., (2015) observaram que, quando alimentadas com a mesma dieta de 20
até 80 dias pos-parto, primiparas apresentaram maior tempo de pH reticular < 6,0 do que
multiparas (370 versus 97 min/dia, P = 0,02). No mesmo sentido, Khorrami et al., (2021),
avaliando dados internos de cinco experimentos diferentes, relataram que vacas de primeira e
segunda lactacdo estdo sob maior risco de ASC, ja que apresentaram menor pH ruminal médio
(- 0,20) e maior tempo de pH ruminal < 5,8/dia (dobro do tempo), mesmo com menor CMS e

menor producéo de leite que vacas mais velhas.

E possivel especular que primiparas possuem um epitélio ruminal menos adaptado, ja
que consomem dietas altamente energéticas somente quando entram na primeira lactacéo
(Humer et al., 2018). Adicionalmente, podem existir diferencas no comportamento alimentar
que dependem da ordem de parto, sendo que primiparas parecem apresentar menor tempo de
mastigacdo do que multiparas (Maekawa et al., 2002). Quando primiparas sdo mantidas junto
com multiparas, a hierarquia social pode influenciar no risco de ASC em primiparas, ja que,

nesse contexto, as primiparas terdo dificuldade de acesso a alimentagdo e provavelmente
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consumirdo maiores refeicdes de forma menos frequente ao longo do dia, 0 que aumenta o risco
de ASC (Macmillan et al., 2017). Por fim, diferengas no peso corporal e, consequentemente,
volume do rimen podem ter um papel importante na susceptibilidade do animal a ASC.
Interessantemente, Nasrollahi et al., (2017) relataram que vacas mais sensiveis a ASC eram, em

meédia, 50 kg mais leves que vacas resistentes a ASC.
Manejo alimentar e acidose subclinica

As principais variaveis de manejo alimentar que afetam o risco de ASC s&o:
fornecimento ou ndo de TMR, nimero de alimentacGes por dia, homogeneidade da TMR,
consisténcia na composicdo da dieta ao longo dos dias, ocorréncia de selecdo por ingredientes
e/ou tamanho de particulas, lotacdo de curral, espaco de cocho e forma de agrupamento dos

animais.

De forma geral, o fornecimento de TMR para vacas leiteiras possui grandes beneficios.
Segunda a revisdo de Schingoethe (2017), destacam-se como beneficios: a selecdo por
ingredientes ou tamanho de particulas é dificultada, fazendo com que a composic¢do da dita em
cada bocado do animal seja 0 mais consistente possivel ao longo do dia; menor risco de
desordens digestivas no inicio da lactacéo, quando as vacas passam de dietas com alta forragem
(pré-parto) para dietas com alto concentrado (p6s-parto); o fornecimento de nitrogénio nédo
proteico (principalmente ureia) de forma mais segura; aumenta a possibilidade do fornecimento
de ingredientes/aditivos pouco palataveis. O fornecimento de TMR também reduz o risco de
ASC e depressdo de gordura do leite, principalmente quando comparado com sistemas de
producdo a pasto que fornecem altas quantidades de concentrado durante a ordenha/de forma
infrequente no dia (NASEM, 2021)

No entanto, os beneficios do fornecimento de TMR sdo dependentes do manejo
alimentar. Ao serem confinados, os animais ficam totalmente dependentes da alimentacdo que
esté disponivel no cocho. Sendo assim, para maximizar o CMS de vacas leiteiras confinadas, €
fundamental que a dieta esteja disponivel no cocho 24 horas por dia e que 0s animais tenham,
no minimo, 20 horas de acesso ao cocho (DeVries, 2017). Como o alimento precisa estar
disponivel 24 horas por dia, isso significa que o cocho nunca pode ficar vazio. Metas de sobras
comuns em fazendas leiteiras véo de 3 a 10% do total fornecido. Caso falte alimentos no cocho
por um periodo grande de tempo, com o fornecimento da proxima alimentacéo pode acontecer
o que normalmente é chamado de “slug feeding”. Nesse caso, as vacas aumentam o tamanho

da primeira refei¢do, fazendo com que uma grande quantidade de substrato chegue ao rimen
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rapidamente, causando uma producdo de AGCC exacerbada e queda no pH (Resende, 2022).
Essa condigdo é o contrério do que se busca no manejo alimentar de vacas leiteiras. Um manejo
alimentar que estimule varias refeicdes pequenas ao longo do dia é desejavel para minimizar o
risco de ASC e aumentar o teor de sélidos do leite (DeVries, 2017). O CMS e a producdo de
leite em diversos estudos apresentaram uma relagéo positiva com nimero de refei¢des e tempo

de ruminacdo (Johnson e DeVries, 2018).

Nesse sentido, o nimero de alimentacdes por dia ja foi avaliado em alguns trabalhos.
Os beneficios de aumentar o numero de vezes que a dieta é oferecida envolvem aumentar o
namero de refei¢des por dia e reduzir o tamanho médio de refei¢éo, com o objetivo de manter
a fermentacdo ruminal mais estavel. Contudo, os efeitos do numero de alimentacdes sdo
controversos. Enquanto alguns trabalhos mostraram beneficios na producéo de leite e/ou teor
de solidos com o aumento do ndmero de alimentacdes por dia (Woolpert et al., 2017;
Macmillian et al., 2017), outros trabalhos ndo encontraram diferencas (Hart et al., 2014; Niu et
al., 2014). Sendo assim, é plausivel dizer que o nimero ideal de alimentacdes por dia depende
da condicdo de cada fazenda. Caso existam outros problemas de manejo alimentar (baixa
frequéncia de aproximacgdo da dieta dos animais, baixa estabilidade aer6bia da TMR), é
provavel que aumentar o numero de alimentacfes seja benéfico. No entanto, caso a fazenda
tenha um bom manejo alimentar, pode ser que reduzir o nimero de alimentacdes por dia facilite

a operacao e reduza custos, sem, no entanto, prejudicar o desempenho dos animais.

O numero de vezes que a dieta é aproximada dos animais por dia parece bastante
importante para maximizar o CMS, a producdo de leite e reduzir a ocorréncia de
comportamento de selecdo. Varios levantamentos realizados em fazendas comerciais no
Canadé associaram essa variavel de manejo alimentar com producéo de leite e comportamento
animal. King et al., (2016) relataram + 0,1 hora/dia de tempo da vaca deitada para 2
aproximacdes da dieta extras/dia, sendo que, em média, as fazendas aproximavam a dieta 8
vezes/dia. Matson et al., (2021) relataram + 0,35 kg de leite/dia para cada 5 aproximacgoes da
dieta extras/dia, sendo que, em meédia, as fazendas aproximavam a dieta 12,8 vezes/dia. Por
fim, Castro et al., (2022) mostraram que fazendas que possuiam robd de aproximar a dieta dos
animais de forma automaética tiveram media de producdo de leite maior (+ 2,1 kg/dia) do que
fazendas que ndo possuiam esse robd. Nesse trabalho, os autores discutem que o que explica o
aumento de leite ndo ¢é especificamente o robd, mas sim a consisténcia que esse traz para o

manejo.
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Idealmente, em uma TMR com adequada qualidade de mistura, cada bocado deveria ter
amesma composicgéo da dieta formulada. Mas, na realidade, vacas selecionam ingredientes e/ou
tamanho de particula, na maioria das vezes contra as particulas mais longas (Miller-Cushon e
DeVries, 2017; Piran-Filho et al., 2019). Miller-Cushon e DeVries (2017) verificaram que para
cada 10% de selecdo contra particulas longas, aconteceu queda de 0,10 unidades percentuais no
teor de gordura do leite. Essa relacdo entre sele¢do contra particulas longas e teor de gordura
do leite faz sentido, uma vez que provavelmente a selecdo contra particulas longas leva ao
consumo de uma dieta com menor teor de FDNfe e maior teor de amido degradavel no rimen
do que o planejado pela dieta formulada. A baixa qualidade de mistura da TMR pode estimular
a 0 comportamento de selecdo (Oelberg e Stone, 2014), seja por erros na ordem de
carregamento do vagdo, tempo de mistura inadequado ou o uso de feno inteiro, com tamanho
de particula grande. Em uma dieta de alta palha de trigo para vacas secas, a reducédo do tamanho
de particula da palha de trigo resultou em maior CMS e menor comportamento de selecao
(Havekes et al., 2020). A ordem de carregamento e tempo de mistura dependem do modelo de
vagdo (horizontal ou vertical) e de quais ingredientes (densidade, tamanho de particula,

umidade) estdo sendo utilizados (Oelberg e Stone, 2014).

O teor de umidade da TMR também afeta 0 comportamento de selecéo. Leonardi et al.,
(2005) relataram que a adicdo de agua para reduzir a MS da dieta de 81 para 64% resultou em
menor comportamento de selecdo, com tendéncia de aumentar o consumo de FDN e o teor de
gordura do leite, sem, no entanto, afetar o CMS ou a producéo de leite. Por outro lado, a adigdo
de &gua para reduzir a MS da dieta de 56 para 51 ou 44%, durante os meses quentes de verdo,
aumentou o comportamento de selecdo e reduziu o0 CMS de vacas em lactacao, provavelmente
porque o aumento de umidade piorou a estabilidade aerdbia da TMR (Felton e DeVries, 2010).
Apesar de ser uma estratégia adotada por muitas fazendas, a adi¢do de agua a TMR sé parece
se justificar caso a dieta tenha teor de MS muito alto, o que dificilmente acontecera em dietas
a base de silagem de milho colhida com teor de MS adequado (30 a 40%). Por sua alta

relevancia pratica, esse é um topico que merece mais estudos.

O comportamento alimentar dos animais também pode ser afetado pela hierarquia social
dentro do lote. VVacas dominantes, normalmente mais pesadas e maiores, passam mais tempo
comendo do que vacas de posicao hierarquica inferior, especialmente quando o espaco de cocho
é limitado (Albright, 1993). A competi¢do no cocho parece aumentar o tamanho de refeigéo e
reduzir a frequéncia de refeicdo (Hosseinkhani et al., 2008), o que também pode ser associado

a “slug feeding” e a ASC. Também por hierarquia social, o agrupamento de primiparas junto
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com multiparas piora o desempenho das primiparas. Existe um relato na literatura de maior
producdo de leite (+ 725 kg na lactacdo) quando primiparas estavam separadas, em vez de

misturadas com multiparas (Phelps e Drew, 1992 — citados por NASEM, 2021).

A recomendacdo classica de espaco de cocho minimo para vacas leiteiras é de 46
cm/animal (Albright, 1993), mas referéncias mais modernas sugerem um minimo de 60
cm/animal para minimizar o risco de ASC (Humer et al., 2018). No entanto, é provavel que o
espaco de cocho ideal dependa de outros varios aspectos do manejo alimentar, como, por
exemplo, agrupamento dos animais e tempo de acesso ao alimento por dia (NASEM, 2021).
Adicionalmente, a posi¢do do cocho parece ser importante. Albright (1993) mostra evidéncias
que vacas se alimentando com a cabeca abaixada produzem 17% mais saliva que vacas se

alimentando com a cabeca na posicdo horizontal.
Bicarbonato de sédio
Introduzir melhor.

Uma metanalise (Hu e Murphy, 2005) avaliou os efeitos do bicarbonato de sédio
(BicNa) sobre vacas em lactacdo. O banco de dados incluiu 27 estudos, publicados entre 1980
e 1999, que incluiram dados de 30 experimentos, 73 tratamentos e 369 vacas. Em média, o
CMS foi de 18,5 kg/dia e a producdo de leite de 29,3 kg/dia, com 3,34% de gordura e 3,21%
de proteina. Em dietas baseadas em silagem de milho, o BicNa aumentou o CMS (+ 1,24 kg/dia,
P = 0,02), o teor de gordura do leite (+0,27 pontos percentuais, P = 0,02) e a producdo de
gordura do leite (+ 105 g/dia, P = 0,01), mas n&o afetou a producéo de leite, teor ou producgéo
de proteina. Ainda em dietas a base de silagem de milho, o BicNa aumentou o pH ruminal
médio (+0,13, P = 0,01) e a relacdo acetato/propionato (+0,26, P = 0,04), além de reduzir a
concentracdo de propionato no ramen (-23,8 mmol/mol, P = 0,04). Quando comparada com a
dose média de BicNa (0,7 a 1% da MS), a dose alta (1,05 a 1,5%) ndo teve efeito sobre nenhum
parametro avaliado, o que sugere que a dose Otima de BicNa esta entre 0,7 a 1,0% da MS.
Interessantemente, nas dietas que ndo eram baseadas em silagem de milho o BicNa néo
apresentou efeito sobre nenhuma das variaveis analisadas. Apesar de ndo ter sido relatado nesse

trabalho, isso provavelmente sugere que o efeito do BicNa depende do teor de amido da dieta.

Diversas teorias tentam explicar os efeitos do BicNa sobre o desempenho e o risco de
ASC em vacas leiteiras. O maior consumo de Na parece resultar em maior concentracdo de Na
na urina (Hu e Murphy, 2004) ou maior excregao diaria de urina (Resende, 2022), com possivel
aumento no consumo de agua (Edwards e Poole, 1983). Ao realizarem infusdo de BicNa no
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ramen de ovelhas, Harrison et al (1975) relataram aumento na taxa de passagem de liquida, que
foi associado a maior fluxo de amido para fora do rimen e maior relacéo acetato/propionato.
Considerando os resultados desses trabalhos em conjunto, o0 maior consumo de agua pode ser
associado a uma maior taxa de passagem no rumen, o que aumentaria a passagem de amido
(provavelmente digerido no intestino delgado) e AGCC (absorvidos no omaso), reduzindo o
risco de ASC. A maior taxa de passagem no ramen, inclusive, explicaria a maior produgéo de
proteina microbiana com o fornecimento de BicNa, observada por Resende (2022). Apesar
desse mecanismo ser frequentemente comentado na literatura, poucos trabalhos realmente

forneceram BicNa e mensuraram consumo de agua e taxa de passagem.

Em vacas de alta producéo, o metabolismo microbiano no rimen chega a produzir mais
que 100 mols/dia de &cidos graxos de cadeia curta (AGCC), o que é equivalente a mais que 7
kg de &cido puro (Aschenbach et al., 2011). Normalmente, a inclusdo de BicNa na dieta varia
de 0,7 a 1,0% da MS (Hu e Murphy, 2005). Em um consumo de 25 kg de MS/dia, uma vaca
comeria 250 g/dia de BicNa (dose 1% MS). Como o bicarbonato de sodio possui 84,1 g/mol,
isso significa que essa vaca comeria apenas 2,97 mols desse neutralizante, 0 que sugere gque 0S

efeitos do fornecimento de bicarbonato de sédio védo além da neutralizagdo de &cidos no rimen.

E interessante notar que a absorcdo de AGCC no rimen é afetada por Na, seja pelo
mecanismo de absor¢do na forma protonada ou dissociada. Ao ser absorvido na forma
protonada, 0 AGCC rapidamente libera o H* no interior da célula do epitélio ruminal, sendo
que esse H* sai da célula em uma troca dependente de Na* (Aschenbach et al., 2011). Como
acimulo de H* no meio intracelular tem consequéncias gravissimas para a funcao celular, é
provavel que, com a falta de Na*, a absorcdo de AGCC seja interrompida (Burhans et al., 2022).
Adicionalmente, a menor disponibilidade de Na* no rimen pode reduzir a absorcdo de AGCC
pelo mecanismo dependente de HCO3", ja que o transporte do HCO3" do sangue para a célula

do epitélio ruminal é dependente do Na* (Aschenbach et al., 2011).

Indo além, os efeitos do bicarbonato de sodio também podem ser explicados de forma
sistémica. Uma metanalise (Hu e Murphy, 2004) avaliou os efeitos da diferenca catidnica-
anionica da dieta (DCAD) sobre a gasometria do sangue e desempenho de vacas leiteiras. O
DCAD foi calculado considerando os efetios dos cations Na e K e do &nion CI. O efeito do S,
bem como o efeito de todos os outros ions dietéticos, ndo foi considerado. O DCAD médio foi
de 261,3 mEqg/kg MS, com valor minimo de — 191,0 e méximo de 635,7 mEg/kg MS. No
sangue, o aumento de DCAD afetou o pH (aumento quadratico, P < 0,01, Rz = 0,83), a

concentracdo de bicarbonato (HCO3 - aumento quadrético, P < 0,01, R? = 0,88) e a quantidade
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de CO2 dissolvida (pCO2 — aumento linear, P < 0,01, R? = 0,35). Os autores discutem que a
resposta em pH sanguineo provavelmente reflete a resposta de HCO3, considerando a equagdo
de Hendersson-Hasselbach [pH sanguineo = 6,1 + log/10 (HCO3/(0,03 x pCO2)]. Portanto, o
aumento de HCO3 aumenta o pH, enquanto o aumento de pCO2 reduz. Nesse sentido, a
resposta em pCO2 indica que houve uma compensacao respiratoria ao aumento de HCO3 no
sangue, j& que a regulacao do pH sanguineo é fundamental para a sobrevivéncia do animal. O
efeito da diferenca catidnica-anionica do sangue (BCAD) sobre o0s parametros de gasometria
também foi avaliado. Como esperado, o aumento de BCAD aumentou o pH (efeito linear, P <
0,01, R2=0,72) e HCO3 (efeito linear, P < 0,01, R? = 0,85) no sangue.

Interessantemente, 0 DCAD também afetou o desempenho dos animais (Hu e Murphy,
2004). Em média, o CMS dos animais foi de 18,41 kg/dia e a producao de leite de 22,98 kg/dia,
com 3,68% de gordura e 3,18% de proteina. O aumento do DCAD foi associado ao aumento
quadrético do CMS, producao de leite, leite corrigido para 4% de gordura (LCG4%) e producao
de gordura do leite. O maior CMS, producéo de leite, LCG4% e producdo de gordura do leite
ocorreram com DCAD de 396, 336, 489 e 550 mEqg/kg MS, respectivamente. A resposta
maxima em producdo de leite foi de + 1,6 kg/dia.

Apesar de ndo isolar o efeito do Na, a metanalise sobre DCAD para vacas em lactacao
de Hu e Murphy (2004) traz informac@es interessantes de como ions dietéticos (Na, K e Cl)
podem afetar a gasometria do sangue, que ajudam a explicar os efeitos sistémicos do
fornecimento de BicNa (Goff, 2018). Além disso, os resultados de desempenho com 0 aumento
do DCAD da dieta (Hu e Murphy, 2004) séo consistentes com os efeitos relatados com o
fornecimento de BicNa (Hu e Murphy, 2005), principalmente em CMS e producéo de gordura
do leite.

Oxido de magnésio

O o6xido de magnésio (MgO) ¢é, depois do BicNa, o principal agente neutralizante
utilizado na dieta de vacas leiteiras (NASEM, 2021). E importante ressaltar que, diferentemente
do que acontece com BicNa, o processamento do MgO afeta seus efeitos no ambiente ruminal
e a sua absorcdo (Khiaosa-arda et al., 2023). Enquanto para Na o coeficiente de absorcdo é de
100% para todas as fontes, o coeficiente de absorcdo do Mg em MgO € de apenas 23%
(NASEM, 2021), sendo esse um valor médio, ja que a solubilidade de um MgO pode variar de

acordo com o tamanho de particula e temperatura de calcinacdo (Khiaosa-arda et al., 2023).
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Alguns trabalhos recentes avaliaram o fornecimento de MgO para vacas leiteiras
(Resende, 2022; Bach et al., 2023; Razzaghi et al., 2022). Resende (2022) comparou 0
fornecimento de um MgO com processamento especial com BicNa ou uma dieta controle, sem
inclusdo de agentes neutralizantes. A dose de MgO foi de 0,5% da MS, enquanto a dose de
BicNa foi de 1% da MS. O experimento foi conduzido em um quadrado latino 3x3, com
periodos de 21 dias. No dia 17 de cada periodo, a dieta foi removida do cocho as 21:00 horas
e, no dia 18, o teor de amido dietético foi abruptamente aumentado de 22,6 para 31,6% da MS,
com o objetivo de induzir acidose ruminal. Contrastes foram utilizados para comparar controle
versus MgO e BicNa versus MgO. Nao foram encontradas diferencas na producéo de leite (27,5
kg/dia) ou CMS (22,6 kg/dia), mas o MgO tendeu a aumentar o teor de gordura do leite (3,81%)
guando comparado com o controle (3,63%) e com BicNa (3,65%). A digestibilidade do extrato
etéreo (EE) no trato total tendeu a ser maior para MgO do que para o controle, o que sugere que
0 aumento do Mg da dieta pode ter levado a formagdo de sabdes de Mg no rumen e,
consequentemente, passagem de maior quantidade de AG insaturados para o intestino. Ainda
no trabalho de Resende (2022), o pH reticular minimo tendeu a ser maior para MgO (5,90) do
que para o controle (5,82). Interessantemente, esse resultado em pH aconteceu mesmo que as
vacas consumindo MgO tenham tendido a passar menos tempo ruminando que o controle (460
versus 489 min/dia). A concentracdo de Mg no sangue foi maior para MgO do que para 0s
outros dois tratamentos. De fato, 0 maior consumo de Mg (por maior teor na dieta) normalmente
resulta em maior absor¢éo e, consequentemente, maior concentracao desse no sangue (Khiaosa-
arda et al., 2023).

Bach et al., (2023) testaram 0 mesmo produto de MgO que Resende (2022). Nesse
experimento (Bach et al., 2023), 0 MgO (dose de 0,25% da MS) foi comparado com uma dieta
controle, sem adicdo de neutralizantes, ou com uma dieta com 0,82% de BicNa. Quinze vacas
por tratamento foram avaliadas de forma continua, por 63 dias. Apds o fornecimento de uma
dieta basal por 7 dias, a cada 14 dias a quantidade de forragem da dieta foi diminuida (retirando
feno de festuca) e a quantidade de concentrado (incluindo cevada) foi aumentada. A relagdo
forragem/concentrado da dieta passou pelos niveis de 48/52; 44/56; 40/60 e 36/64. A interacédo
entre agente neutralizante (MgO ou BicNa) e relacdo forragem/concentrado da dieta foi
significativa para CMS, eficiéncia alimentar, parametros de comportamento ingestivo e tempo
diario de pH ruminal < 58. O CMS ndo diferiu entre tratamentos quando a relacéo
forragem/concentrado foi de 48/52 ou 44/56, mas foi maior para o MgO quando a relagéo

forragem/concentrado foi de 40/60 e 36/64. Por outro lado, a producdo de leite e leite corrigido
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para energia reduziu com a diminuig&o da relacdo forragem/concentrado da dieta, independente
do tratamento. O tempo de pH ruminal diario < 5,8 n&o foi afetado por tratamento nas relaces
forragem/concentrado 48/52, 44/56 e 40/60, mas foi menor para MgO do que para BicNa
quando a relacdo forragem/concentrado foi de 36/64. De forma bastante interessante, quando
consideraram os ultimos 7 dias de cada periodo e fizeram uma média de pH ruminal por hora,
0s autores notaram que pH ruminal das vacas consumindo BicNa foi maior que o pH ruminal
das vacas consumindo MgO de 6 a 9 horas ap0s a primeira refeicdo do dia. Contudo, o pH
ruminal das vacas consumindo MgO foi maior que o das vacas consumindo BicNa de 11 a 23
horas ap6s a primeira refeicdo do dia. Como nessas horas o pH ruminal estava mais baixo, é
provavel que a solubilidade do MgO tenha aumentado, explicando assim a diferenca de efeito

no pH do meio ao longo do tempo.

Por fim, Razzaghi et al., (2022) induziram DGL (dieta com 35,2% de amido e 4,8% de
acidos graxos totais na MS) e, posteriormente, avaliaram o fornecimento de MgO (0,4% da
MS) ou de calcario dolomitico (0,8% da MS) na recuperacdo da DGL. Nesse trabalho, o
fornecimento das duas fontes de Mg aumentou rapidamente (a partir de 4 dias do fornecimento)
o teor e producdo de gordura do leite, que foram associados a uma menor relagdo entre os &cidos
graxos trans-10/trans-11 no leite, indicando que o mecanismo envolveu a rota de
biohidrogenacdo de acidos graxos insaturados no rimen. A retirada dos suplementos de Mg
dieta rapidamente causou DGL novamente (a partir de 7 dias), reduzindo o teor e producao de

gordura do leite. Infelizmente, esse trabalho ndo mensurou pH ruminal.

Avaliando esses dados em conjunto, o fornecimento de MgO parece ser uma estratégia
interessante para reduzir o risco de ASC e/ou aumentar a producdo de gordura do leite. No

entanto, a fonte de MgO e a dieta basal devem ser cuidadosamente consideradas.
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ARTIGO 1 - Effect of magnesium phosphate supplementation on lactation performance,
ruminal function, nutrient digestibility, and metabolic responses of dairy cows

Artigo formatado de acordo com as normas para submisséo ao Journal of Dairy Science.
ABSTRACT

Magnesium phosphate (MgP; 26% Mg, 14% P; MAG26, Phosphea, France) is a potential
source of Mg and P for lactating dairy cows, but requires evaluation. This study investigated
the effects of MgP on lactation performance, DMI, ruminal pH and fermentation, milk FA
profile, total-tract apparent digestibility, mineral utilization, feeding behavior, jugular blood
acid-base balance, SARA related blood markers, and fecal pH. Twenty-one individually
housed Holstein cows (144 + 77 DIM) were assigned to a 3 x 3 Latin square design with 21-d
periods (14-d of adaptation, 7-d of collection) and received 1 of 3 treatments: dicalcium
phosphate (DCP) plus magnesium oxide (MgO) supplying 0.54% P and 0.39% Mg on a DM
basis (Control); MgP supplying the same levels of P and Mg as Control (Iso-Mg); or MgP plus
MgO supplying the same P level but a greater Mg concentration (0.53% of DM; High-Mg).
Diets contained 17.3% forage NDF, 20.1% physically effective NDF, 24.2% starch, 18.2%
nonstarch NFC, and 5.0% ether extract (EE). Data were analyzed using a mixed model
including treatment and period as fixed effects and square and cow(square) as random effects.
Statistical significance was declared at P < 0.05 and tendencies at 0.05 <P < 0.10. There was
no treatment effect on DMI (22.3 kg/d), milk yield (34.5 kg/d), and ECM (33.6 kg/d). Milk fat
concentration was greater for High-Mg (3.60%) than for Control (3.45%) and Iso-Mg (3.44%),
and milk total solids concentration followed the same pattern. Ruminal pH variables, including
time below pH 5.8 (284 min/d), as well as the ruminal fermentation profile, were not affected
by treatment. Preformed FA concentration was greater for High-Mg (1.41% of milk) than for
Control and Iso-Mg (both 1.33%). Mixed FA concentration was greater for High-Mg (1.28%

of milk) than for 1so-Mg (1.21%), whereas de novo FA concentration was unaffected (0.90%).
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Total-tract apparent digestibility of DM, OM, EE, and NDF was greater or tended to be greater
for High-Mg (72.9, 73.0, 73.2, and 49.4%, respectively) compared with Control (71.2, 71.2,
69.3, and 46.2%) and Iso-Mg (70.1, 70.1, 69.2, and 43.4%). Starch digestibility was greater for
High-Mg (99.3%) than for Control (98.9%), with 1so-Mg not differing from either treatment
(99.0%), and CP digestibility tended to be greater for High-Mg (75.2%) than for Iso-Mg
(73.0%), with Control not differing from either treatment (73.6%). Digestibility of Mg tended
to be greater for High-Mg (27%) than for Iso-Mg (21%). Digestibility of P tended to be greater
for High-Mg (38%) than for Control (32%). Cows fed High-Mg had a longer first meal than
Control and Iso-Mg. The proportion of daily intake consumed in the morning was greater for
High-Mg than for 1so-Mg, whereas nighttime intake was lower for High-Mg than for Iso-Mg
and tended to be lower than Control. Serum Mg concentration was greater for Iso-Mg (1.94
mg/dL) than for Control (1.85 mg/dL) and High-Mg (1.83 mg/dL). Jugular blood HCOs~ and
total CO: concentrations tended to be greater for High-Mg than for Control. Plasma haptoglobin
and LBP concentrations were unaffected, whereas plasma D-lactate tended to be greater for Iso-
Mg than for High-Mg. Fecal pH was greater for High-Mg than for Control. Overall, MgP
effectively replaced MgO and DCP at equivalent dietary Mg and P concentrations. Increasing
dietary Mg supply through combined MgP and MgO supplementation increased milk fat
concentration, a response associated with greater proportions of preformed and

monounsaturated FA in milk and higher EE digestibility.

INTRODUCTION

Lactating dairy cows have high nutritional requirements, which leads to the formulation
of diets with increased concentrate inclusion to enhance energy and protein supply. These diets
are characterized by high concentrations of rapidly fermentable carbohydrates (starch and
nonstarch NFC), at the expense of forage NDF and physically effective NDF (peNDF).

Although this strategy increases energy availability and supports microbial protein synthesis in
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the rumen, it also increases the risk of SARA (Khorrami et al., 2021). When SARA prevalence
within a herd is high, the expected benefits of highly fermentable diets may be compromised,
resulting in reduced milk yield and milk fat concentration (Aschenbach et al., 2019; Bach et al.,
2018; Bach et al., 2023), as well as a greater incidence of metabolic and digestive disorders

(Plaizier et al., 2022).

In this context, buffering and alkalinizing agents are frequently included in dairy cow
diets. Sodium bicarbonate is a widely used buffer, whereas magnesium oxide (MgO) acts as an
alkalinizing agent (Goff, 2018), and both may be supplemented concurrently to enhance dietary
safety (Erdman et al., 1982; Teh et al., 1985). Under this practice, dietary Mg concentrations
often exceed requirements estimated using a factorial approach (approximately 0.20% of DM,;
NASEM, 2021), frequently reaching 0.40% or higher (Erdman et al., 1982; Bach et al., 2018;
Razzaghi et al., 2022). This strategy is based on the premise that supplemental Mg may
contribute to stabilization of ruminal pH, support rumen fermentation, mitigate the risk of

SARA, and preserve milk fat synthesis.

Consistent with this premise, under progressive SARA challenges based on forage
reduction and increased barley supply, MgO supplementation attenuated declines in DMI, milk
yield, ruminal pH, and milk fat concentration, whereas control cows exhibited pronounced
reductions in these responses (Bach et al., 2018; Bach et al., 2023). In addition, Mg
supplementation increased milk fat concentration and yield and reduced the milk trans-10:trans-
11 C18:1 ratio under diets formulated to induce milk fat depression, indirectly suggesting
improved rumen conditions (Razzaghi et al., 2022). In contrast, Resende (2022) reported
increased milk fat concentration with MgO supplementation without effects on ruminal pH,
along with a tendency for greater ether extract (EE) digestibility, suggesting that, in some

contexts, milk fat responses to Mg may occur independently of changes in ruminal pH.
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The source of Mg can influence its availability and metabolic responses (Razzaghi et
al., 2022; Lobo et al., 2023). Magnesium phosphate (MgP), which combines the supply of both
Mg and P, could potentially replace two mineral sources in the diet and reduce purchase, storage
and mixing operations. However, the effects of replacing dicalcium phosphate (DCP) and MgO
with MgP are poorly characterized, and, to the best of our knowledge, evaluation of MgP in

diets for lactating dairy cows has not been reported in the literature.

Therefore, the objective of this study was to evaluate the effects of replacing MgO and
DCP with MgP in diets for lactating dairy cows formulated to challenge rumen fermentation
without inducing overt acidosis, either while maintaining equivalent dietary Mg and P
concentrations or while increasing dietary Mg concentration under constant dietary P supply
through combined Mg supplementation (MgP plus MgO). This approach allowed the evaluation
of MgP as an alternative Mg and P source and assessment of cow responses to increased dietary

Mg.

We hypothesized that replacing MgO and DCP with MgP, while maintaining equivalent
dietary Mg and P concentrations, would sustain lactation performance, ruminal conditions, and
mineral status comparable to those observed in cows fed the control diet. Additionally, we
hypothesized that increasing dietary Mg through the combined inclusion of MgP and MgO

would enhance ruminal pH stability and increase milk fat concentration and yield.
MATERIAL AND METHODS
Experimental design, cows, and treatments

The experiment was conducted from January 15th to March 18", 2024, during the hot-
rainy season of southeast Brazil. Twenty-one Holstein cows (9 primiparous and 12 multiparous;
34.6 + 4.5 kg/d of milk yield; 144 + 77 DIM; 592 * 87 kg of BW) were used. Cows were

blocked into 7 squares of 3 animals, primarily by parity (3 squares of primiparous and 4 squares
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of multiparous cows) and subsequently by milk yield and DIM. Within square, cows were
randomly assigned to treatment sequences in a 3 x 3 Latin square design with 21 d periods (14

d of adaptation and 7 d of data collection), balanced for carryover effects.

All cows received the same basal diet, with treatments differing only in the mineral
sources. Control treatment included DCP (26% Ca and 18.5% P on a DM basis) as the
supplemental source of Ca and P and MgO (56% Mg) as the supplemental source of Mg (0.54%
P and 0.39% Mg in the diet; Control). High-Mg treatment replaced DCP with MgP (26% Mg
and 14% P; MAG26, Phosphea, France) based on P concentration (0.54% P and 0.53% Mg;
High-Mg), while Iso-Mg treatment replaced DCP with MgP based on P concentration combined
with removal of MgO to match the Mg concentration of the Control diet (0.54% P and 0.39%
Mg; Iso-Mg). In diets containing MgP, limestone was included to maintain dietary Ca
concentration equal to the Control diet (0.80% of DM). Once per experimental period, a premix
containing limestone, sodium bicarbonate, salt, and a commercial mineral and vitamin source
was prepared and mixed with the treatment-specific ingredients before inclusion in the TMR.
Diets were based on whole-plant corn silage, corn ear fibrous coproduct (Cargill Agricola,
Uberlandia, Brazil; Silva et al., 2022), rehydrated ensiled corn, citrus pulp, whole cottonseed,
and soybean meal. Ingredient inclusion rates and the chemical composition of consumed diets

are presented in Table 1.

Cows were individually fed in an open-walled, sand-bedded tie stall barn with fans and
high-pressure sprinklers and milked 3 times per day starting at 0500, 1200, and 1900 h in an
adjacent herringbone parlor. The TMR was mixed in a stationary feed mixer (Unimix 1200,
Casale, Sao Carlos, Brazil) and offered once per day at 0700 h in amounts to allow for 10 to
15% of offered as daily orts per cow (average observed 13.2% of the offered TMR). Feed was

pushed up at least 12 x/d. The DM concentrations of whole-plant corn silage, corn ear fibrous
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coproduct and rehydrated corn were monitored weekly with a microwave oven and the TMR

was adjusted accordingly.

Lactation performance, intake, and ruminal pH

Milk yield and DMI were recorded daily throughout the experiment, and the averages
from d 15 to 21 of each experimental period were used for treatment comparisons. Milk samples
were collected proportionally to milk yield at each milking on d 15, 16, 19, and 20 of each
experimental period and preserved with 2-bromo-2-nitropropane-1,3-diol under refrigeration
until shipment to the milk analysis laboratory (Clinica do Leite, Piracicaba, Brazil). Samples
from d 15 and 16 and from d 19 and 20 were shipped separately, and the maximum time between
collection and analysis was 4 d. Milk fat, protein, lactose, SCC, and milk urea nitrogen were
determined by mid-infrared analysis (Milkoscan FT, Foss Inc.). For milk composition variables,
the mean of the 4 sampling days was used for treatment comparisons. On d 20 of each period,
an additional 500 mL of milk from the morning milking was collected for fatty acid (FA)

analysis.

For FA profile determination, milk samples were frozen without chemical preservatives
and stored at —20°C until analysis. Milk fat was extracted according to Hara and Radin (1978),
and fatty acids were methylated following Christie (1982). Fatty acid methyl esters were
analyzed by gas chromatography (Finnigan Focus GC, Thermo Fisher Scientific) using a
capillary column (0.25 mm i.d.; 0.20 um film thickness). De novo FA were calculated as the
sum of FA containing 4 to 15 C; mixed FA as the sum of FA containing 16 or 17 C; and

preformed FA as the sum of FA containing >18 C.

Milk energy secretion (Mcal/d) was calculated according to NASEM (2021) as [(0.0929
x % fat) + (0.055 x % crude protein) + (0.0395 x % lactose)] x kg of milk, and ECM was

calculated as milk energy secretion divided by 0.70, assuming milk containing 3.7% fat, 3.2%



54

protein, and 4.6% lactose. Body weight was measured after the morning milking on d 15 and
16 of each period using an individual walk-over scale (Eziweigh2, Tru-Test). Body condition
score was assessed on d 21 of each period as the mean of 3 independent evaluators (Wildman

etal., 1982).

Ruminal pH wireless boluses (smaXtec animal cara GmbH, Graz, Austria) were inserted
into the reticulum of each cow on the first day of the experiment. Ruminal pH was recorded at
10-min intervals and downloaded at the end of the experiment. Data from d 15 to 21 of each
period were used to calculate mean, minimum, and maximum pH; pH range (maximum —
minimum); time below pH 6.0, 5.8, and 5.5 (min/d); and the SARA index, calculated as time
below each pH threshold divided by DMI. Daily averages from d 15 to 21 were used for

treatment comparisons.

Feeds

Daily samples of feed ingredients and orts per cow were collected and frozen during the
last week of each experimental period. Feed ingredients samples were composited by period,
and orts sample were composited by cow within period. Samples were dried in a forced-air
oven at 55°C for 72 h and ground to pass a 1-mm diameter mesh screen in a grinder (Star FT
80, Fortinox Industria). The DM concentration was determined in a forced air-oven at 105°C
for 24 h, and ash was evaluated by incineration at 600°C for 4 h. The NDF concentration was
evaluated using heat-stable a-amylase and sodium sulfite, according to Detmann et al. (2012),
based on AOAC 2002.04 (AOAC International, 2006) and adapted for autoclave using filter
bags. Starch plus free glucose was measured with a-amylase and amyloglucosidase and
colorimetry for glucose, as described in Silva et al. (2019). The EE concentration was measured
using Soxhlet extraction method with diethyl ether (method 920.39; AOAC, 2005) in a
commercial laboratory (Esalglab, Piracicaba, Brazil). The CP concentration was determined by

combustion and detection of N2 (Leco Analyzer, Leco Corp.).
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The concentration of Ca, P, Mg, K, Na, Cl, and S was measured in a commercial
laboratory (3R Ribersolo, Ribeirdo Preto, Brazil) using inductively coupled plasma optical
emission spectroscopy (ICP-OES; method 985.01; AOAC International, 2016). Based on
mineral composition, DCAD was calculated using two approaches. According to Ender et al.
(1971), DCAD1 (mEg/kg) was calculated as: (Na/0.0023 + K/0.00391) — (CI/0.00355 +
S/0.00321 x 2). Alternatively, following Goff (2000), DCAD2 (mEqg/kg) was calculated as:
(Na/0.0023 + K/0.00391 + 0.15 x Ca/0.004 x 2 + 0.15 x Mg/0.0024 x 2) — (CI/0.00355 + 0.25

x $/0.00321 x 2 + 0.5 x P/0.0031 x 3).

Particle size distribution of forages was evaluated using the Penn State Particle
Separator (PSPS) with 19-mm and 8-mm screens and a pan, on d 15, 16, and 17 of each
experimental period, with daily sieving. The DM and NDF concentration by particle size were
determined in composite samples formed by sieve fraction within each period, as previously
described. The peNDF was calculated as the sum of NDF contributions from particles retained
on sieves >8 mm, obtained by multiplying the proportion of DM retained on the 19- and 8-mm
sieves by the NDF concentration of the respective fractions and summing these values. For
concentrates, only whole cottonseed NDF was considered as peNDF and assumed to be fully

retained above 8 mm.
Total-tract apparent digestibility and ruminal microbial yield

During days 19 to 21 of each experimental period, fecal and urine collection was
performed continuously in 3 separates 8 h collection periods, with 8 h intervals, and starting 8
h later on each consecutive day, to represent a 24 h collection. Feces and urine were collected
in buckets during excretion, without contact with the ground, by at least 1 person for each 3
cows from 2100 to 0500 h (first collection period), 1300 to 2100 h (second collection period),
and 0500 to 1300 h (third collection period). During collection, cows were moved in groups of

3 to the milking routine and immediately returned to their individual stalls after milking to
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reduce the daily time without sampling. Fecal samples were collected, immediately weighted,
sampled (1% of the fresh weight), and frozen throughout the collection period. A composite
sample was formed per cow per period. Samples were dried at 55°C for 72 h. The concentrations
of DM, ash, NDF, starch, EE, CP, Ca, P, Mg, and K were measured as previously described,
with the exception that fecal EE samples were acidified prior to analysis, and their total-tract
apparent digestibility was calculated. Digestible OM intake (DOMI) was estimated, and the

ECM/DOMI ratio was calculated as a measure of energy usage efficiency.

A sample from the first defecation of each cow was collected on d 21 for viscosity
determination. Viscosity was evaluated using an adaptation of Cannon et al. (2010). Samples
of fresh feces (100 g) were diluted in 120 mL of water. The solution was homogenized with a
spatula for 30 s and filtered through 2 layers of cheesecloth. The viscosity of the solution was
measured with a rotational viscometer (model DV-E, Brookfield Engineering Laboratories) at
100 rpm. Additionally, subsamples (10 g) from each composite sample obtained per period

were diluted in 100 mL of distiller water for pH determination.

Immediately after collection, urine volume was measured with a graduated beaker, and
a sample (3%) was stored under refrigeration. Urine samples were mixed to a 4% sulfuric acid
solution (1:5) and frozen for allantoin determination according to Chen and Gomes (1992). The
daily excretion allantoin in urine was used as an indirect estimate of ruminal microbial yield

(\VValadares et al., 1999).

Ruminal fermentation

Ruminal fluid samples were collected on d 21 of each experimental period using an
orogastric tube coupled to a vacuum pump at 11 h after the morning feeding. The first 100 mL
of rumen fluid were discarded to minimize saliva contamination. Cows were randomly sampled

within squares, and ruminal pH was measured immediately after collection. Aliquots of rumen
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fluid were allocated for subsequent analyses: one sample was snap-frozen in liquid nitrogen
and stored at —20°C for VFA determination; a 10-mL subsample was diluted (50% vol/vol) in
a 36% (vol/vol) formaldehyde solution for protozoa counting; and an additional 20-mL aliquot

of undiluted rumen fluid was frozen at —20°C for mineral analysis (Mg, P, and Ca).

Analysis of VFA was conducted using a gas-liquid chromatograph (GC HP 7890 A,
Injector HP 7683B, Agilent Technologies) equipped with a capillary column (225 m, 0.32 mm,
0.5 um; J&W HP-FFAP 1909F-112, Agilent Technologies). For protozoa counting, preserved
samples were stained according to Dehority (1984), and protozoa were enumerated using an
optical microscope in a Neubauer chamber. Mineral concentrations (Ca, Mg, and P) were
determined by ICP-OES following acid digestion of rumen fluid samples in a commercial
laboratory (3R Ribersolo, Ribeirdo Preto, Brazil). Results were initially expressed on a DM
basis, using the DM content of rumen fluid determined by oven drying at 105°C for 24 h.
Mineral concentrations were subsequently converted to a volumetric basis (g/L) using the DM
content of the rumen fluid, assuming a density of 1.0 kg/L. Therefore, reported values represent
total mineral concentrations in rumen fluid samples as collected, including both soluble and

fine particulate-associated fractions.

Blood analysis

Blood samples from the coccygeal vessels were collected on d 18 of each experimental
period at 0700 h, immediately before feeding, for determination of serum Mg, P, and Ca
concentrations at a commercial laboratory (Hemocell, Lavras, Brazil). Jugular blood acid—base
balance was evaluated on d 18 at 1400 h (7 h after feeding) using a blood gas analyzer at the
same laboratory. Jugular blood samples were collected in heparinized syringes, randomly
within square, kept on ice, and analyzed within 1 h of collection. Additional coccygeal blood
samples were collected on d 18 at 1800 h for determination of LPS-binding protein (LBP), D-

lactate, and haptoglobin. In all samplings, blood from the 21 cows was collected within 20 min.
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Samples for D-lactate and haptoglobin analyses were stored at —20°C, whereas samples for
LBP analysis were stored at —80°C until analysis. Serum LBP was determined using a
commercial ELISA kit (Bovine LBP ELISA Kit, FineTest; intra-assay CV = 8.02%), and
plasma D-lactate was analyzed using a commercial enzymatic kit (EnzyChrom D-Lactate Assay
Kit, BioAssay Systems; intra-assay CV = 5.68%). Serum haptoglobin concentration was

determined by polyacrylamide gel electrophoresis as described by Weber and Osborn (1969).

Chewing behavior

From d 15 to 17 of each experimental period, chewing behavior was recorded by
continuous visual observation at 5-min intervals over 24-h periods. Activities were classified
as rumination, ingestion, drinking, or idleness. Feeding observations were grouped into meals
using an individual meal criterion (the minimum interval between meals) calculated for each
cow according to DeVries et al. (2003), with adaptations to account for the 5-min sampling
interval (Silva et al., 2025). Meal frequency was defined as the number of meals per day
(meals/d). Total meal time (min/d) was calculated as total eating time (number of eating
observations x 5 min) plus nonfeeding intervals shorter than the individual meal criterion. Meal
duration (min/meal) was calculated as total daily meal time divided by meal frequency, and
meal size (kg/meal) as DMI (kg/d) on collection days divided by meal frequency. The duration
of the first daily meal was measured using a stopwatch by a single observer from feed delivery

at 0700 h until completion of the first meal by all cows.

The proportion of daily intake during the morning (0700 to 1200 h), afternoon (1200 to
1900 h), and night (1900 to 0700 h) was determined from d 15 to 17 of each experimental
period. Sorting behavior by time of day was evaluated from d 15 to 17 of each experimental
period using a PSPS. Particle distribution of the TMR available to each cow was measured at
0700 h (offered TMR), 1200 h, 1900 h, and 0500 h of the following day. Predicted particle

intake (as-fed basis) was calculated as the proportion of TMR retained on each screen multiplied
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by TMR intake, whereas observed particle intake was calculated as the proportion of TMR
retained on each screen multiplied by TMR offered minus the proportion of orts retained on
each screen multiplied by orts. The selection index was calculated as 100 x (observed
intake/predicted intake) according to Leonardi and Armentano (2003), with values <100%

indicating selective refusal, >100% preferential intake, and 100% no sorting.

Sorting of NDF, starch, Mg, and P was also evaluated based on calculated TMR
composition from ingredient analyses and orts collected from each cow from d 15 to 21 of each
experimental period. Predicted nutrient intake (DM basis) was calculated as nutrient
concentration in the TMR multiplied by TMR intake, whereas observed nutrient intake was
calculated as nutrient concentration in the TMR multiplied by TMR offered minus nutrient
concentration in orts multiplied by orts. The nutrient selection index was calculated as described

previously.

Statistical analysis

Data from one cow assigned to the Iso-Mg treatment during period 3 were removed
from the analysis due to a leg injury. Data were analyzed using the MIXED procedure of SAS
(University Edition; SAS Institute Inc., Cary, NC). The Latin square model included treatment
(1-3) and period (1-3) as fixed effects, and square (1-7) and cow nested within square (1-21)

as random effects. Degrees of freedom were estimated using the Kenward—Roger method.

Ruminal pH measured by bolus was analyzed as repeated measures. The fixed effect of
hour of the day and the interaction between hour and treatment were included in the model.
Cow x period x treatment was specified as a random effect. The covariance structure was
selected based on the lowest Akaike information criterion among first-order autoregressive,

compound symmetry, and unstructured covariance structures.
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Model assumptions were evaluated by inspection of residual diagnostic plots.
Observations with studentized residuals greater than |3| were considered outliers and removed
from the analysis. Statistical significance was declared at P < 0.05, and tendencies were

declared at 0.05 <P < 0.10. Least squares means were compared using Tukey’s test.

RESULTS

Diets

Experimental diets were formulated to be nutritionally similar, differing only in Mg and
P source and dietary Mg concentration (Table 1). Considering the consumed diets (ingredients
— orts), dietary Mg was 0.39%, 0.40%, and 0.53% of DM for Control, 1so-Mg, and High-Mg,
respectively. On % of DM, diets had, on average, 17.4% CP, 29.4% NDF, 17.3% forage NDF,
20.1% peNDF, 24.2% starch, 42.4% NFC, 18.2% nonstarch NFC, 5.0% EE, 5.7% ashes, and
0.54% P. Among ingredients (Table 2), whole-plant corn silage and the corn ear fibrous
coproduct contained, on average, 34.8% and 43.8% NDF and 39.1% and 12.0% starch,

respectively.

Lactation performance

Dietary Mg source and level did not affect (P > 0.20) DMI, milk yield, milk components
yield, and ECM (Table 3). Milk yield averaged 34.5 kg/d, DMI averaged 22.3 kg/d, and ECM
averaged 33.6 kg/d across treatments. However, a treatment effect was observed for milk fat
concentration (P = 0.02), with greater values for High-Mg (3.60%) than for Control (3.45%)
and Iso-Mg (3.44%). Accordingly, milk total solids concentration was also affected by
treatment (P = 0.03), being greater for High-Mg (12.39%) compared with Control (12.26%)
and Iso-Mg (12.24%). Milk protein and lactose concentrations were similar across treatments,
averaging 3.22% (P = 0.72) and 4.64% (P = 0.84), respectively. Milk component yields, feed

efficiency, linear SCC, MUN, BW, and BCS were not influenced by treatment (P > 0.12).
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Ruminal pH, ruminal fermentation, and minerals in rumen fluid

Ruminal pH variables were not affected (P > 0.43) by treatment (Table 4). Mean pH
measured by bolus sensors averaged 6.02, whereas mean pH measured by stomach tubing
averaged 6.49 across treatments. Time below pH 6.0 averaged 642 min/d, time below pH 5.8
averaged 281 min/d, and time below pH 5.5 averaged 40 min/d. As expected, ruminal pH varied
markedly throughout the day (Figure 1; hour effect; P < 0.01), but no hour x treatment

interaction was detected (P = 0.31).

Consistent with ruminal pH variables, ruminal fermentation profile did not respond to
treatment (Table 5). No differences (P > 0.12) were detected in total VFA concentration,
individual VFA molar proportions or in the acetate/propionate ratio. Whereas fermentation end
products were unaffected, Mg concentration in ruminal fluid responded (P < 0.01) to treatment,
being greatest for High-Mg (0.26 g/L), intermediate for Control (0.22 g/L), and lowest for Iso-
Mg (0.17 g/L). The concentrations of P, Ca, and K in ruminal fluid were not affected by

treatment (P > 0.17).

Milk FA profile

Milk FA composition (% of milk) was affected by treatment, particularly for medium-
and long-chain FA (Table 6). Concentration of mixed FA differed among treatments (P = 0.03)
and was greater for High-Mg (1.28%) than for Iso-Mg (1.21%), whereas Control (1.23%) did
not differ from either treatment based on Tukey-adjusted comparisons. Similarly, preformed
FA concentration differed among treatments (P = 0.02) and was greater for High-Mg (1.41%)
compared with Control and 1so-Mg (both 1.33%). In contrast, de novo FA concentration was

not affected by treatment (P = 0.27), averaging 0.90%.

Among individual FA, C16:0 concentration differed among treatments (P = 0.03) and

was greater for High-Mg (1.18%) than for Iso-Mg (1.12%), whereas Control presented an



62

intermediate value (1.14%) that did not differ from either treatment. The cis-9 C18:1
concentration also differed among treatments (P < 0.01) and was higher for High-Mg (0.74%)
than for Control and Iso-Mg (both 0.69%). Consistent with this response, total monounsaturated
FA concentration was affected by treatment (P < 0.01) and was greater for High-Mg (0.99%)

than for Control (0.93%) and Iso-Mg (0.94%).

In addition, concentrations of C20:0 and C20:5 n-3 differed among treatments (P <
0.05). The High-Mg presented greater concentrations of C20:0 (0.0039%) and C20:5 n-3
(0.00040%) compared with Control (0.0035 and 0.00028%, respectively), whereas 1so-Mg
showed intermediate values (0.0036 and 0.00030%, respectively). A tendency toward greater
concentration of C20:4 n-6 was also observed for High-Mg (0.00471%) relative to Control

(0.00433%), with Iso-Mg presenting an intermediate value (0.00429%).

Total-tract apparent digestibility of nutrients

Intake of DM, OM, CP, starch, EE, ash, NFC, and nonstarch NFC was not affected by
treatment (Table 7; P > 0.12). In contrast, NDF intake showed a tendency for a treatment effect
(P =0.08). The NDF intake was greater for Control (6.69 kg/d) than for High-Mg (6.46 kg/d),

whereas 1s0-Mg presented an intermediate value (6.56 kg/d).

Fecal excretion of DM and OM varied among treatments (P < 0.01). Cows fed High-
Mg presented lower fecal excretion (5.96 and 5.60 kg/d, respectively) than Control (6.48 and
6.12 kg/d) and Iso-Mg (6.62 and 6.24 kg/d). A similar treatment effect was observed for fecal
NDF and EE (P < 0.01), with lower values in High-Mg (3.25 and 0.293 kg/d, respectively)
relative to Control (3.57 and 0.346 kg/d) and Iso-Mg (3.67 and 0.340 kg/d). Fecal CP excretion
showed a tendency for a treatment effect (P = 0.06), with lower values for High-Mg (0.96 kg/d)

than for Control and I1so-Mg (both 1.05 kg/d), which did not differ from each other.
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Digestibility of DM showed a clear treatment effect (P < 0.01). The High-Mg showed
greater DM digestibility (72.9%) than Iso-Mg (70.1%), whereas Control (71.2%) presented an
intermediate value and tended to differ from High-Mg. Organic matter digestibility also
responded to treatment (P < 0.01), with greater values for High-Mg (73.0%) than for Control
(71.2%) and Iso-Mg (70.1%). Digestibility of NDF was likewise affected by treatment (P <
0.01). High-Mg exhibited greater NDF digestibility (49.4%) than Iso-Mg (43.4%), whereas
Control (46.2%) was intermediate and tended to differ from High-Mg. Starch digestibility
responded to treatment (P = 0.04), with higher values for High-Mg (99.3%) than for Control
(98.9%), and Iso-Mg (99.0%) presenting an intermediate value. Digestibility of EE was also
affected by treatment (P = 0.02), being greater for High-Mg (73.2%) than for Control (69.3%)
and 1so-Mg (69.2%). Digestibility of CP showed a tendency for a treatment effect (P = 0.07),
with greater values for High-Mg (75.2%) than for 1so-Mg (73.0%), whereas Control (73.6%)

did not differ from either treatment.

As expected by design, Mg intake was affected by treatment (Table 8; P < 0.01), being
greater for High-Mg (117 g/d) than for Control (89 g/d) and Iso-Mg (88 g/d). P intake showed
a tendency for a treatment effect (P = 0.08), with a tendency toward greater intake in Control

(123 g/d) compared with High-Mg (118 g/d), and 1so-Mg presenting an intermediate value (119

g/d).

A treatment effect was observed for fecal Ca excretion (P < 0.01), with values
decreasing from Control (130 g/d) to Iso-Mg (122 g/d) and High-Mg (113 g/d). Fecal P
excretion was also affected by treatment (P = 0.03), being greater for Control (84 g/d) than for
High-Mg (74 g/d), whereas Iso-Mg (79 g/d) did not differ from either treatment. Consistent
with intake, fecal Mg excretion responded to treatment (P < 0.01), with greater excretion in

High-Mg (86 g/d) than in Control (67 g/d) and Iso-Mg (69 g/d). Fecal K was also affected by
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treatment (P < 0.01), being greatest for Control (51 g/d), intermediate for 1so-Mg (46 g/d), and

lowest for High-Mg (36 g/d).

Digestibility of Ca was affected by treatment (P < 0.01), with greater values for High-
Mg (36%) than for Control (28%), whereas Iso-Mg (31%) did not differ from either treatment.
Digestibility of P showed a tendency for a treatment effect (P = 0.07), increasing from Control
(32%) to 1so-Mg (34%) and High-Mg (38%). Mg digestibility also exhibited a tendency (P =
0.07), being greater for High-Mg (27%) than for 1so-Mg (21%), with Control (24%) presenting
an intermediate value. Digestibility of K responded to treatment (P < 0.01) and was greater for

High-Mg (88%) than for Control (84%) and Iso-Mg (85%).

Feeding behavior

Meal behavior, daily activities, proportion of intake across periods of the day, and feed
particle and nutrient sorting are presented in Table 9. Meal frequency, meal size, meal time,
meal duration, and daily time spent eating, ruminating, chewing, and idle were not affected by
treatment (P > 0.19), but first meal duration was (P = 0.01). Cows fed High-Mg exhibited a

longer first meal (37.2 min/meal) than Control (33.6 min/meal) and Iso-Mg (32.9 min/meal).

The proportion of daily intake varied by treatment during the morning period (0700—
1200 h; P = 0.05), with greater intake in High-Mg (36.8%) than in Iso-Mg (33.8%), whereas
Control (34.3%) did not differ from either treatment. During the nighttime period (1900-0700
h), intake distribution also responded to treatment (P = 0.04), being lower in High-Mg (23.9%)
than in 1so-Mg (27.3%), with Control (26.7%) presenting intermediate values and tending to be

greater than High-Mg.

During the morning period, sorting of feed particles >19 mm responded to treatment (P
= 0.04), being greater in Iso-Mg (122%) than in Control (92%), with High-Mg (118%)

presenting intermediate values and tending to be greater than Control. In the same period,
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sorting of particles <8 mm showed a tendency for a treatment effect (P = 0.07), with greater
sorting in Control (90%) than in 1so-Mg (85%), whereas High-Mg (89%) did not differ from

either treatment.

From 1200 to 1900 h, sorting of particles <8 mm tended to respond to treatment (P =
0.07), being greater in High-Mg (101%) than in Iso-Mg (98%), with Control (100%) not
differing from either treatment. In addition, Mg sorting responded to treatment (P = 0.03), being
greater in 1so-Mg (100.9%) than in Control (99.7%), whereas High-Mg (100.5%) presented

intermediate values and tended to exceed those of Control.

Blood variables

Serum Mg concentration responded to treatment (P < 0.01), being greater for 1so-Mg
(1.94 mg/dL) than for Control (1.85 mg/dL) and High-Mg (1.83 mg/dL), which did not differ
from each other. Serum P (7.33, 7.30, and 7.28 mg/dL for Control, Iso-Mg, and High-Mg,
respectively) and serum Ca (9.70, 10.05, and 9.84 mg/dL) were similar among treatments (P >

0.19).

Jugular blood pH, pCO., pO-, base excess, and O- saturation were also similar among
treatments (P > 0.22). In contrast, HCOs™ and total CO- showed tendencies for treatment effects
(P =0.10 and P = 0.09, respectively), with greater values in High-Mg (26.09 and 27.33 mM)
than in Control (25.09 and 26.24 mM), whereas 1so-Mg (25.67 and 26.81 mM) presented

intermediate values and did not differ from either treatment.

Plasma concentrations of haptoglobin and LBP were similar among treatments (P >
0.15). Plasma D-lactate showed a tendency for a treatment effect (P = 0.06), being greater for
Iso-Mg (1.23 mM) than for High-Mg (1.08 mM), with Control (1.22 mM) presenting an

intermediate value.

Fecal and urinary variables
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Fecal pH, fecal viscosity, urine excretion, and urinary allantoin excretion are presented
in Table 11. Fecal pH differed among treatments (P = 0.03) and was greater for High-Mg (7.53)
than for Control (7.44), whereas 1so-Mg (7.47) did not differ from either treatment. In contrast,
fecal viscosity was not influenced by treatment (P = 0.73). Urine volume and urinary allantoin

excretion were also unaffected by treatment (P > 0.27).

DISCUSSION

Diets and ruminal pH

Using the threshold of ruminal pH < 5.8 for more than 314 min/d (Zebeli et al., 2008),
cows in the present study were exposed to a moderate risk of SARA (on average, ruminal pH
< 5.8 for 284 min/d), consistent with the objective of formulating diets to challenge rumen
fermentation without inducing overt acidosis. Approximately 34% of cow—period observations
met this pH-based criterion (data not shown). This condition reflects the high inclusion of
rapidly fermentable carbohydrates (24.2% starch and 18.2% nostarch NFC) and the relatively
low forage NDF concentration (17.3%) of the basal diet. In addition, dietary starch was supplied
primarily through ensiled sources, which are known to exhibit greater ruminal degradability,

thereby intensifying ruminal fermentation (Castro et al., 2019; Fernandes et al., 2022).

The absence of differences in ruminal pH between the Control and Iso-Mg treatments
was consistent with the hypothesis that MgP can effectively replace MgO without impairing
ruminal acid-base conditions. In contrast, the lack of a ruminal pH response in the High-Mg
treatment did not support the hypothesis that increasing dietary Mg, through the combined
supplementation of MgP and MgO, would enhance ruminal stability. This outcome should be
interpreted in the context of the experimental design, because the Control diet already contained

MgO and sodium bicarbonate was included in all diets to reflect common feeding practices on
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dairy farms, resulting in a basal buffering capacity that may have limited detection of additional

alkalinizing effects of increased Mg supply.

To the best of our knowledge, this is the first study to evaluate MgP supplementation in
diets for lactating dairy cows. Therefore, direct comparisons with studies using the same Mg
source are not possible. Nevertheless, indirect comparisons can be made with studies that

evaluated ruminal pH responses to increased dietary Mg supplied as MgO.

Differences in dietary design further distinguish the present study from previous reports
in which Mg supplementation increased ruminal pH. In the studies by Bach et al. (2018) and
Bach et al. (2023), MgO was evaluated under a SARA challenge, imposed through stepwise
increases in dietary barley inclusion and reductions in forage proportion. This approach resulted
in significant treatment x diet interactions for ruminal pH, with MgO supplementation
attenuating pH declines as diets became increasingly fermentable. In contrast, the present
experiment used a stable diet, without progressive or abrupt changes in fermentability, to better
represent a challenging but adequate diet, which may have limited the detection of ruminal pH

responses to increased dietary Mg concentration.

Beyond that, evidence from the literature indicates that increasing dietary Mg does not
consistently result in changes in ruminal pH. Using the same MgO source evaluated by Bach et
al. (2018) and Bach et al. (2023), Resende (2022) reported no effects on the time that ruminal
pH remained below 5.8 or 6.2, either before or during a dietary challenge designed to increase
the risk of SARA. Taken together, these findings suggest that the effectiveness of increased
dietary Mg to modify ruminal pH is context dependent and likely influenced by baseline
buffering capacity, dietary composition, and the intensity and temporal dynamics of the

fermentative challenge.

Lactation performance and milk FA profile
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The absence of treatment effects on DMI, milk yield, component yields, and feed
efficiency indicates that MgP can effectively replace conventional sources of Mg and P without
compromising lactation performance. Cows fed High-Mg exhibited greater milk fat and total
solids concentrations. Initially, it was hypothesized that this response would be mediated by
improvements in ruminal pH. However, the lack of treatment effects on ruminal pH, ruminal
fermentation profile, and de novo FA in milk indicates that the increase in milk fat concentration

was not driven by changes in ruminal acid—base status.

Instead, changes in milk FA composition provide important insight into the underlying
mechanisms. The increase in milk fat concentration with High-Mg was associated with greater
concentrations of mixed and preformed FA, particularly C16:0 and cis-9 C18:1. This FA profile
is indicative of an increased supply of long-chain FA to the mammary gland, rather than

stimulation of de novo FA synthesis (Lock et al., 2025).

Total-tract apparent digestibility of nutrients

The increase in digestibility of EE observed with High-Mg provides a plausible
explanation for the changes in milk fat concentration and FA profile. Although the role of UFA
in affecting Mg digestibility is recognized (NASEM, 2021), the potential influence of Mg on

FA utilization remains underexplored.

Mg has been suggested to form soaps with UFA in the rumen (Jenkins, 1993), which
can reduce the extent of biohydrogenation and increase the flow of UFA to the small intestine.
From a chemical perspective, this interaction involves the formation of Mg—FA carboxylate
salts through deprotonation of the carboxyl group and ionic association with Mg?*. These salts
are less soluble and less reactive than free UFA, thereby reducing their availability for microbial
attachment and enzymatic hydrogenation. Consequently, this mechanism would be expected to

slow the kinetics of ruminal biohydrogenation, allowing a greater proportion of UFA to escape
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the rumen and reach the small intestine. Because UFA are more digestible than saturated FA
(Daley et al., 2020), this mechanism would be expected to enhance EE digestibility and increase

the availability of preformed FA for milk fat synthesis.

Support for this interpretation is provided by previous work reporting responses similar
to those observed in the present study. Resende (2022) reported tendencies toward greater EE
digestibility, accompanied by tendencies toward increased milk fat concentration and a greater
proportion of UFA in milk fat under increased dietary Mg supply. The similarity between those
findings and the present results is particularly noteworthy, as both studies included whole
cottonseed at similar dietary inclusion rates (12.5% in the present study and 11.5% in Resende,
2022), an ingredient rich in UFA that probably increases the likelihood of Mg—FA interactions

in the rumen.

Notably, despite the greater dietary supply of 18:2, the increased concentration of UFA
in milk was primarily driven by greater cis-9 18:1. Although cis-9 18:1 is typically considered
to be of dietary origin, there is also evidence that it may arise as a transient intermediate of
ruminal biohydrogenation (Toral et al., 2024). Accordingly, one possible explanation is that
Mg interacted preferentially with cis-9 18:1, either supplied directly by the diet or formed as a
biohydrogenation intermediate, resulting in the formation of relatively stable Mg-FA
complexes that limited its microbial utilization in the rumen without markedly altering the
metabolism of 18:2. Under this scenario, the effect would be a greater intestinal availability of
cis-9 18:1, which is consistent with the observed milk FA profile. Moreover, increased intestinal
supply of cis-9 18:1 has been associated with enhanced digestibility of 16:0 (Burch et al., 2021,
Prom and Lock, 2021), providing a plausible explanation for the greater milk 16:0 concentration

observed with High-Mg.

Beyond that, even if Mg—FA soap formation also occurred with C18:2 and increased its

intestinal absorption, this would not necessarily be expected to result in proportional increases
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of C18:2 in milk. Dos Santos Neto et al. (2024) demonstrated that abomasal infusion of C18:2
n-6 primarily promotes its incorporation into plasma phospholipids and cholesteryl esters (lipid
fractions associated with FA conservation) rather than into triacylglycerols or nonesterified FA,
which more directly supply the mammary gland (Lock et al., 2025). In that study, infusion of
C18:2 n-6 increased both plasma C18:2 n-6 and its long-chain derivative C20:4 n-6 within these
slow-turnover lipid pools, indicating enhanced systemic availability and metabolic conversion
without immediate transfer to milk fat. A similar pattern was observed for C18:3 n-3, which
increased plasma C20:5 n-3 in phospholipids and cholesteryl esters, followed by a delayed
increase in plasma triacylglycerols later during infusion. This temporal pattern supports a
delayed redistribution of long-chain PUFA into lipid fractions capable of supplying FA to the

mammary gland.

Interestingly, in the present study cows fed High-Mg exhibited greater milk 20:5 n-3
than Control, along with a tendency toward greater milk 20:4 n-6 compared with 1so-Mg. These
responses are consistent with a partial redistribution of long-chain PUFA into plasma
triacylglycerols following increased systemic availability, as recently demonstrated by dos
Santos Neto et al. (2024). Because plasma triacylglycerols constitute the primary lipid pool
supplying FA to the mammary gland, even modest increases in the abundance of long-chain
PUFA within this fraction would be expected to result in detectable, albeit biologically small,

increases in their concentrations in milk.

Taken together, these observations support the mechanistic interpretation that increased
dietary Mg may promote the formation of Mg—-UFA complexes in the rumen, thereby
modulating ruminal biohydrogenation, increasing intestinal FA availability, and influencing
milk FA composition. Because this mechanism was not part of the experimental hypothesis,

FA digestibility and plasma FA concentrations were not evaluated in the present study. Future
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research explicitly addressing the interaction between dietary Mg supply and FA metabolism

should include these measurements to further validate the underlying mechanisms.

In addition to effects on EE digestibility, High-Mg increased NDF digestibility relative
to 1so-Mg and numerically compared with the Control. This response occurred in the absence
of changes in ruminal pH or VFA molar proportions, suggesting that factors other than ruminal
fermentation intensity were involved. Fibrolytic bacteria are particularly sensitive to UFA
(Maia et al., 2010), and the formation of Mg soaps may have attenuated the inhibitory effects

of these FA.

Increases in NDF digestibility associated with higher dietary Mg supply have been
reported previously, although the proposed mechanisms differ among studies. Bach et al. (2023)
observed greater NDF digestibility when supplementing MgO in a diet with a
forage:concentrate ratio of 36:64, an effect that was accompanied by differences in ruminal pH.
Tebbe et al. (2018) reported a tendency for an interaction between monensin supplementation
and Mg source (MgO vs. MgSOs4), in which MgSOa resulted in lower NDF digestibility than
MgO when monensin was included in the diet. These findings indicate that the mechanisms by
which dietary Mg influences NDF digestibility are not uniform across studies and are likely
contingent upon basal diet characteristics, including forage NDF or peNDF level, FA profile,

and the use of rumen modifiers such as ionophores.

Changes in starch and CP digestibility were statistically detectable but small in
magnitude and likely of limited biological relevance, particularly given the already high starch
digestibility of the diets. Nevertheless, these responses further support the notion that dietary
Mg concentration may subtly influence microbial activity and nutrient utilization beyond its

traditional role.

Feeding behavior
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High-Mg increased first-meal duration and morning intake proportion relative to Iso-
Mg, with Control intermediate, while reducing nighttime intake proportion compared with Iso-
Mg. A similar pattern has been reported by Resende (2022), who observed a tendency toward
a reduced proportion of daily intake during the night in cows supplemented with MgO
compared with a control diet (19.2 vs. 21.7%) prior to a SARA challenge. During the challenge
period, this response became more pronounced, with MgO-supplemented cows tending to
consume a greater proportion of intake during the morning (44.3 vs. 41.7%) and a lower

proportion during the night (15.7 vs. 19.6%) relative to controls.

Feeding behavior in dairy cows is regulated by multiple interacting factors, including
ruminal fill dynamics, metabolic feedback, and acid accumulation (NASEM, 2021). In the
present experiment, these behavioral responses occurred without concurrent changes in ruminal
pH, ruminal fermentation profile, or rumination activity, indicating that classical indicators of
ruminal acid load were not markedly altered. Nevertheless, subtle changes in systemic acid—

base status may have contributed to the observed shifts in intake distribution.

Both jugular blood HCOs™ and total CO: showed tendencies for treatment effects, with
values tending to be higher in High-Mg than in Control, whereas Iso-Mg presented intermediate
values. Absorbed cations such as Mg?* can influence systemic acid—base balance by increasing
the systemic strong cation load, which must be counterbalanced to maintain electroneutrality
(Goff, 2018). This adjustment favors retention or generation of HCOs™ in extracellular fluid,
which can be reflected as higher total CO: concentrations, given that HCOs™ constitutes the
major component of total CO2. Because jugular blood for acid—base evaluation was collected
at 1400 h, the tendency toward greater HCOs~ and total CO: observed in cows fed High-Mg
may be associated with greater Mg absorption coinciding with the higher proportion of feed
intake consumed during the morning period. However, despite helping to contextualize the

observed feeding behavior, these responses were not accompanied by differences in blood pH,
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pCO2, or total DMI, indicating that cows were able to effectively regulate acid-base
homeostasis and accommodate the increased cation load without physiologically meaningful

disturbances.

With respect to particle-size and nutrient sorting, treatment effects and tendencies were
detected during specific periods of the day, but responses were inconsistent across fractions and
time. Accordingly, these differences likely reflect minor variation in short-term feed selection

rather than a primary driver of the observed intake distribution or production responses.

Minerals in rumen fluid, blood, and total-tract apparent digestibility

As expected by the experimental design, cows fed High-Mg had greater Mg intake,
which resulted in increased fecal Mg excretion and a tendency toward greater Mg digestibility
compared with Iso-Mg. This tendency is consistent with the physiology of Mg absorption in
ruminants, in which passive transport across the ruminal epithelium increases as luminal Mg
concentration rises (Goff et al., 2018). Overall Mg digestibility values (approximately 21 to
27%) were close to those assumed by current feeding systems (absorption coefficient of 23%
for MgO; NASEM, 2021), indicating that the observed responses fall within physiologically

realistic limits.

Serum Mg concentrations across treatments (1.83 to 1.94 mg/dL) remained within the
established physiological range for lactating dairy cows (1.80 to 2.40 mg/dL; NASEM, 2021).
Unexpectedly, cows fed 1so-Mg exhibited greater serum Mg concentrations than cows fed
Control or High-Mg, despite Control and Iso-Mg providing similar dietary Mg concentrations
and exhibiting comparable Mg digestibility. Because Mg absorption becomes saturable only at
very high dietary concentrations (>1.1% of DM, Jittakhot et al., 2004), the lower serum Mg
concentration observed in High-Mg should not be interpreted as evidence of absorptive

saturation.
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Instead, differences in serum Mg concentrations should be interpreted in the context of
feeding patterns and sampling time. Blood samples were collected immediately before the first
feeding of the day, representing a basal state potentially influenced by the temporal distribution
of intake on the previous day. In this regard, differences in intake distribution between Iso-Mg
and High-Mg cows, particularly the lower proportion of intake during the nighttime in High-
Mg, may have contributed to differences in basal serum Mg concentration. In contrast,
differences between Control and High-Mg may also be related to differences in Mg source
solubility and, consequently, the timing of Mg absorption throughout the day. However, this
interpretation remains speculative, as Control and Iso-Mg exhibited similar Mg digestibility

and source solubility was not directly evaluated in the present study.

Based on current feeding guidelines, dietary P requirements for lactating dairy cows are
approximately 0.35% of DM, depending on the assumed absorption coefficient of the sources
used (NASEM, 2021). In commercial dairy systems, however, dietary P concentrations
frequently exceed requirements (Harrison et al., 2021). In the present study, dietary P
concentration exceeded (0.54% of DM) requirements because the objective was to evaluate
MgP, and formulating diets to meet P requirements would not have allowed the delivery of a
nutritionally meaningful MgP dose. Accordingly, all diets were formulated to contain the same
dietary P concentration, ensuring that comparisons among treatments were not confounded by

differences in P supply.

P digestibility tended to be greater for High-Mg than for Control, whereas serum P
concentration was not affected by treatment (averaging 7.30 mg/dL) and remained within the
established physiological range for lactating dairy cows (4.4 to 9.2 mg/dL; Forar et al., 1982).
Interpretation of apparent P digestibility should be made with caution, as fecal P includes a
substantial endogenous component derived from salivary secretion, which can mask changes in

true intestinal P absorption (NASEM, 2021). This limitation complicates the attribution of
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differences in apparent digestibility to alterations in systemic P utilization, particularly when
no concurrent changes are observed in serum P concentrations. Current feeding systems assume
a high absorption coefficient for inorganic P sources (e.g., 0.80 for DCP; NASEM, 2021).
However, a study formulating diets closer to P requirements (approximately 0.35% of DM)

reported apparent P digestibility values closer to 40% (Tebbe et al., 2018).

In addition, because dietary P supply in the present study exceeded requirements,
relatively low apparent P digestibility values were expected, as excess P is predominantly
excreted in the feces (Mogodiniyai Kasmaei and Holtenius, 2013). Under these conditions, the
tendency toward greater apparent P digestibility observed with High-Mg may be attributable to
its slightly lower P intake. Collectively, these results indicate that replacing DCP with MgP did
not meaningfully alter P utilization and that, at the level of supplementation evaluated, P

supplied by MgP was nutritionally equivalent to P supplied by DCP.

SARA related markers and fecal pH

D-lactate is produced exclusively by microbial fermentation, originating from both
ruminal and hindgut microbial activity, and its accumulation in blood has been associated with
ruminal acidosis and SARA (Quanz et al., 2022). However, direct comparison of absolute
plasma or serum D-lactate concentrations across studies remains challenging due to the limited
number of available datasets and methodological heterogeneity. Previous studies differ in
analytical techniques (enzymatic assays versus chromatographic separation), biological
matrices (serum versus plasma), and sampling protocols, including the timing of collection
relative to feeding and fermentative challenges. These factors likely contribute to the wide range

of reported D-lactate concentrations and hinder the establishment of robust reference values.

In beef cattle, Schwaiger et al. (2013) reported marked diurnal variation in serum D-

lactate concentration during an acidosis challenge, with numerically greater values
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(approximately 0.70 mM) occurring 8 to 12 h after feeding. In dairy cattle, Resende (2022)
reported lower plasma D-lactate concentrations and no effect of increasing dietary Mg,
averaging 0.39 mM before and 0.32 mM during a SARA challenge; notably, the acidotic
challenge in that study was less severe, as indicated by a shorter daily duration of ruminal pH
below 5.8 (40 min/d before and 80 min/d during the challenge). In calves, Ewaschuk et al.
(2004) reported serum D-lactate concentrations ranging from 0.8 to 3.8 mM in healthy animals
and from 1.2 to 22.7 mM in diarrheic calves, reinforcing the association between elevated D-

lactate and altered gastrointestinal fermentation.

In the present study, cows fed High-Mg exhibited lower plasma D-lactate concentrations
compared with 1so-Mg, with values also numerically lower than those observed for Control (P
=0.12), despite the absence of treatment effects on mean ruminal pH or on markers of systemic
inflammation and ruminal epithelial challenge, including haptoglobin and LBP (Aschenbach et
al., 2019). This response suggests subtle shifts in microbial metabolism that are not captured

by bulk measures of ruminal fermentation.

One possible explanation is that greater dietary Mg supply increased the flow of
unabsorbed Mg to the hindgut, as supported by increased fecal Mg excretion, thereby
modulating hindgut fermentation pathways and microbial lactate production. Consistent with
this interpretation, fecal pH was greater in cows fed High-Mg compared with Control, whereas
the difference between High-Mg and Iso-Mg was numerical only (P = 0.16). Increases in fecal
pH with greater dietary Mg supply have been consistently reported in the literature (Resende,
2022; Bach et al., 2023; Erdman et al., 1982), suggesting potential effects of Mg on hindgut
fermentation and, possibly, intestinal and overall health (Neubauer et al., 2020). Nonetheless,
the relationship between fecal pH and indicators of intestinal health or systemic inflammation
in dairy cows remains inconsistent and incompletely understood (Abeyta et al., 2022; Abeyta

etal., 2023).



77

CONCLUSION

Replacing MgO and DCP with MgP at equivalent dietary Mg and P concentrations
maintained ruminal pH, lactation performance, digestibility, and mineral status comparable to
the Control diet. Increasing dietary Mg through combined MgP and MgO supplementation did
not enhance ruminal pH stability but increased milk fat concentration, a response associated
with greater proportions of preformed FA in milk and higher EE digestibility. Collectively,
these findings indicate that MgP is a suitable Mg and P source and that, under the conditions of
this study, the primary response to increased dietary Mg was altered lipid utilization rather than

improved ruminal buffering.
NOTES
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TABLES AND FIGURES

Item, % of DM Control  Iso-Mg  High-Mg
Ingredient

Whole-plant corn silage 36.1 36.1 36.1
Corn ear fibrous coproduct 12.5 125 12.5
Rehydrated ensiled corn grain 115 115 115
Citrus pulp pellets 12.0 11.9 11.7
Whole cottonseed 12.5 12.5 12.5
Soybean meal 13.2 13.2 13.2
Dicalcium phosphate 0.41 0.00 0.00
Magnesium phosphate 0.00 0.50 0.50
Magnesium oxide 0.23 0.00 0.23
Limestone 0.23 0.45 0.45
Sodium bicarbonate 0.68 0.68 0.68
Salt (NaCl) 0.23 0.23 0.23
Minerals and vitamins? 0.45 0.45 0.45
Nutrient

CP 17.4 17.6 17.5
NDF 29.5 29.3 29.4
Forage NDF 17.3 17.3 17.3
peNDF2? 20.1 20.1 20.1
Starch 24.0 24.2 24.3
NFC 42.3 42.4 42.4
Nonstarch NFC 18.3 18.2 18.1
EE 5.0 5.0 5.0
Total FA3 4.0 4.0 4.0
18:13 0.71 0.71 0.71
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Table 1. Ingredient composition of offered diets and nutrient composition of the consumed diets
(offered — orts).
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18:23 2.11 2.11 2.11
18:33 0.13 0.13 0.13
Ashes 5.8 5.7 5.7
Ca 0.80 0.80 0.80
P 0.54 0.54 0.54
Mg 0.39 0.40 0.53
K 1.33 1.33 1.33
Na 0.34 0.34 0.34
Cl 0.33 0.33 0.33
S 0.30 0.30 0.30
DCAD1* mEg/kg 213 213 213
DCAD25, mEq/kg 199 200 217

IMineral and vitamins: 23.8% Ca, 16.9% P, 1.85% Mg, 2.27% S, 100 mg/kg Co, 1231 mg/kg
Cu, 3080 mg/kg Mn, 7323 mg/kg Zn, 50 mg/kg Se, 124 mg/kg I, 615385 IU/kg vitamin A,
153600 1U/kg vitamin D, 3825 1U/kg vitamin E.

2Physically effective NDF. Particle size was evaluated using the Penn State Particle Separator
with 19- and 8-mm sieves and a bottom pan. NDF concentration was determined for each sieve
fraction, and only forage NDF retained on particles >8 mm was considered physically effective.
Among concentrates, only whole cottonseed was included, with all of its NDF assumed to be
physically effective.

SEstimated using NASEM (2021) feed library values.
“DCAD 1 = (Na/0.0023 + K/0.00391) — (C1/0.00355 + $/0.00321 x 2)

*DCAD 2 = (Na/0.0023 + K/0.00391 + 0.15 x Ca/0.004 x 2 + 0.15 x Mg/0.0024 x 2) —
(C1/0.00355 + 0.25 x S/0.00321 x 2 + 0.5 x P/0.0031 x 3)
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Table 2. Mean + SD for composition of feed ingredients (1 composite sample/period; 3 total
samples) and particle size of forages (3 samples/period; 9 total samples).

Item, % of DM unless  Whole- Corn ear Rehydrated Whole Citrus pulp  Soybean

otherwise stated plant corn  fibrous ensiled cottonseed! pelletst meal?
silage coproduct  corn graint

DM, % of as-fed 36.0+1.3 508+41 581+02 915+04 89.1+04 888%0.3

CP 9.3+£0.3 17.1+£02 83zx15 23.2+18 89%07 50.3+£0.5

NDF 348+21 438+43 83%36 518+38 275+12 129+0.0

Starch 39.1+21 120+27 68.0+37 - - -

EE 3.3%£0.1 2.7+0.2 52+0.8 16.4+£0.7 - 1.7+£0.1

NFC 493+21 334%+43 8336 55+4.0 558+18 309+1.0

Nonstarch NFC2 103+0.2 214+16 65+£20 5140 545+18 285+10

Ash 32+04 3.0£04 3.8+£0.2 3.0+£0.1 49+0.3 42+13

Ca 0.27+0.03 0.15+0.01 0.08+0.03 0.15+0.01 2.28+0.17 0.39+0.02

P 0.21+0.01 0.64+003 0.21+0.05 0.65+0.09 0.17+0.02 0.74+0.01

Mg 0.16£0.01 0.39+0.02 0.10+0.02 0.44+0.04 0.16+0.01 0.40+0.01

K 1.08+0.08 1.78+0.07 0.41+0.09 150+0.06 1.25+0.03 2.72+0.01

Na 0.03+0.01 0.22+0.08 0.02+0.01 0.03+0.00 0.04+0.01 0.02+0.01

Cl 0.24+0.04 038+0.01 0.03£0.02 0.08+0.01 0.13+0.02 0.31+0.01

S 0.19+0.01 045+0.02 0.12+0.04 048+0.05 0.20+0.01 0.52+0.01

Particle size®

>19 mm 75+1.0 24020 - - - -

8-19 mm 63.3+56 359+31 - - - -

<8mm 29.2+6.1 402+19 - - - -

NDF by sieve?

>19 mm 543+39 584+16 - - - -

8-19 mm 387+15 499+34 - - - -

<8 mm 289+6.8 386+26 - - - -

peNDF 272+29 310+23 - - - -

1For nutrients indicated by

(1313

, chemical analyses were not performed and values were obtained

from the NASEM (2021) feed library. Particle size distribution was evaluated only for forages.

2Nonstarch NFC = NFC — starch

3particle size distribution was determined using the Penn State Particle Separator.

“The NDF concentration by particle size was analyzed in composite samples by sieve fraction
within period (n = 3). Physically effective NDF (peNDF) was calculated as the sum of NDF
retained on sieves >8 mm, obtained by multiplying the proportion of DM retained on each sieve
by the NDF concentration of the respective fraction (19- and 8-mm sieves).
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Table 3. Effect of treatmentst on DMI, lactation performance, linear SCC, feed efficiency, BW,
and BCS of dairy cows.

Item Control Iso-Mg High-Mg SEM  P-value
DMI 22.7 22.2 22.1 1.00 0.20
DOMI 15.2 14.8 15.2 0.78 0.20
Milk yield 34.9 345 34.1 1.59 0.24
ECM 33.8 33.4 33.6 1.24 0.74
g/d
Fat 1195 1180 1215 42.6 0.28
Protein 1120 1108 1087 40.7 0.21
Lactose 1621 1605 1588 77.4 0.40
Total solids 4269 4216 4206 167.6 0.55
%
Fat 3.45P 3.44° 3.60° 0.105  0.02
Protein 3.22 3.23 3.21 0.063  0.72
Lactose 4.64 4.64 4.64 0.042  0.84
Total solids 12.26" 12.24° 12.39%  0.154  0.03
Linear SCC,0-92  1.62 1.58 1.58 0.44 0.98
MUN, mg/dL 13.7 13.4 13.2 0.40 0.12
Milk/DMI 1.48 1.51 1.48 0.04 0.48
ECM/DMI 1.44 1.46 1.47 0.03 0.39
ECM/DOMI 2.24 2.28 2.23 0.05 0.20
BW, kg 611 618 611 13.1 0.60
BCS,1-5 3.17 3.19 3.21 0.06 0.85

&b Means in a row with different superscripts differs (P < 0.05; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). Iso-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).

2Equivalency of the linear SCC: 1.62 = 38,400 cells/mL; 1.58 = 37,400 cells/mL.
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Table 4. Effect of treatmentst on ruminal pH variables.

Item Control Iso-Mg High-Mg SEM P-value
Mean pH, stomach tubing 6.45 6.54 6.49 0.067 0.48
Mean pH, bolus 6.02 6.02 6.02 0.035 0.85
Minimum pH 5.56 5.59 5.58 0.045 0.60
Maximum pH 6.41 6.41 6.40 0.046 0.91
Amplitude? 0.85 0.82 0.83 0.059 0.75
pH < 6.0, min/d 660 627 640 89.6 0.47
pH < 5.8, min/d 276 295 282 58.0 0.81
pH <5.5, min/d 39 48 34 12.8 0.49
SARA index? pH 6.0 28 27 29 4.25 0.52
SARA index3® pH 5.8 12 13 13 2.65 0.77
SARA index® pH 5.5 1.6 2.1 1.5 0.55 0.43

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). Iso-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).

2Amplitude = maximum — minimum pH.

3SARA index = min/d of pH < value of reference / DMI.
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Table 5. Effect of treatments® on VFA molar proportions, mineral concentrations, and protozoa
in rumen fluid.

Item Control  Iso-Mg High-Mg SEM P-value

Total VFA, mM 63.54 58.67 65.26 3.56 0.38
Molar % of total VFA

Acetate 60.54 60.96 61.16 0.81 0.46
Propionate 23.54 23.70 23.62 1.00 0.97
Acetate/Propionate 2.64 2.65 2.68 0.15 0.92
Butyrate 10.12 10.27 10.29 0.31 0.71
Valerate 1.89 1.89 1.84 0.08 0.37
Isobutyrate 1.02 1.06 1.03 0.03 0.25
Isovalerate 2.01 2.12 2.11 0.07 0.12

Mineral concentration, g/L

Ca 0.47 0.45 0.49 0.02 0.17
P 0.62 0.59 0.62 0.02 0.17
Mg 0.22° 0.17¢ 0.26% 0.01 <0.01
K 1.36 1.30 1.35 0.04 0.18
Protozoa, 10”5 cells/mL 2.30 2.34 2.27 0.45 0.90

2D Means in a row with different superscripts differs (P < 0.05; Tukey test).

!Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). 1so-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).



Table 6. Effect of treatmentst on milk FA by gas chromatography (% of milk).

Item Control Iso-Mg  High-Mg SEM P-value
4:0 0.096 0.096 0.100 0.004 0.29
6:0 0.059 0.057 0.061 0.003 0.33
8:0 0.036 0.038 0.039 0.002 0.22
10:0 0.093 0.094 0.095 0.003 0.69
10:1 0.007 0.007 0.008 0.0004 0.30
11:0 0.002 0.002 0.002 0.0002 0.88
12:0 0.103 0.103 0.105 0.004 0.69
12:1 0.00156  0.00166  0.00141  0.0001 0.21
13:0 0.0046 0.0047 0.0046 0.0003 0.78
is0 13:0 0.0034 0.0035 0.0036 0.0002 0.64
anteiso 13:0 0.0021 0.0021 0.0023 0.0001 0.42
14:0 0.38 0.39 0.39 0.01 0.41
is0 14:0 0.0029 0.0026 0.0029 0.0003 0.54
cis-9 14:1 0.026 0.026 0.027 0.002 0.56
15:0 0.041 0.040 0.041 0.002 0.95
is0 15:0 0.0066 0.0066 0.0068 0.0003 0.50
anteiso 15:0 0.0160 0.0167 0.0165 0.0006 0.41
16:0 1.14% 1.12° 1.18° 0.05 0.03
is0 16:0 0.0065 0.0066 0.0067 0.0007 0.91
cis-9 16:1 0.051 0.051 0.054 0.003 0.24
17:0 0.0193 0.0191 0.0197 0.0007 0.25
17:0 iso 0.0114 0.0111 0.0117 0.0005 0.52
17:1 0.0051 0.0051 0.0054 0.0002 0.36
18:0 0.38 0.38 0.41 0.02 0.14
trans 18:1 0.093 0.100 0.092 0.006 0.29
trans-16 18:1 0.010 0.010 0.011 0.004 0.17
cis-9 C18:1 0.69° 0.69° 0.74% 0.03 <0.01
cis-11 18:1 cis-11 0.024 0.024 0.025 0.001 0.24
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cis-12 18:1
cis-1318:1
cis-1518:1

cis-9, cis-12 18:2
cis-9, trans-11 18:2
trans-10, cis-12 18:23
18:3n-3

18:3 n-6

20:0

20:1

20:3 n-6

20:4 n-6

20:5n-3

22:0

24:0

22:5
Monounsaturated
Polyunsaturated
De novo?

Mixed?

Preformed?

0.017 0.018
0.0013 0.0013
0.0023 0.0020
0.077 0.075
0.012 0.012
ND ND
0.0047 0.0047
0.0008 0.0008
0.0035°  0.0036%
0.0021 0.0021
0.0008 0.0009
0.00433”8  0.00429°
0.00028°  0.00030%
0.0030 0.0029
0.0007 0.0007
0.00079  0.00086
0.93° 0.94°
0.094 0.092
0.89 0.89
1.23%® 1.21°
1.33° 1.33°

0.017
0.0013
0.0023
0.0780

0.012

ND
0.0050
0.0008
0.0039?
0.0022
0.0008

0.004714
0.00040?

0.0032
0.0007

0.00089

0.99?
0.096
0.91
1.28%
1.41°

0.001
0.0002
0.0002

0.03

0.001

0.0003
0.00001
0.00001
0.00001

0.000006

0.0003
0.00005

0.0002

0.0001
0.00008

0.03
0.003
0.02
0.05
0.04

0.52
0.99
0.50
0.43
0.78
0.34
0.58
0.03
0.18
0.20
0.07
0.05
0.30
0.82
0.17
<0.01
0.38
0.27
0.03
0.02

&b Means in a row with different lowercase superscripts differs (P < 0.05; Tukey test).
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AB Means in a row with different uppercase superscripts differs (0.05 < P < 0.10; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). 1so-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).

2De novo = FA with 4 to 15 C. Mixed = FA with 16 or 17 C. Preformed = FA > 18 C.

3Trans-10, cis-12 18:2 was not detected in milk fat (ND).
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Table 7. Effect of treatmentst on intake, excretion and total-tract apparent digestibility of
nutrients.

Item Control  Iso-Mg High-Mg SEM P-value
Intake, kg/d

DM 22.7 22.2 22.1 1.00 0.20
OM 21.4 20.9 20.8 0.95 0.21
CP 3.96 3.88 3.86 0.17 0.24
NDF 6.694 6.56"8 6.46° 0.31 0.08
Starch 5.44 5.34 5.34 0.25 0.54
EE 1.13 1.10 1.09 0.05 0.12
Ashes 1.31 1.26 1.26 0.06 0.17
NFC 9.59 9.74 9.38 0.55 0.46
Nonstarch NFC 4.15 4.07 4.04 0.19 0.29

Fecal excretion, kg/d

DM 6.48° 6.62° 5.96" 0.25 <0.01
OM 6.12 6.24° 5.60° 024  <0.01
CP 1.05%  1.05% 0.968 0.05 0.06
NDF 3572 3.672 3.25° 0.12 <0.01
Starch 0.064  0.053 0.038  0.007 0.13
EE 0.346°  0.340*  0.293* 0.019 <0.01
Ashes 0.360  0.379 0.354  0.021 0.40
NFC 1.42 1.36 1.32 0.08 0.37
Nonstarch NFC 1.36 1.31 1.28 0.08 0.53

Total-tract apparent digestibility, %

DM 71.2% 70.1P 72.92 0.69 <0.01
oM 71.2° 70.1° 73.02 0.69 <0.01
CP 73.678 73.0B 75.2A 0.83 0.07
NDF 46,280 43.4° 49.42 1.59 <0.01
Starch 08.9P 99.0% 09.3? 0.13 0.04

EE 69.3" 69.2° 73.28 0.02 0.02
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Ashes 72.2 69.9 72.0 1.28 0.28
NFC 85.3 85.6 86.0 0.62 0.60
Nonstarch NFC 67.5 67.9 68.5 1.49 0.84

&b Means in a row with different lowercase superscripts differs (P < 0.05; Tukey test).
AB Means in a row with different uppercase superscripts differs (0.05 <P < 0.10; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). 1so-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).
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Table 8. Effect of treatments® on intake, excretion and total-tract apparent digestibility of Ca,
P, Mg and K.

Item Control Iso-Mg High-Mg SEM  P-value
Intake, g/d

Ca 181 177 176 8.2 0.24
P 123~ 11978 1188 5.4 0.08
Mg 89P 8gP 1172 4.3 <0.01
K 312 305 303 13.7 0.14

Fecal excretion, g/d

Ca 130° 122b 113° 6.3 <0.01
P 842 792 74° 5.2 0.03

Mg 67" 69° 86° 3.6 <0.01
K 512 46" 36° 2.6 <0.01

Total-tract apparent digestibility, %

Ca 28P 31% 36° 2.2 <0.01
P 328 3418 387 2.5 0.07
Mg 2418 218 27A 2.2 0.07
K 84° 85" 882 0.7 <0.01

&b Means in a row with different lowercase superscripts differs (P < 0.05; Tukey test).
AB Means in a row with different uppercase superscripts differs (0.05 <P < 0.10; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). Iso-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).
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Table 9. Effect of treatments® on meal behavior, activities, proportion of daily intake during
periods of the day, feed particles, and nutrients sorting.

Item Control Iso-Mg High-Mg SEM  P-value
Meal behavior

Meal frequency, meals/d 9.1 9.6 9.0 0.32 0.29
Meal size, kg DM/meal 2.6 2.4 2.5 0.15 0.19
Meal time, min/d 320 331 344 23.9 0.71
Meal duration, min/meal 36.3 36.0 39.3 3.27 0.65
First meal duration, 33.6° 32.9° 37.28 343  0.01
min/meal

Activities, min/d

Eating 271 276 266 9.79 0.31
Ruminating 418 419 419 17.50 0.99
Chewing 689 695 685 23.89 0.94
Idle 416 417 421 23.19 0.90
Proportion of daily intake,

%

0700-1200h 34.3% 33.8° 36.8° 1.39  0.05
1200-1900h 39.0 39.0 39.3 1.40 0.95
1900-0700h 26.7% 27.3 23.9° 152  0.04
Feed particles sorting

0700-1200 h

>19 mm 92b 122? 118% 9.8 0.04
8-19 mm 110 110 107 15.0 0.30
<8mm 90”4 858 89”8 17.9 0.07
1200-1900 h

> 19 mm 91 88 79 5.6 0.25
8-19 mm 100 103 101 1.2 0.16
<8mm 10018 988 1014 1.2 0.07
1900-0700 h

>19 mm 82 87 80 5.3 0.57




8-19 mm 103
<8 mm 99

Nutrient sorting

NDF 96.7
Starch 102.3
P 99.5
Mg 99.7°

102 103
100 101
96.8 96.7
102.6 103.1
100.1 100.1

100.92 100.5%

11.3
13.9

0.43
0.54
0.21
0.34

0.59
0.61

0.91
0.53
0.21
0.03

&b Means in a row with different lowercase superscripts differs (P < 0.05; Tukey test).
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AB Means in a row with different uppercase superscripts differs (0.05 < P < 0.10; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). Iso-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%

magnesium oxide (0.54% P, 0.53% Mg).
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Table 10. Effect of treatments on Mg, P and Ca in blood serum, jugular blood acid-base
balance, serum haptoglobin, serum LBP, and plasma D-lactate.

Item Control Iso-Mg High-Mg SEM P-value
Minerals

Mg, mg/dL 1.85P 1.942 1.83° 0.03 <0.01
P, mg/dL 7.33 7.30 7.28 0.26 0.93
Ca, mg/dL 9.70 10.05 9.84 0.14 0.19
Acid-base balance

pH 7.44 7.43 7.44 0.007 0.59
pCO2, mm Hg 37.95 39.05 38.46 0.80 0.47
pO2, mm Hg 28.98 31.76 29.42 1.41 0.42
HCO3", mM 25.098 25.6748  26.09* 0.54 0.10
Total CO2, mM 26.24° 26.8178  27.33A 0.57 0.09
Base excess, mM 1.57 1.86 2.48 0.58 0.22
Sat023, % 59.10 61.33 56.57 2.96 0.51
SARA related

markers

Haptoglobin, mg/dL 20.36 20.64 19.31 1.61 0.70
LBP, pg/mL 1.55 1.74 1.54 0.09 0.15
D-lactate, mM 1.2278 1.234 1.088 0.06 0.06

&b Means in a row with different lowercase superscripts differs (P < 0.05; Tukey test).

AB Means in a row with different uppercase superscripts differs (0.05 <P < 0.10; Tukey test).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). 1so-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%

magnesium oxide (0.54% P, 0.53% Mg).
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Table 11. Effect of treatments® on fecal pH, viscosity, urine and allantoin excretion.

Item Control Iso-Mg High-Mg SEM P-value
Fecal pH 7.44P 7.47% 7,532 0.02 0.03
Fecal viscosity, cP 53.8 57.0 55.3 3.65 0.73
Urine excretion, L/d 27.3 29.5 28.1 3.64 0.48
Allantoin in urine, mmol/d 336 374 356 30 0.27

&b Means in a row with different superscripts differs at Tukey test (P < 0.05).

1Control = supplementation of 0.41% dicalcium phosphate and 0.23% magnesium oxide (0.54%
P, 0.39% Mg in the diet). 1so-Mg = supplementation of 0.50% magnesium phosphate (0.54%
P, 0.40% Mg). High-Mg = supplementation of 0.50% magnesium phosphate and 0.23%
magnesium oxide (0.54% P, 0.53% Mg).
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Figure 1. Effects of treatment, hour and treatment x hour interaction on reticuloruminal pH.
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ARTIGO 2 - Associations among chewing behavior, ruminal pH, performance and
metabolism in primiparous and multiparous dairy cows

Artigo formatado de acordo com as normas para submissdo ao Journal of Dairy Science.
ABSTRACT

Ruminal pH is central to productivity and health in lactating dairy cows, and its regulation arises
from multiple interacting dietary, behavioral, and animal factors. This study evaluated
associations between dietary carbohydrate intake, sorting behavior, chewing activity, and
ruminal pH dynamics, and determined whether these relationships differed between
primiparous and multiparous cows. Data were compiled from two experiments, totaling 108
cow-period observations from 36 cows (15 primiparous and 21 multiparous). Ruminal pH was
continuously recorded using bolus sensors, and chewing behavior was assessed by visual
observation. Associations were evaluated using linear mixed-effects models including
experiment, parity, the continuous predictor, and their interaction as fixed effects, with cow
nested within experiment as a random effect and repeated measures modeled using an
autoregressive AR(1) structure. Predictors were retained when P < 0.05 and model fit improved
relative to a basal model (AAIC < 0). Partial R2 was defined as the increase in marginal R2 after
inclusion of the predictor in the model, corresponding to the additional proportion of variance
explained by the predictor relative to a model containing the same fixed and random effects but
excluding that predictor. Fiber intake, particularly forage NDF and physically effective NDF
(peNDF>8) expressed relative to BW, was positively associated with rumination (partial R2 =
0.18-0.19) and chewing time (partial R?2 = 0.13-0.14), and with indicators of greater ruminal
pH stability, including reduced time below pH 6.0 (partial R2 = 0.04-0.09) and increased
maximum pH (partial R = 0.08-0.09). Chewing behavior did not consistently explain variation
in ruminal pH as an independent predictor. However, rumination modified the association
between fiber intake and pH, strengthening the reduction in time below pH 6.0 as fiber
increased. Several associations were influenced by parity, with multiparous cows showing

greater increases in rumination with increasing fiber intake, whereas primiparous cows
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exhibited a more attenuated response and greater susceptibility to unfavorable pH dynamics.
Ruminal pH metrics were associated with DMI, milk yield, milk fatty acid profile, serum
haptoglobin, ruminal VFA profile, fecal pH, and jugular blood pCO., supporting their
biological relevance. Overall, ruminal pH stability reflected the interaction between fiber

intake, chewing behavior, and animal characteristics.

INTRODUCTION

Ruminal pH is a key determinant of productivity and health in lactating dairy cows.
When fermentable carbohydrate supply exceeds the buffering and absorptive capacity of the
rumen, pH may decline for prolonged periods, leading to SARA, a condition associated with
reduced performance, impaired reproduction, and compromised animal health (Plaizier et al.,
2008; Aschenbach et a., 2019). Although widely studied, SARA is a multifactorial and complex
disorder whose effects are not always consistently expressed or easily detected under practical
feeding conditions, and it may also be linked to other digestive disorders (Plaizier et al., 2022).
Therefore, understanding the determinants of ruminal pH dynamics remains a central objective

in dairy nutrition research.

Dietary fiber intake plays a central role in maintaining ruminal stability. Physically
effective NDF (peNDF>8) promotes the formation of the ruminal mat and stimulates chewing
activity, including eating and rumination, thereby increasing saliva secretion and enhancing
ruminal buffering through bicarbonate and phosphate (Mertens, 1997). In this context, several
studies have shown that increasing dietary peNDF>8 or forage NDF intake increases
rumination and total chewing time, supporting ruminal function and reducing the risk of
excessive pH depression (Allen, 1997; White et al., 2017). These relationships have led to the
widespread use of chewing behavior as an indirect indicator of ruminal health in dairy cows.
Despite these well-established associations, ruminal pH regulation arises from multiple

interacting mechanisms. Ruminal pH reflects the dynamic balance among fermentation acid
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production, buffering capacity, and the absorption of VFA across the rumen epithelium (Penner
et al., 2009; Aschenbach et al., 2011). Consequently, chewing activity alone may not

consistently predict ruminal pH dynamics.

Animal characteristics may further modulate these relationships. Differences between
primiparous and multiparous cows in chewing behavior have been reported. Primiparous cows
typically consume less feed and may exhibit distinct feeding patterns compared with
multiparous cows (Maekawa et al., 2002), which may alter the relationships among dietary fiber
intake, chewing behavior, and ruminal pH stability (Humer et al., 2015; Khorrami et al., 2021).

However, parity effects are not always considered in models evaluating ruminal pH dynamics.

Alterations in ruminal pH are also linked to broader digestive and systemic responses.
Prolonged exposure to low ruminal pH has been associated with reduced fiber digestibility
(Krajcarski-Hunt et al., 2002), shifts in ruminal fermentation patterns (Saleem et al., 2012),
changes in biohydrogenation pathways (Bauman and Griinari, 2001), and alterations in milk
component synthesis, particularly milk fat production (Razzaghi et al., 2022; Fukumori et al.,
2021). In addition, low ruminal pH has been associated with increased risk of systemic
inflammation and changes in circulating metabolites and acid—base balance (Aschenbach et al.,
2019; Hu and Murphy, 2004). Evaluating associations between ruminal pH metrics and
productive or metabolic responses may therefore provide further insight into the biological

relevance of ruminal pH dynamics.

Although dietary fiber intake and chewing behavior are recognized as key determinants
of ruminal function, they are typically evaluated independently. Limited information is
available on how these factors interact to influence ruminal pH dynamics within the same
analytical framework, particularly when accounting for variation in animal characteristics such

as parity. Understanding whether chewing behavior modifies the relationship between fiber
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intake and ruminal pH stability may help refine current concepts of ruminal buffering and

improve the interpretation of behavioral indicators.

Therefore, the objectives of this study were to evaluate associations between dietary
carbohydrate intake, sorting behavior, and ruminal pH dynamics in lactating dairy cows;
determine whether these associations differ between primiparous and multiparous cows;
investigate relationships between ruminal pH metrics and production or metabolic variables;
and assess whether chewing behavior modifies the association between fiber intake and ruminal

pH stability.

MATERIAL AND METHODS

Animals, experiments, and general design

Data used in this study were compiled from two experiments conducted at the Better
Nature Research Center (ljaci, MG, Brazil). Both experiments were designed to evaluate
mineral sources. Dietary energy, protein, and carbohydrate profiles were not altered among
treatments within each experiment. All animal procedures were approved by the Animal Use
Ethics Committee of the Federal University of Lavras (protocols 015/2020 and 3443040923).
In both experiments, lactating Holstein cows were housed in the same open-sided, sand-bedded

tie-stall barn equipped with fans and sprinklers and milked in an adjacent parlor.

Experiment 1 was conducted with 15 cows distributed into five 3 x 3 Latin squares
blocked by parity (6 primiparous and 9 multiparous), milk yield, and days in milk (193 + 120
at the beginning of the experiment). Each experimental period lasted 21 d, including 13 d of
diet adaptation followed by 8 d of data collection. The experiment included a phase of normal
feeding followed by a short-term SARA challenge designed to evaluate treatment responses.
For the present study, only data collected during the normal feeding phase (d 14 to 17 of each

period) were used, when cows were fed the experimental diets under standard management
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conditions. This approach was adopted because the objective was not to evaluate treatment
responses to the SARA challenge, but rather to assemble a dataset with variation in diet

composition, chewing behavior, and ruminal pH under practical feeding conditions.

Experiment 2 was conducted with 21 cows distributed into seven 3 x 3 Latin squares
also blocked by parity (9 primiparous and 12 multiparous), milk yield, and DIM (144 + 77 at
the beginning of the experiment). Each experimental period lasted 21 d, including 14 d of diet
adaptation followed by 7 d of data collection, and data from d 15 to 21 of each period were used
in the present study. No cow was used in both experiments. Therefore, the compiled dataset
included 108 cow-period observations obtained from 36 cows, comprising 21 multiparous and
15 primiparous animals. Descriptive statistics of cows in both experiments are presented in

Table 1.

Feeding and diet characterization

Cows were individually fed a TMR once daily at 0700 h in both experiments, formulated
to allow for 10 to 15% orts. The DM concentration of forages and rehydrated corn grain was
monitored weekly and diets were adjusted accordingly. For the present study, predictor
variables of dietary interest included DMI and the intake of NDF, forage NDF, physically
effective NDF (>8 mm; peNDF>8), forage NDF and peNDF>8 expressed as percentage of BW,
starch, NFC, and non-starch NFC. Diet composition and nutrient intake were calculated from
the chemical composition of feed ingredients and orts collected during the sampling phase of
each experiment (d 14 to 16 for Experiment 1 and d 15 to 21 for Experiment 2). Ingredient and

nutrient concentrations of diets in each experiment are presented in Table 1.

Feed and ort samples were collected and composited by experimental period, dried in a
forced-air oven at 55°C for 72 h, and ground to pass a 1-mm screen for chemical analyses. The

DM concentration was determined at 105°C for 24 h. In Experiment 1, NDF concentration was
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determined using the filter bag technique with heat-stable a-amylase and without sodium sulfite
(Schlau et al., 2021). Starch plus free glucose was determined using a-amylase and
amyloglucosidase with colorimetric determination of glucose as described by Fernandes et al.
(2022). Crude protein concentration was determined using micro-Kjeldahl steam distillation
(method 990.03; AOAC International, 2006), ether extract according to AOAC method 2003.05

(AOAC International, 2006), and ash by incineration at 550°C for 8 h.

In Experiment 2, NDF concentration was determined using heat-stable a-amylase and
sodium sulfite according to Detmann et al. (2012), based on AOAC method 2002.04 (AOAC
International, 2006) and adapted for autoclave procedures using filter bags. Starch plus free
glucose was determined using a-amylase and amyloglucosidase with colorimetric
quantification of glucose as described by Silva et al. (2019). Ether extract was determined using
Soxhlet extraction with diethyl ether (method 920.39; AOAC, 2005), CP concentration was
determined by combustion and detection of N2 (Leco Analyzer; Leco Corp., St. Joseph, MI,
USA), and ash concentration was determined by incineration at 600°C for 4 h. The NFC
concentration was calculated as 100 — (CP + NDF + EE + Ash), and non-starch NFC as NFC —

starch.

Particle size distribution of forages was evaluated using the Penn State Particle
Separator (PSPS) with 19-mm and 8-mm sieves and the bottom pan during the sampling days
of each experimental period. The DM and NDF concentration of each particle fraction were
determined in composite samples formed by sieve fraction within each period. The peNDF>8
was calculated as the sum of NDF contributions from particles retained on sieves >8 mm,
obtained by multiplying the proportion of DM retained on the 19- and 8-mm sieves by the NDF
concentration of the respective fractions and summing these values. For concentrate
ingredients, only the NDF from whole cottonseed was considered and assumed to be fully

retained above 8 mm.
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Chewing and sorting behavior

Chewing behavior was recorded by continuous visual observation at 5-min intervals
over a 24-h period on d 16 of Experiment 1 and on d 15, 16, and 17 of Experiment 2. For
Experiment 2, the average of the three days evaluated within each period was used in the
statistical analyses. Activities were classified as eating, rumination, drinking, or idle. Chewing
time was calculated as eating + rumination time. The duration of the first daily meal was also

recorded using a stopwatch.

Particle size sorting behavior was evaluated using the Penn State Particle Separator
(PSPS; Lammers et al., 1996) with 19- and 8-mm sieves and a pan. In Experiment 1, sorting
behavior was evaluated during d 16 of each experimental period by measuring the particle
distribution and weight of the offered TMR and orts from each cow at 0700, 1230, 1830, and
0500 h (orts collected on the following day). In Experiment 2, sorting behavior was evaluated
from d 15 to 17 of each period by measuring the particle distribution of the TMR available to
each cow at 0700 h (offered TMR), 1200 h, 1900 h, and 0500 h of the following day. For this
experiment, the average of the three days evaluated within each period was used in the statistical

analyses.

Predicted particle intake (as-fed basis) was calculated as the proportion of TMR retained
on each sieve multiplied by TMR intake. Observed particle intake was calculated as the
proportion of TMR retained on each sieve multiplied by TMR offered minus the proportion of
orts retained on each sieve multiplied by orts. The sorting index was calculated as 100 x
(observed intake / predicted intake), according to Leonardi and Armentano (2003), where
values <100% indicate selective refusal, values >100% indicate preferential intake, and 100%

indicates no sorting.

Ruminal pH
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In both experiments, wireless ruminal pH boluses (smaXtec, Graz, Austria) were
inserted into the reticulum of each cow, and pH was recorded at 10-min intervals throughout
the experimental periods. Daily summaries of ruminal pH were calculated from these data,
including mean pH, minimum pH, maximum pH, pH amplitude (maximum — minimum), and
time below pH 6.0, 5.8, and 5.5 (min/d). For the present study, ruminal pH data from d 14 to
16 of each period were used for Experiment 1, whereas data from d 15 to 21 of each period

were used for Experiment 2.

Milk yield, milk composition, and milk fatty acids

In Experiment 1, cows were milked twice daily at 0500 and 1600 h, whereas in
Experiment 2 cows were milked three times daily at 0500, 1200, and 1900 h. Milk yield was
recorded daily in both experiments, and period averages from the sampling phase were used for
the present study. Milk samples were collected proportionally to yield at each milking and
analyzed by mid-infrared spectroscopy for fat, protein, lactose, milk urea nitrogen (MUN), and

fatty acid (FA) profile.

In Experiment 1, milk samples were analyzed using a Nexgen FTS/FCM analyzer
(Bentley Instruments Inc., Chaska, MN, USA) at the Laboratory of the Parana State Holstein
Breeders Association (APCBRH; Curitiba, PR, Brazil). In Experiment 2, milk samples were
analyzed using a MilkoScan FT (Foss Inc., Hillerad, Denmark) at the Clinica do Leite
(Piracicaba, SP, Brazil). Fatty acids were grouped according to carbon chain length as de novo
FA (C4 to C15) or preformed FA (> C17). Mixed FA were not included in the analyses because
MIR data for this fraction were not available for Experiment 2. Body weight was recorded
during the sampling period after the morning milking and was used to express fiber intake

variables relative to BW.

Ruminal fermentation and blood analysis
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Ruminal fluid was collected by orogastric tube during the sampling phase of each
experiment (d 17 in Experiment 1 and d 21 in Experiment 2). Samples were analyzed for VFA
profile by gas chromatography (CP 3800 Gas Chromatograph, Varian Chromatography
Systems, Walnut Creek, CA, USA) and total protozoa count using an optical microscope with

a Neubauer chamber.

In Experiment 1, jugular blood samples were collected on d 17 and 18 at 1300 h (6 h
after feeding) for evaluation of blood acid-base balance in a commercial laboratory
(Laboratorio Santa Cecilia, Lavras, Brazil). Coccygeal blood samples were collected ond 17 to
21 at 1700 h (10 h after feeding). Serum haptoglobin concentration was determined according
to Cooke and Arthington (2012). Plasma D-lactate concentration was measured using a
commercial colorimetric assay kit (D-Lactate Colorimetric Assay Kit, MAKO058; Sigma-

Aldrich, St. Louis, MO, USA).

In Experiment 2, jugular blood samples were collected on d 18 at 1400 h (7 h after
feeding) to evaluate blood acid-base balance using a blood gas analyzer at a commercial
laboratory (Hemocell, Lavras, Brazil. Additional coccygeal blood samples were collected on d
18 at 1800 h (11 h after feeding) for determination of D-lactate and haptoglobin concentrations.
Plasma D-lactate concentration was determined using an enzymatic assay kit (EnzyChrom D-
Lactate Assay Kit, BioAssay Systems). Serum haptoglobin concentration was determined by

polyacrylamide gel electrophoresis according to Weber and Osborn (1969).

Fecal and digestibility measurements

Total fecal and urine collections were conducted in both experiments using three 8-h
collection periods with 8-h intervals, starting 8 h later on each consecutive day to represent a

complete 24-h sampling cycle. In Experiment 1, fecal and urine collections were conducted
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from d 14 to 16 of each experimental period, whereas in Experiment 2 collections were

conducted from d 19 to 21 of each experimental period.

Feces and urine were collected directly into buckets during excretion. Fecal samples
were immediately weighed at each defecation, and subsamples corresponding to 1% of the fresh
weight were collected and frozen throughout the collection period to form one composite
sample per cow per period. Composite samples were dried in a forced-air oven at 55°C for 72
h. Concentrations of DM, ash, NDF, starch, ether extract, and CP were determined as previously
described for feed analysis. Total-tract apparent digestibility of nutrients was calculated using

intake and fecal excretion data.

Urine volume was measured immediately after each urination using a graduated beaker,
and a subsample corresponding to 3% of the total volume was collected and stored under
refrigeration throughout the collection period. Period composites were acidified with a 4%
sulfuric acid solution and frozen for allantoin determination according to Chen and Gomes
(1992). Daily urinary allantoin excretion was used as an indirect estimate of ruminal microbial

yield (Valadares et al., 1999).

Fecal pH was evaluated in both experiments. In Experiment 1, fecal samples from the
first defecation of each cow on d 16 of each experimental period were collected and frozen at
—20°C until analysis. After thawing, samples were homogenized and a 15-g subsample was
diluted in 100 mL of distilled water, homogenized for 30 s, and pH was measured using a pH
meter (Digimed DM-20, Digicrom Analitica, Brazil). In Experiment 2, fecal pH was determined
from composite fecal samples obtained during the collection period. After thawing and before
drying, a 10-g subsample of feces was diluted in 100 mL of distilled water and pH was measured

using a pH meter after 30 min of equilibration.

Statistical analysis
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Statistical analyses were conducted in R using the nlme package. Associations between
candidate predictors and response variables were evaluated using linear mixed-effects models.
Fixed effects included experiment, parity, the continuous predictor of interest, and the
interaction between predictor and parity. Cow nested within experiment was included as a
random effect to account for repeated observations from the same animal across experimental
periods. Repeated measurements within cow were modeled using a first-order autoregressive
covariance structure [AR(1)]. Continuous predictors were mean-centered prior to analysis by
subtracting the overall mean of the variable from each observation. This approach facilitates
interpretation of regression coefficients and reduces collinearity between main effects and

interaction terms.

Model outputs reported in tables include regression coefficients () and their standard
errors (SE), P-values obtained from the model ANOVA table, and Akaike’s Information
Criterion (AIC). Model fit was further described using marginal and conditional coefficients of
determination (R?), calculated with the MuMIn package, representing the proportion of variance
explained by fixed effects alone and by the full model (fixed plus random effects), respectively.
Partial R? values were calculated as the increase in marginal R? when the predictor of interest
was added to the model. The reduced model had the same structure as the full model but
excluded the predictor while retaining experiment, parity, and the same random and repeated
structure. Thus, partial R? represents the additional variance explained by including the

predictor in the model.

Associations were retained for presentation when the predictor effect was significant (P
< 0.05) and model fit improved relative to the basal model (AAIC < 0). Statistical significance

was declared at P < 0.05, and interactions were discussed when P <0.10.

To evaluate whether chewing behavior modified the association between fiber-related

variables and ruminal pH, additional models were fitted including the centered fiber variable,
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the centered chewing behavior variable, and their interaction as fixed effects, while maintaining
experiment and parity in the model structure. A hierarchical modeling approach was adopted,
in which chewing behavior variables were evaluated both as independent predictors and as
potential effect modifiers of fiber-related variables. An initial screening step based on partial
R2 values (Table 2) was used to identify fiber-related predictors with greater explanatory power
for ruminal pH outcomes, which were subsequently selected for interaction analyses.
Specifically, interactions between forage NDF (kg/d and % of BW) and rumination, as well as
between peNDF>8 (kg/d and % of BW) and rumination, were tested in models predicting
variables of ruminal pH. Model selection followed the same criteria described above, and fiber
x chewing interactions were considered relevant when the interaction term was significant (P <

0.05) and improved model fit relative to the corresponding main-effects model (AAIC < 0).

RESULTS

Descriptive statistics

Descriptive statistics for cows, diet composition, chewing behavior, and ruminal pH
variables are presented in Table 1. Across experiments, cows averaged (average + SD) 193 +
120 and 144 + 77 DIM in Experiments 1 and 2, respectively, with milk yield averaging 27.7 £
4.2 and 34.6 + 5.2 kg/d. The DMI averaged 22.5 + 2.7 and 22.4 + 3.2 kg/d across experiments.
Mean ruminal pH averaged 6.26 + 0.11 in Experiment 1 and 6.01 £ 0.17 in Experiment 2,
whereas time below ruminal pH 5.8 averaged 46 + 63 and 292 + 279 min/d. Rumination, eating,
and total chewing time averaged 471 + 59, 370 + 45, and 841 £ 79 min/d in Experiment 1 and

422 + 68, 255 + 36, and 677 + 86 min/d in Experiment 2.

Total NDF concentration was 36.2% of DM in Experiment 1 and 29.4% of DM in
Experiment 2, with forage NDF averaging 23.9 and 17.3% of DM, respectively. The peNDF>8

averaged 23.4% of DM in Experiment 1 and 20.1% of DM in Experiment 2. Ingredient
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composition differed between experiments, with alfalfa haylage included in Experiment 1 and
a corn fibrous byproduct (Comid&o, Cargill Agricola, Uberlandia, Brazil; Silva et al., 2022)
included in Experiment 2. Starch concentration was relatively similar between experiments
(22.6 vs. 24.2% of DM), whereas NFC averaged 35.4 and 42.4% of DM, respectively. The
higher NFC concentration in Experiment 2 was largely associated with the greater proportion

of non-starch NFC provided by the corn fibrous byproduct (21.4% in the present dataset).

Fiber intake variables and chewing behavior

Rumination time was positively associated with several fiber intake variables, with the
strongest effects observed for peNDF>8 and forage NDF expressed as a percentage of BW.
These predictors showed the greatest explanatory power among variables evaluated (partial R?
= 0.19 and 0.18, respectively). Based on model coefficients, rumination increased by
approximately 20 to 21 min/d for each 0.1-unit increase in peNDF>8 and forage NDF (% of
BW), respectively, within the observed data range. Marginal R? values ranged from 0.45 to
0.46, whereas conditional R? values ranged from 0.79 to 0.83, indicating that both fixed effects
and cow-level variation contributed substantially to explaining rumination variability.
Additional positive associations were observed for peNDF>8 intake (kg/d), forage NDF intake
(kg/d), and DM, although these predictors explained a smaller proportion of the variance

(partial R? ranging from 0.09 to 0.14).

Eating time showed similar directional associations with fiber intake. Both peNDF>8
(% of BW) and forage NDF (% of BW) were positively associated with eating time (P < 0.01),
although their explanatory power was modest (partial R* = 0.04). Despite the low partial R?,
marginal R? values were high (~0.71), indicating that fixed effects collectively explained a large
proportion of the variation in eating time, although the specific contribution of fiber variables
was small. Conditional R? values were slightly higher (~0.84), suggesting a comparatively

smaller contribution of random effects.
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Total chewing time also increased with increasing fiber intake. The strongest
associations were observed for peNDF>8 (% of BW) and forage NDF (% of BW), with partial
R2 values of 0.14 and 0.13, respectively. For these predictors, marginal R? values ranged from
0.66 to 0.67 and conditional R? values from 0.83 to 0.87. Positive associations with chewing
time were also observed for peNDF>8 intake (kg/d), forage NDF intake (kg/d), and DMI,
although these predictors explained a smaller proportion of the variance (partial R? between

0.05 and 0.09).

Idle time was negatively associated with fiber intake. The strongest relationship was
observed for forage NDF expressed as a percentage of BW (partial R? = 0.15), followed by
peNDF>8 (% of BW) (partial Rz = 0.10). First meal duration was also positively associated
with fiber intake, particularly forage NDF (% of BW) and peNDF>8 (% of BW), although these
predictors explained a small proportion of the variance (partial R? = 0.06 and 0.04,

respectively).

Several associations between fiber-related variables and chewing behavior were
influenced by parity (Figure 1). Significant predictor x parity interactions were observed for
rumination in relation to forage NDF (% of BW; P = 0.02) and chewing time in relation to
forage NDF (% of BW; P = 0.005), with tendencies for peNDF>8 (% of BW; P = 0.06) and
forage NDF intake (kg/d; P = 0.06). In these cases, multiparous cows exhibited a steeper
increase in rumination and chewing time as fiber increased compared with primiparous cows.
Parity interactions were also observed for idle time in relation to peNDF>8 (% of BW; P =
0.03) and forage NDF (% of BW; P = 0.04), with idle time decreasing more markedly in
multiparous cows as fiber increased. Additionally, tendencies for interaction were detected
between DMI and parity for time below pH 6.0 (P = 0.06), between peNDF>8 (% of BW) and
parity for ruminal pH amplitude (P = 0.07), and for eating time in relation to forage NDF (% of

BW:; P = 0.10).
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Fiber intake, sorting behavior, and ruminal pH

Associations between DMI, fiber intake, sorting behavior, and ruminal pH are presented
in Table 3. Time below pH 6.0 was negatively associated with several intake-related variables,
including DMI (P = 0.05; partial Rz = 0.09), NDF intake (kg/d; P = 0.009; partial Rz = 0.08),
forage NDF (% of BW; P = 0.008; partial R?2 = 0.06), forage NDF intake (kg/d; P = 0.05; partial
R2? = 0.06), and peNDF>8 (% of BW; P = 0.04; partial R? = 0.04). For forage NDF (% of BW),
the model coefficient indicates that time below pH 6.0 decreased by approximately 118 min/d
for each 0.1-unit increase within the range observed in the dataset. Across these models,
marginal and conditional R? values were low and nearly identical (=0.05-0.10), indicating that
most of the explained variation was attributable to fixed effects rather than cow-level random

effects.

Feed sorting behavior was also associated with ruminal pH dynamics. Greater sorting
of medium particles (8-19 mm) and fines (pan fraction) in the morning was negatively
associated with time below pH 6.0 (P = 0.01 and P = 0.03, respectively), although the
explanatory power of these predictors was modest (partial R* < 0.04). Notably, the model
including sorting of medium particles showed a substantially higher conditional Rz (0.39),
indicating a greater contribution of random effects relative to fixed effects in this case. In
addition, sorting behavior of long particles (>19 mm) in the afternoon was positively associated
with time below pH 5.5 (P = 0.04), although the magnitude of this effect was small (3 =0.36 +
0.36) and explained little of the variance (partial R? = 0.02), with moderate marginal and

conditional R2 values (0.12 and 0.23, respectively).

Maximum ruminal pH increased with increasing fiber supply. Both forage NDF (% of
BW) and peNDF>8 (% of BW) were positively associated with maximum ruminal pH (P <
0.01), explaining 8-9% of the variation in this variable (partial R2 = 0.09 and 0.08, respectively).

In these models, marginal R? values ranged from 0.51 to 0.53 and conditional R? from 0.67 to
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0.72. Ruminal pH amplitude was also associated with peNDF>8 (% of BW), with a tendency
for a positive interaction with parity (P = 0.07). This model explained a moderate proportion of
the variation (partial R = 0.08), with marginal and conditional R? values of 0.19 and 0.42,

respectively.

Interactions between parity and peNDF>8 (% of BW) on ruminal pH amplitude, and
between parity and DMI on time below pH 6.0, were detected (P < 0.07) and are presented in
Figure 1 (panels G and H). The increase in ruminal pH amplitude with increasing peNDF>8 (%
of BW) was more pronounced in multiparous cows than in primiparous cows. In contrast, the
decrease in time below pH 6.0 with increasing DMI was more pronounced in primiparous cows

than in multiparous cows.

Fiber x chewing interactions and ruminal pH

Interactions between fiber intake and rumination affecting time below ruminal pH 6.0
are presented in Table 4 and illustrated in Figure 2. Initial models evaluating direct associations
between chewing behavior variables and ruminal pH outcomes did not meet the predefined
criteria for retention. Additionally, rumination was evaluated as a modifier of the association

between fiber intake and ruminal pH.

Significant fiber x rumination interactions were detected for forage NDF (kg/d and %
of BW; P <0.01) and peNDF>8 (kg/d and % of BW; P < 0.05). Across these models, greater
rumination strengthened the negative association between fiber intake and time below pH 6.0
(Figure 2). Cows with higher rumination time exhibited a marked reduction in time below pH
6.0 as fiber intake increased, whereas cows with lower rumination showed a weak or minimal

response across the same range of fiber supply.

Production and physiological variables associated with ruminal pH
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Associations between ruminal pH dynamics and production, fermentation, and
physiological variables are presented in Table 5. Milk-related variables were associated with
ruminal pH dynamics, particularly time below pH 6.0. Milk de novo FA (% of total FA) showed
the strongest association among milk variables (partial R2 = 0.12; P < 0.01). Based on model
estimates, a reduction of 1 percentage unit in milk de novo FA was associated with an increase
of approximately 70.6 min/d in time below pH 6.0. Even smaller changes were biologically
relevant. For example, a decrease of 0.5 percentage units corresponded to an increase of

approximately 35 min/d below this threshold.

Milk yield (kg/d) was also negatively associated with time below pH 6.0 (P = 0.01;
partial R? = 0.07). Model estimates indicate that a reduction of 1 kg/d in milk yield was
associated with an increase of approximately 22.4 min/d below pH 6.0. Milk preformed FA (%
and g/d) were also negatively associated with time below pH 6.0 (P < 0.04), although they
explained a smaller proportion of the variance (partial R* < 0.05). Milk fat concentration (%)
was positively associated with time below pH 6.0 (P = 0.03), but with low explanatory power
(partial Rz = 0.05). Jugular blood pCO. was also negatively associated with time below pH 6.0
(P = 0.05), explaining a small proportion of the variance (partial R2 = 0.02). Across these
models, marginal R? values were low (0.03-0.13), whereas conditional R? values ranged from

0.16 to 0.56.

Variables related to ruminal fermentation and physiological status were also associated
with ruminal pH thresholds. For time below pH 5.8, serum haptoglobin was positively
associated (P < 0.01), whereas fecal pH was negatively associated (P < 0.01). Although partial
R? values were low (< 0.02), marginal and conditional R? values were relatively high (0.24—

0.25 and 0.80-0.86, respectively), indicating a substantial contribution of cow-level variation.

For time below pH 5.5, serum haptoglobin remained positively associated (P < 0.01;

partial Rz = 0.10). Ruminal fluid propionate (% of total VFA) was positively associated with
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this variable (P = 0.02), whereas ruminal fluid isovalerate and isobutyrate (% of total VFA)
were negatively associated (P < 0.03). Fecal pH was also negatively associated (P = 0.02).
Partial R? values for these models ranged from 0.03 to 0.10, with marginal R? values between

0.12 and 0.21 and conditional R? values between 0.23 and 0.72.

Minimum ruminal pH was negatively associated with ECM/DMI (P = 0.04; partial R?
=0.08), and this relationship differed between parity groups (P = 0.02; Figure 11), with a steeper
decline in primiparous cows compared with multiparous cows. In addition, ruminal fluid
isobutyrate (% of total VFA) was positively associated with minimum ruminal pH (P = 0.01;

partial Rz = 0.05).

Ruminal pH amplitude was negatively associated with ruminal fluid isobutyrate (% of
total VFA; P < 0.01; partial R2 = 0.11), and this association differed between parity groups (P
= 0.04; Figure 1J), with a more pronounced response in multiparous cows. Fecal pH was also
negatively associated with ruminal pH amplitude (P < 0.01; partial RZ = 0.07). Marginal and
conditional R? values for these models ranged from 0.18 to 0.21 and from 0.48 to 0.52,

respectively.

DISCUSSION

This study was based on a combined dataset from two experiments in which dietary
carbohydrate concentrations were not systematically manipulated within experiment.
Therefore, the analyses focused on variation in carbohydrate intake rather than dietary
composition per se. Because multiple predictors were evaluated individually, the results should

be interpreted as hypothesis-generating rather than strictly confirmatory.

Linking fiber intake, feeding behavior, and ruminal pH dynamics

Associations between fiber intake and chewing behavior were consistent across the

evaluated metrics, with both peNDF>8 and forage NDF being positively related to rumination,
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eating time, total chewing, and first meal duration (Table 2). Notably, these associations were
stronger when fiber variables were expressed relative to BW rather than as absolute intake,
highlighting the relevance of rumen fill in regulating ingestive and rumination behavior. The
relatively low mean values of peNDF>8 and forage NDF expressed as % of BW (0.78 and 0.72,
respectively) suggest that physical fill was not excessive under the conditions evaluated. This
indicates that chewing activity responds to relatively small changes in fiber intake, even when

rumen fill is not limiting.

When evaluating the association between carbohydrate intake and sorting behavior with
ruminal pH dynamics, the most informative pH-related variables were time below pH 6.0,
maximum ruminal pH, and ruminal pH amplitude (Table 3). Among the evaluated predictors,
DMI showed the strongest association with time below pH 6.0, with a negative coefficient. This
pattern may reflect reduced feed intake in response to prolonged periods of low ruminal pH,
rather than increased intake driving pH depression. Although greater DMI is often associated
with increased risk of SARA due to higher intake of fermentable carbohydrates (Khorrami et
al., 2021), elevated concentrations of VFA in the rumen can suppress intake through satiety-

related mechanisms (Aschenbach et al., 2019).

The stabilizing effect of fiber intake on ruminal pH was evident, as greater intake of
NDF, forage NDF (kg/d or % of BW), and peNDF (% of BW) was associated with reduced
time below pH 6.0, lower ruminal pH amplitude, and greater maximum ruminal pH. In contrast,
starch or NFC intake was not associated with ruminal pH dynamics in this dataset, which likely
reflects the limited variation in dietary starch concentration across diets rather than the absence
of a biological effect. Indeed, studies using datasets with greater variation in starch or NFC
content have reported clear effects of starch or NFC on ruminal pH (White et al., 2017,

Khorrami et al., 2021).



118

Interestingly, sorting behavior was also associated with ruminal pH dynamics. Greater
selection for medium particles (8-19 mm) during the morning was associated with reduced time
below pH 6.0, which is consistent with the role of peNDF>8 in stimulating chewing activity,
enhancing saliva buffering, and contributing to rumen mat formation and motility (Mertens,
1997). Unexpectedly, greater selection for fine particles (<8 mm) during the morning was also
associated with reduced time below pH 6.0. However, the average sorting index for this fraction
was below 100, indicating that cows generally sorted against fine particles in this period.
Therefore, these results likely reflect variation within a context of overall avoidance of fines
and may not extrapolate to situations where cows actively select fine particles. In such
scenarios, previous studies have reported negative impacts on ruminal pH (Piran-Filho et al.,

2023).

Other finding was the positive association between sorting for long particles (>19 mm)
in the afternoon and time below pH 5.5. Although the magnitude of this effect was small and
explained little of the variance, this pattern may reflect a behavioral response to ruminal pH
disturbances rather than a direct causal effect of sorting on pH. Previous studies have suggested
that cows may adjust feeding behavior in response to acidotic conditions, increasing the
selection or consumption of peNDF>8 as a compensatory mechanism to stimulate chewing
activity and enhance ruminal buffering (Miller-Cushon and DeVries, 2017). In this context,
greater selection of long particles may indicate an attempt by cows to restore ruminal stability
following periods of low pH. Because the present analysis does not allow temporal resolution
between changes in ruminal pH and sorting behavior, it is not possible to determine
directionality. Nevertheless, the association suggests that feeding behavior may dynamically
respond to ruminal conditions, highlighting the importance of considering behavioral
adaptations when interpreting relationships between diet characteristics and ruminal pH

dynamics.
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Fiber intake x parity interactions associated with chewing behavior and ruminal pH

Parity-dependent responses in chewing behavior and ruminal pH dynamics (Figure 1)
suggest that multiparous and primiparous cows differ in their responsiveness to fiber intake.
Importantly, the range and distribution of fiber intake and chewing behavior variables differed
between parity groups. Multiparous cows spanned a wider range of values across several
predictors, whereas primiparous cows were more concentrated within an intermediate portion
of the observed range. Despite these differences in distribution, significant parity interactions
were still detected, indicating that the observed effects were not solely driven by unequal

representation of predictor values between groups.

In the present study, multiparous cows showed a greater increase in rumination and
chewing time as fiber intake increased, whereas primiparous cows exhibited a more attenuated
response. Although some studies have reported greater absolute rumination time in multiparous
cows, these differences are often explained by greater DMI, as rumination relative to intake
tends to be similar across parity groups (Beauchemin and Rode, 1997; Kowsar et al., 2008). In
contrast, the present results indicate a difference in behavioral responsiveness rather than intake

level per se.

Consistent with these findings, primiparous cows appeared more susceptible to
unfavorable ruminal pH dynamics, as indicated by the stronger reduction in time below pH 6.0
with increasing DMI (Figure 1). This pattern suggests that lower intake was more strongly
associated with prolonged exposure to low ruminal pH in primiparous cows, whereas
multiparous cows exhibited a more stable response across the observed range of intake. In the
same direction, the steeper decline in minimum ruminal pH with increasing ECM/DMI in
primiparous cows likely reflects differences in intake dynamics between parity groups. The

interaction between peNDF>8 and parity for ruminal pH amplitude should be interpreted
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cautiously. Although amplitude reflects pH fluctuation, it does not directly capture duration of

exposure to low pH, and its biological interpretation in this context is less straightforward.

Several mechanisms may underlie this reduced responsiveness in primiparous cows. In
addition to differences in chewing activity already discussed, which may limit saliva secretion
and buffering capacity, limited prior exposure to high-concentrate diets may result in a less
adapted ruminal epithelium and reduced capacity to cope with fermentative challenges (Humer
et al., 2018). Furthermore, lower BW and rumen volume may increase susceptibility to rapid
changes in ruminal conditions, contributing to less stable pH dynamics (Nasrollahi et al., 2017).
Differences in social hierarchy could also influence feeding patterns and access to feed.
However, this mechanism is unlikely to explain the present results, as cows were housed in tie-

stalls and fed individually.

Fiber intake x chewing behavior interactions associated with ruminal pH

When chewing behavior variables were evaluated as independent predictors of ruminal
pH dynamics, none met the predefined criteria for model retention. This indicates that chewing
behavior did not consistently explain ruminal pH variation as an independent driver. Instead,
chewing behavior likely acts as a mediator of dietary effects, particularly those related to fiber

intake.

Accordingly, additional models were fitted to evaluate whether rumination time
modified the association between fiber intake and ruminal pH (Table 4; Figure 2). In these
models, greater rumination strengthened the negative association between fiber intake and time
below pH 6.0. Cows with higher rumination time exhibited a marked reduction in time below
pH 6.0 as fiber intake increased, whereas cows with lower rumination showed a weaker

response. These results reinforce the concept that the effectiveness of dietary fiber depends not
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only on intake, but also on its ability to stimulate chewing activity and saliva-mediated

buffering.

Linking ruminal pH with production, milk composition, and physiology

Associations between ruminal pH dynamics and milk composition were primarily
driven by milk FA profile (Table 5). Milk de novo FA (% of total FA) showed the strongest
association with time below pH 6.0, which is consistent with the well-established relationship
between ruminal conditions and milk fat synthesis. Milk fat depression occurs when ruminal
conditions favor an alternative biohydrogenation pathway of unsaturated fatty acids,
particularly under low ruminal pH and increased supply of unsaturated FA (Bauman and
Griinari, 2001). This pathway leads to the formation of bioactive intermediates, such as trans-
10, cis-12 CLA, which inhibit mammary lipogenesis. As a result, de novo fatty acid synthesis
in the mammary gland is reduced, particularly affecting fatty acids with fewer than 16 carbons
(Barbano, 2018; Razzaghi et al., 2022). The strong negative association between milk de novo

FA and time below pH 6.0 supports its role as a sensitive indicator of ruminal pH disturbances.

Milk preformed FA (% of total FA) were also negatively associated with time below pH
6.0, although with smaller magnitude compared with de novo FA. In contrast, milk fat
concentration (%) was positively associated with time below pH 6.0, which was unexpected.
This result may reflect a dilution effect driven by the negative association between milk yield
and time below pH 6.0, whereby reduced milk production leads to a relative increase in fat
concentration. In line with this interpretation, models including fat yield (g/d) were not retained.
Overall, these results reinforce the value of milk FA profile, particularly de novo FA, as a

practical tool to assess SARA risk (Woolpert et al., 2017).

The negative association between time below pH 6.0 and jugular blood pCO. may

reflect a compensatory response to increased acid load, with reduced pCO: potentially
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indicating increased respiratory CO: elimination (Constable, 1999). However, this association
explained little of the variance. In addition, blood pH, bicarbonate, base excess, and total CO-
were not retained in the models, suggesting limited sensitivity of these systemic variables under

the conditions evaluated.

Serum haptoglobin was not associated with time below pH 6.0, but was positively
associated with time below pH 5.8 and more strongly with time below pH 5.5, indicating that
the inflammatory response to ruminal pH depression was linked to more severe ruminal pH
conditions. This finding suggests that mild ruminal pH depression may not be sufficient to
trigger a detectable systemic inflammatory response. This distinction is relevant for practical
applications, as many experimental SARA models rely on more extreme dietary challenges that

may not reflect typical commercial conditions (Plaizier et al., 2022).

Greater time below pH 5.5 was associated with increased propionate and reduced
branched-chain VFA (isobutyrate and isovalerate), consistent with a shift toward more
amylolytic and less fibrolytic fermentation under more acidogenic conditions (Russell, 1998).
Because branched-chain VFA are derived from microbial deamination of branched-chain
amino acids (Russell, 2002), their reduction suggests alterations in ruminal nitrogen metabolism
and overall microbial activity under these conditions. These results should be interpreted as
changes in fermentation profile rather than total acid production, as VFA were expressed as
proportions of total VFA. In this context, the stronger association between isobutyrate and
reduced pH amplitude in multiparous cows suggests that, in these animals, this metabolite more
consistently reflects microbial conditions associated with ruminal stability, whereas the weaker
relationship in primiparous cows may indicate a less consistent coupling between microbial

activity and pH dynamics.

Fecal pH was associated with ruminal pH dynamics, particularly with time below pH

5.8 and 5.5, and showed the strongest association with ruminal pH amplitude. This may reflect
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increased flow of fermentable substrates to the hindgut when ruminal conditions are more
acidogenic. Under such conditions, hindgut acidification can occur (Neubauer et al., 2020;
Pederzolli et al., 2018), which has been proposed as a potential contributor to systemic
responses through mechanisms similar to those described for the rumen (Aschenbach et al.,
2019). However, recent studies inducing hindgut acidosis via abomasal starch infusion did not
consistently detect inflammatory or performance responses, although fecal pH decreased
consistently (Piantoni et al., 2022; Abeyta et al., 2022; Abeyta et al., 2023). Therefore, although
fecal pH was associated with ruminal pH dynamics in the present study, the mechanisms
underlying this relationship remain unclear, and its practical utility as an indicator of ruminal

pH status requires further investigation.

CONCLUSION

In conclusion, ruminal pH in lactating dairy cows were associated not only with fiber
intake, but also with the extent to which fiber stimulated rumination, and these relationships
were modified by parity. Primiparous cows showed a more attenuated behavioral response to
increasing fiber intake and appeared more susceptible to unfavorable ruminal pH dynamics than
multiparous cows. In addition, associations of ruminal pH metrics with milk FA profile, serum
haptoglobin, ruminal VFA profile, fecal pH, and jugular blood pCO: support the biological
relevance of these responses. These findings reinforce that ruminal pH stability should be
interpreted as the product of interacting dietary, behavioral, and animal-related factors rather

than any single indicator in isolation.
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Table 1. Cows, ingredients, and nutrient composition of diets in experiments 1 and 2 (colocar

minimo e maximo).

Item Experiment 1  Experiment 2
Number of cows 15 21
Primiparous 6 9
Multiparous 9 12
DIM 193 £ 120 144 + 77
Body weight 643 + 62 611 + 93
DMI, kg/d 225+2.7 224 +3.2
Milk yield, kg/d 27.7+4.2 346 +5.2
Milk fat, % 3.68 £ 0.45 3.49+0.42
Milk protein, % 3.37+£0.28 3.22+0.26
Mean ruminal pH? 6.26 +0.11 6.01 £ 0.17
Time below ruminal pH 6.0, min/d*

Time below ruminal pH 5.8, min/d* 46 + 63 292 £ 279
Rumination, min/d? 471 £ 59 422 + 68
Eating, min/d? 370 £ 45 255 + 36
Chewing, min/d? 841 +79 677 + 86
Ingredient, % of DM

Whole-plant corn silage 36.6 36.1
Alfafa haylage 9.3 -
Corn fibrous byproduct? - 125
Rehydrated ensiled corn grain 14.5 115
Citrus pulp pellets 12.8 11.8
Whole cottonseeds 115 12.5
Soybean meal 11.0 13.2
Distillers dried grains* 2.2 -
Minerals and vitamins 1.8 2.4
Nutrient composition, % of DM

CP 17.0 17.5
NDF 36.2 29.4
Forage NDF 23.9 17.3
peNDF>8° 23.4 20.1
Starch 22.6 24.2
NFC 35.4 42.4
Nonstarch NFC 12.8 18.2
Ether extract 4.2 5.0
Ashes 7.2 5.7

‘Measured with wireless boluses (Smaxtec, Austria).

2Measured by visual observation.

3Comidao (Cargill Agricola, Brazil; Silva et al., 2022).

*FlexyPro (SJC Energia, Brazil).
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SPhysically effective NDF. Particle size was evaluated using the Penn State Particle Separator
with 19- and 8-mm sieves and a bottom pan. NDF concentration was determined for each sieve
fraction, and only forage NDF retained on particles >8 mm was considered physically effective.
Among concentrates, only whole cottonseed was included, with all of its NDF assumed to be
physically effective.



Table 2. Associations between fiber intake, DMI, and chewing behavior.
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P-value
Mean Predictor x R2 R? R2
Outcome Predictor predictor B+ SE Predictor Parity Parity AAIC  Partial Marginal Conditional
Rumination, min/d peNDF>8, % of BW 0.77 205.8 + 60.4 <0.01 0.04 0.14 -52.0 0.19 0.46 0.83
Forage NDF, % of BW 0.72 196.2 + 78.9 <0.01 0.07 0.02 -40.0 0.18 0.45 0.79
peNDF>8, kg/d 4.80 3791121 <0.01 <0.01 0.56 -37.1 0.14 0.41 0.83
DMI, kg/d 22.4 7.20£3.91 <0.01 <0.01 0.71 -15.5 0.09 0.36 0.73
Forage NDF, kg/d 4.46 27.0+14.5 <0.01 <0.01 0.16 -22.0 0.10 0.37 0.73
Eating, min/d peNDF>8, % of BW 0.78 94.0+53.4 <0.01 0.24 0.17 -34.2 0.04 0.71 0.84
Forage NDF, % of BW 0.72 140.0 £ 59.6 <0.01 0.13 0.04 -37.4 0.04 0.71 0.84
peNDF>8, kg/d 4.81 15.3+9.7 <0.01 0.35 0.28 -24.7 0.03 0.70 0.83
Forage NDF, kg/d 4.47 20.8+10.3 <0.01 0.31 0.11 -24.6 0.02 0.69 0.82
DMI, kg/d 22.4 3.77 +2.82 <0.01 0.27 0.28 -17.9 0.02 0.69 0.81
Chewing, min/d peNDF>8, % of BW 0.77 299.9+87.1 <0.01 0.39 0.06 -62.1 0.14 0.67 0.87
Forage NDF, % of BW 0.72 329.5+1074 <0.01 0.60 <0.01 -54.1 0.13 0.66 0.83
peNDF>8, kg/d 4.80 56.9 +17.2 <0.01 <0.01 0.40 -47.9 0.09 0.62 0.84
DMI, kg/d 22.4 12.1+5.2 <0.01 <0.01 0.55 -27.4 0.05 0.57 0.68
Forage NDF, kg/d 4.47 49.4 +19.6 <0.01 <0.01 0.10 -34.2 0.07 0.59 0.72
Idle, min/d Forage NDF, % of BW 0.72 -143.2+101.2 <0.01 0.29 0.01 -39.6 0.15 0.29 0.53
peNDF>8, % of BW 0.78 -46.6 + 92.7 <0.01 0.15 0.03 -34.1 0.10 0.24 0.29
Forage NDF, kg/d 4.47 -26.1+£18.0 0.01 0.01 0.11 -25.7 0.09 0.23 0.24
DMI, kg/d 22.4 -7.11+4.74 0.01 0.01 0.57 -18.0 0.07 0.21 0.22
peNDF>8, kg/d 4.81 -13.1+£17.3 0.01 0.01 0.17 -23.9 0.07 0.21 0.23
First meal duration, min  Forage NDF, % of BW 0.72 60.0 £ 24.7 <0.01 0.36 0.43 -25.0 0.06 0.62 0.83
peNDF>8, % of BW 0.78 39.2+225 <0.01 0.60 0.75 -21.3 0.04 0.61 0.81
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Table 3. Associations between DMI, fiber intake, sorting behavior, and ruminal pH.

P-value
Mean Predictor x R? R2 R?
Outcome Predictor predictor B+ SE Predictor  Parity Parity AAIC Partial Marginal Conditional
Time below pH 6.0, min/d DMI, kg/d 22.4 -64.3 + 23.3 0.05 0.37 0.06 -194  0.09 0.10 0.10
NDF intake, kg/d 7.19 -135.3+54.2  0.009 0.34 0.37 -23.8  0.08 0.09 0.09
Forage NDF, % of BW 0.72 -1176 + 528 0.008 0.64 0.86 -32.0 0.06 0.08 0.08
Forage NDF intake, kg/d 4.46 -194 + 90 0.05 0.40 0.40 -22.6  0.06 0.07 0.07
Morning sorting index, 8-19 mm 103.3 -8.89 + 3.82 0.01 0.74 0.86 -13.2  0.04 0.06 0.39
peNDF>8, % of BW 0.77 -808 + 484 0.04 0.91 0.60 -28.2 0.04 0.05 0.05
Morning sorting index, bottom 90.2 -5.90 + 3.70 0.03 0.64 0.85 -9.5 0.02 0.03 0.04
Time below pH 5.5, min/d Sorting index >19 mm, afternoon 87.1 0.36 £0.36 0.04 0.46 0.60 -0.08 0.02 0.12 0.23
Maximum ruminal pH Forage NDF, % of BW 0.72 0.47+0.24 <0.01 0.92 0.19 -5.8 0.09 0.53 0.72
peNDF>8, % of BW 0.77 0.42 +0.22 <0.01 0.90 0.62 -6.1 0.08 0.51 0.67

Ruminal pH amplitude peNDF>8, % of BW 0.77 0.05+£0.34 0.01 0.72 0.07 -3.5 0.08 0.19 0.42




Table 4. Interactions between fiber intake and rumination time over time below ruminal pH 6.0.

B fiber x Fiber x
Mean Mean B rumination rumination + Rumination
Fiber variable fiber rumination P fiber £ SE + SE SE P-value AAIC
Forage NDF, kg/d 4.45 442.6 -948+635 -085+056 -1.64+0.52 <0.01 -6.4
Forage NDF, % of BW 0.72 442.6 -759+405 -0.84+059 -9.14+3.28 <0.01 -8.8
peNDF>8, kg/d 4.80 442.6 -55.6+50.1 -0.77+0.62 -1.33+0.56 0.02 -3.5
peNDF>8, % of BW 0.77 4426  -380.0+312.4 -0.78+0.65 -6.60+ 3.32 0.05 -6.0
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Table 5. Association between milk yield, feed efficiency, milk composition, ruminal fermentation, blood parameters, fecal pH and ruminal pH

variables.
P-value
Mean Predictor R? R2 R?
Outcome Predictor predictor B+ SE Predictor Parity xParity AAIC Partial Marginal Conditional
Time below pH 6.0, min/d Milk de novo FA, % of FA 22.9 -70.6 £19.4 <0.01 0.67 0.41 -29.2 0.12 0.13 0.56
Milk yield, kg/d 32 -22.4+£15.5 0.01 0.66 0.95 -15.2 0.07 0.08 0.20
Milk preformed FA, % of FA 41.4 -223+125 <0.01 0.71 0.56 -18.6 0.05 0.06 0.28
Milk fat, % 3.57 51.1+152.8 0.03 0.70 0.27 -25.1 0.05 0.06 0.18
Milk preformed FA, g/d 439.0 -145%+1.02 0.04 0.67 0.75 -3.1 0.03 0.04 0.17
Jugular blood pCO2 40.3 -2.05+£10.4 0.05 0.82 0.20 -14.0 0.02 0.03 0.16
Time below pH 5.8, min/d Serum haptoglobin, mg/dL 12.43 8.70 + 3.18 <0.01 0.87 0.52 -13.8 0.02 0.25 0.86
Fecal pH 7.63 -149 + 61 <0.01 0.89 0.87 -27.1 0.01 0.24 0.80
Time below pH 5.5, min/d  Serum haptoglobin, mg/dL 12.43 472 +1.18 <0.01 0.42 0.30 -16.6 0.10 0.21 0.72
Ruminal fluid propionate % of VFA 21.5 8.38 +3.72 0.02 0.50 0.42 -10.7 0.05 0.15 0.25
Ruminal fluid isovalerate, % of VFA 1.90 -87.1+44.4 0.03 0.50 0.40 -19.3 0.04 0.14 0.25
Ruminal fluid isobutyrate, % of VFA 0.96 -160 + 99 0.02 0.50 0.83 -22.6 0.03 0.12 0.23
Fecal pH 7.63 -713.7£28.6 0.02 0.46 0.23 -20.2 0.03 0.13 0.23
Minimum ruminal pH ECM/DMI 0.98 -1.13+£0.35 0.04 0.79 0.02 -4.6 0.08 0.17 0.60
Ruminal fluid isobutyrate, % of VFA 0.96 0.17+0.31 0.01 0.79 0.19 -1.7 0.05 0.14 0.62
Ruminal pH amplitude Ruminal fluid isobutyrate, % of VFA 0.96 -0.10+0.38  <0.01 0.29 0.04 -6.3 0.11 0.21 0.52
Fecal pH 7.63 -0.24+£0.11  <0.01 0.31 0.60 -3.3 0.07 0.18 0.48
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rumination and eating time. Panels C—E show the effects of peNDF>8 (% of BW) and forage
NDF (expressed as % of BW and kg/d) on chewing time. Panel F presents the association
between peNDF>8 (% of BW) and idle time. Panel G illustrates the relationship between DMI
and time below ruminal pH 6.0, whereas panel H shows the association between peNDF>8 (%
of BW) and ruminal pH amplitude. Panels | and J present the relationships of ECM/DMI and
isobutyrate (% of total VFA) with minimum ruminal pH and pH amplitude, respectively. Points
represent individual observations, and lines correspond to model-predicted values for
primiparous (red), multiparous (blue), and overall (black) cows. P-values refer to parity x
predictor interactions.
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Figure 2. Interaction between fiber intake and rumination level associated with time below
ruminal pH 6.0 (min/d). Panels A-D show the interaction between rumination level and forage
NDF intake (kg/d; A), forage NDF (% of BW; B), peNDF>8 (kg/d; C), and peNDF>8 (% of
BW; D). Lines represent model predictions at the 25th percentile (red), mean (black), and 75th
percentile (green) of rumination time. Points represent individual observations, colored
according to rumination level. P-values indicate the fiber x rumination interaction.
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ARTIGO 3 — Association between collar-measured rumination time and milk yield, diet
composition, and intake in groups of lactating dairy cows on commercial farms in Brazil.

Artigo formatado de acordo com as normas para submissédo ao Journal of Dairy Science
Communications.

ABSTRACT

Rumination is closely associated with feed intake, diet characteristics, and rumen function in
dairy cows, and sensor-based technologies enable its continuous monitoring under commercial
conditions. However, the relationship between collar-derived rumination time and nutritional
variables at the pen level remains poorly characterized. This study evaluated associations
between rumination time and milk yield, DMI, diet composition, and nutrient intake using data
from 40 pens across five commercial dairy farms in Brazil (1,002 pen-week observations).
Rumination time was derived from neck-mounted activity collars (Cowmed, Brazil) and
analyzed using linear mixed-effects models including DIM, parity, and each predictor as fixed
effects, with interactions between predictor and DIM and parity, and a random intercept for
pen. Rumination time was positively associated with milk yield and DMI (P < 0.01), with
increases of 1.92 and 3.15 min/d per kg/d, respectively (partial R2 = 0.17 for both). These
associations were stronger at lower DIM (P <0.01), suggesting greater sensitivity of rumination
patterns in early lactation. Among diet composition variables (% of DM), lignin showed the
strongest association with rumination time ( = 22.4; P < 0.01; partial R? = 0.12), and forage
plus whole cottonseed lignin showed a higher contribution to model fit than forage lignin alone.
When nutrient intake (kg/d) was evaluated, all predictors were significant (P < 0.01), with lignin
intake showing the largest contribution (partial R?2 = 0.31), corresponding to approximately 10
min/d increase in rumination per 0.1 kg/d increase in lignin intake. Associations between
rumination time and most predictors varied with DIM, whereas interactions with parity were
less consistent. Conditional R? values were consistently higher than marginal and partial R2
values, indicating substantial variation attributable to differences among pens and unmeasured

factors. Despite these limitations, observed associations were consistent with biological



137

expectations. These results suggest that collar-derived rumination time may provide useful
information for nutritional monitoring under commercial conditions, particularly in early-

lactation pens.

MAIN BODY

Rumination is an important process associated with feed particle breakdown, saliva
production, and maintenance of rumen function in dairy cows. Because chewing activity is
strongly stimulated by fiber intake, rumination time is related to dietary characteristics such as
forage NDF intake and fiber digestibility (Beauchemin et al., 2018). Consequently, changes in
rumination behavior may reflect variations in feed intake, diet composition, or rumen fill,
making rumination an important indicator of nutritional status and feeding management in dairy
herds. This physiological relevance has motivated the development of technologies capable of

monitoring rumination under commercial conditions.

In dairy farms, behavior-monitoring collars can be used to track rumination activity over
time. These technologies are widely applied to detect health and reproductive events
(Steeneveld et al., 2015; Rutten et al., 2013), but their potential to support nutritional monitoring
and feeding management at the pen level remains less explored. Lovatti et al. (2024) validated
a commercial behavior-monitoring collar (Cowmed, Santa Maria, Brazil) and reported Pearson
correlations between collar-derived and visually observed rumination of 0.50. In that study,
precision was evaluated using correlation and determination coefficients, whereas accuracy was
assessed using the slope of linear regression and Bland—Altman analysis. Although the collar
enabled continuous behavioral monitoring, the authors concluded that its overall accuracy
remained limited. Similarly, Modesto et al. (2024) evaluated the same collar system and
reported low agreement between collar-derived and visually observed rumination.
Nevertheless, despite the weak correlation, the sensor detected temporal changes in rumination

associated with feed restriction in a pattern similar to that observed visually.
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Even with limitations in precision and accuracy, the ability of sensors to detect temporal
variation in rumination behavior may still provide useful information for monitoring nutritional
and feeding management in dairy herds. However, the relationship between collar-derived
rumination metrics and dietary composition, nutrient intake, and milk production in lactating

dairy cows remains poorly characterized, particularly under commercial conditions.

Therefore, the objective of this study was to evaluate the associations between collar-
derived rumination time and DMI, diet composition, nutrient intake, and milk yield in pens of
lactating dairy cows. We hypothesized that rumination time measured by collars would be
positively associated with DMI, particularly with fiber intake parameters. We further
hypothesized that these associations would be stronger during early lactation, when greater
variability in feed intake and forage NDF consumption may result in stronger rumination

responses.

All data used in this study were extracted directly from farm management software and
did not involve direct contact between researchers and animals or any changes in management,
so approval by an ethics committee was not necessary. Farms were selected from a commercial
dataset maintained by a consulting company (Dairy Inside, Castro, Brazil). Farms were
included only if they had daily records of pen milk production and DMI, routine monitoring of
forage DM on farm, frequent forage composition analyses, and at least 12 consecutive weeks
of behavioral monitoring data from neck-mounted activity collars (Cowmed, Santa Maria,
Brazil). Based on these criteria, five commercial dairy farms located in the Brazilian states of
Parana, Sdo Paulo, and Minas Gerais were included in the study. All farms had Holstein cows
housed in free-stall and/or compost barn systems and fed TMR. Data were collected from 40
pens, including 19 multiparous pens, 9 primiparous pens, and 12 pens housing both parity

groups. The monitoring period ranged from 13 to 46 weeks across farms, resulting in 1002 pen-
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week observations. Across the 40 pens, an average of 168 cows per pen was monitored,

representing approximately 6720 lactating cows across all pens in a typical week.

Rumination time was calculated as the average daily rumination time of cows with
within each pen and subsequently averaged by week for statistical analyses. In all observations,
more than 95% of the cows within each pen were equipped with collars. Pen DMI was
calculated daily based on the amount of TMR delivered to each pen and the quantity of refusals.
The DM content of forage ingredients was monitored weekly on each farm and used to adjust
TMR inclusion rates to maintain the targeted dietary formulation on a DM basis. Refusals were
assumed to have the same DM concentration as the offered TMR. Milk production and pen
DMI were averaged weekly for subsequent analyses. The chemical composition of forages,
including CP, NDF, ADF, starch, total fatty acids, lignin, and undigested neutral detergent fiber
after 240 h of incubation (UNDF240) was determined using near-infrared spectroscopy.
Analyses were conducted using Dairyland Laboratories calibration curves at a commercial
laboratory (MS.DC Lab, Ponta Grossa, Brazil). For each week of observation, the forage
analysis temporally closest to the feeding period was used to represent the chemical
composition of the forage fraction of the diet. On average, forage samples were analyzed every
2.4 weeks for corn silage harvested during the main season, 3.1 weeks for corn silage from the
second crop, and 2.7 weeks for alfalfa haylage or hay. Across other forage sources included in
the dataset, the average interval between analyses was 3.8 weeks. Among concentrate
ingredients, brewery by-products were analyzed every 2.3 weeks on average using the same
NIRS procedures. For the remaining concentrate ingredients, nutrient composition values were

obtained from tabular data reported in NASEM (2021).

Associations between rumination time and milk yield, DMI, feed efficiency, diet
composition, and nutrient intake were evaluated using linear mixed-effects models fitted with

the nlme package in R. Rumination time was defined as the dependent variable, and each
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predictor variable was evaluated in a separate model. For each predictor, a sequence of nested
models was fitted. The baseline model included DIM and parity class (primiparous vs.
multiparous) as fixed effects. The predictor was then added to the model to evaluate its main
effect. Subsequently, interaction terms between the predictor and DIM and between the
predictor and parity were included to account for potential effect modification. All continuous
predictors, including DIM, were centered on their respective means prior to model fitting to
improve interpretability of regression coefficients and reduce collinearity. For predictors
representing diet composition variables expressed as percentage of DM, centered DMI was
included in the model as a covariate to account for variation in feed intake. Models included a
random intercept for pen nested within farm to account for non-independence of observations

within pens.

Models were fitted using maximum likelihood estimation, and predictor contribution
was assessed using the Akaike Information Criterion (AIC), with AAIC calculated as the
difference between models with and without the predictor, and partial R?, defined as the
increase in marginal R? after inclusion of the predictor relative to a model with the same fixed
effects but excluding that predictor. Marginal R? represents the proportion of variance explained
by fixed effects, whereas conditional R? represents the proportion explained by both fixed and
random effects. P-values for fixed effects, including interaction terms, were obtained from the

final model using Wald tests. Statistical significance was declared at P < 0.05.

Descriptive statistics of the pens and diets included in the dataset are presented in Table
1. Cows were, on average, 169 + 91 DIM and produced 41.9 £ 9.4 kg of milk per day, with a
mean DMI of 25.3 + 4.0 kg/d. Rumination averaged 466 + 25 min/d and ranged from 376 to
531 min/d across observations. These values are consistent with those reported in previous
studies evaluating rumination behavior in dairy cows. For example, White et al. (2017), in a

compilation of published studies, reported an average rumination time of 436 min/d in lactating
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dairy cows, with values ranging from 236 to 610 min/d. Although the values observed in the
present dataset fall within this previously reported interval, extreme observations were less
evident. This was expected because rumination time in the present study was calculated as the
average of cows within each pen, which reduces the occurrence of very low or very high
individual observations. In addition, differences among studies may also be partially explained
by the method used to quantify rumination activity. Sensor-based monitoring systems provide
continuous measurements but may vary in accuracy depending on the technology and

calibration, which can contribute to differences in reported rumination values across studies.

The relatively high mean rumination time observed in the present dataset is consistent
with the elevated milk production and DMI of the cows. Supporting this pattern, Rumination
time was positively associated with both milk yield and DMI (P < 0.01). Each 1 kg/d increase
in milk yield was associated with an increase of 1.92 min/d in rumination time, whereas each 1
kg/d increase in DMI was associated with an increase of 3.15 min/d. Both predictors
substantially improved model fit (AAIC = —102.1 and —90.5, respectively; partial R = 0.17),
indicating that production level and feed intake were strongly associated with rumination
behavior. These results are consistent with previous studies reporting positive associations
between rumination activity and productive performance (Stone et al., 2017; Kaufman et al.,
2018). Significant interactions with DIM (P < 0.01) indicated that these associations were
stronger at lower DIM and attenuated as lactation progressed (Figure 1A and 1B), suggesting
that rumination monitoring using sensor-based systems may be particularly useful in early-
lactation pens. In addition, the association between milk yield and rumination differed by parity

(P <0.01), with a steeper slope observed in primiparous cows (Figure 1E).

Among diet composition variables expressed as % of DM, several predictors were
statistically significant (P < 0.05); however, most showed minimal contribution to explained

variance. Partial R? values highlighted lignin as the most relevant variable within this group.
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Lignin concentration was positively associated with rumination time (f =22.4; P <0.01; partial
R2? = 0.12), indicating that an increase of 0.5 percentage units in dietary lignin was associated
with an increase of approximately 11.2 min/d in rumination time. Forage plus whole cottonseed
(WCS) lignin also showed a positive association (p = 6.81; P = 0.04; partial R? = 0.13),
corresponding to an increase of approximately 3.4 min/d in rumination time for each 0.5
percentage unit increase. Notably, the partial R? for forage plus WCS lignin was greater than
that observed for forage lignin alone (partial Rz = 0.07), reinforcing the contribution of WCS
to the stimulation of rumination (Abel-Caines et al., 1997). Interactions with DIM were also
observed for several of these variables (P < 0.05), with stronger positive associations at lower

DIM and attenuated slopes at higher DIM (Figure 1C and 1D).

When nutrient intake (kg/d) was evaluated, all predictors were strongly associated with
rumination time (P < 0.01). However, partial R? values provided additional insight into the
magnitude of these associations. Lignin intake showed the largest contribution to model fit
among all predictors evaluated (B = 99.81; partial R* = 0.31; AAIC = —272.8), indicating that
an increase of 0.1 kg/d in lignin intake was associated with an increase of approximately 10.0
min/d in rumination time. This finding is consistent with previous studies reporting associations
between indigestible fiber and rumination activity. For example, S& Neto et al. (2014) reported
increased rumination time when corn silage was replaced with sugarcane silage, despite similar
NDF content and particle size, with differences attributed to lower fiber digestibility of
sugarcane. The magnitude of the association varied across nutrients, with lignin intake showing
the strongest association, followed by ADF, NFC, and NDF (partial R? ranging from 0.10 to
0.14). Notably, the association with lignin was greater than that observed for uNDF240 intake,
although the reasons for this difference are not clear. Together, these results indicate that while
overall intake was strongly associated with rumination, the indigestible fraction of fiber showed

a comparatively stronger association. Interactions with DIM were also frequently observed for
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intake variables (P < 0.01), indicating that these associations were not constant across lactation,
whereas interactions with parity were less consistent, with a notable association observed for

forage plus WCS lignin (Figure 1F).

Across models, conditional R? values were consistently higher than marginal and partial
R? values, indicating that a substantial proportion of the total variance in rumination time was
explained by differences among pens. This pattern also suggests that relevant sources of
variation were not fully captured by the predictors included in the models. In this context,
factors known to influence rumination, such as particle size and physically effective NDF
(Mertens, 1997), could not be accounted for in the present study, despite their well-established
associations with chewing activity (White et al., 2017; Beauchemin et al., 2018). Although
particle size is commonly monitored at the farm level, these data were not available in a
sufficiently standardized format to be included in the analysis. Additional factors, including
feeding management, diet mixing quality, sorting behavior, and feed delivery practices, may
also influence the diet actually consumed by cows (Carneiro et al., 2021) and, consequently,
rumination time. Even so, several predictors showed statistically significant associations with
rumination time and moderate contributions to model fit, with patterns that are consistent with
biological expectations. Together, these results suggest that rumination time measured using
sensor-based systems may provide useful information for nutritional monitoring under

commercial conditions, particularly in early-lactation pens.
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Table 1. Descriptive statistics of pens and diets in the dataset (1002 observations of 40 pens).

Mean  SD Min  Max
Number of cows 168 72 11 328
DIM 169 91 2 387
Milk yield, kg/d 41.9 9.4 19.1 68.8
DMI, kg/d 25.3 4.0 148 345
Milk/DMI 166 024 100 237
Rumination, min/d 466 25 376 531
Diet, % of DM
Forage 4833 7.67 34.46 8157
CP 18.08 0.66 1524 19.60
NDF 31.07 319 2445 44.17
ADF 1855 191 1439 25.09
Lignin 309 051 159 456
uNDF2401 656 135 379 1124
Forage NDF 18.27 3.77 1296 3543
Forage lignin 145 046 044 285
Forage uNDF240 556 138 298 10.97
Forage plus WCS? NDF 21.05 325 1568 33.64
Forage plus WCS lignin 1.89 069 044 3.90
Forage plus WCS uNDF240 715 131 450 10.97
Starch 27.27 328 16.42 34.50
NFC 3945 3.09 2794 4742
Nonstarch NFC 1217 177 6.08 19.59
Total fatty acids 443 062 228 540
Ashes 697 049 550 7.72

1uNDF240 = undigested NDF 240 after hours of incubation (measured with near-infrared spectroscopy).

2WCS = whole cottonseed.



P-value

Mean of . . Predictor Predictor R2 R2 1462
Predictor predictor P SE Predictor DIM  Parity x DIM  x Parity? AAIC Partial Marginal Conditional
Milk yield, kg/d 41.9 1.92 0.23 <0.01 <0.01 <0.01 0.01 <0.01 -102.1 0.17 0.27 0.61
DMI, kg/d 25.3 3.15 0.51 <0.01 <0.01 <0.01 <0.01 0.72 -90.5 0.17 0.31 0.60
Milk yield/DMI 1.66 3.05 5.68 059 <0.01 0.02 <0.01 0.15 -81 0.01 0.13 0.51
Diet, % of DM
Forage 48.3 -0.49 0.34 0.15 <0.01 <0.01 <0.01 <0.01 1.3 0.00 0.27 0.61
NDF 31.0 -0.26 0.74 0.72 <0.01 <0.01 0.85 0.21 2.0 0.00 0.22 0.55
ADF 18.5 2.96 1.32 0.02 <0.01 <0.01 044 0.32 -7.9  0.01 0.22 0.59
Lignin 3.09 22.4 3.13 <0.01 <0.01 <0.01 0.38 0.10 -1755 0.12 0.36 0.62
UNDF2402 6.56 2.68 1.37 0.05 0.07 <0.01 <0.01 0.24 -7.8  0.00 0.21 0.60
Forage NDF 18.3 -1.35 0.65 0.04 <0.01 <0.01 0.01 <0.01 1.9 0.00 0.23 0.55
Forage lignin 1.45 14.4 3.95 <0.01 001 0.01 0.01 0.02 -1045 0.07 0.29 0.55
Forage uNDF240 5.56 1.34 1.38 033 0.04 005 <0.01 0.12 -34  0.00 0.21 0.58
Forage plus WCS?® NDF 21.0 0.65 0.67 034 <0.01 0.01 0.07 0.03 -15.3  0.02 0.24 0.54
Forage plus WCS lignin 1.89 6.81 3.35 0.04 <0.01 <0.01 0.82 <0.01 -851 0.13 0.36 0.55
Forage plus WCS uNDF240  7.15 6.05 1.27 <0.01 0.16 <0.01 0.26 0.70 -39.0 0.00 0.22 0.64
Starch 27.3 -1.45 0.66 0.03 <0.01 <0.01 0.89 0.40 -3.6 0.01 0.24 0.57
NFC 39.5 -0.64 0.72 038 <0.01 <0.01 0.12 0.81 1.9 0.00 0.23 0.58
Nonstarch NFC 12.2 1.97 0.90 0.03 <0.01 <0.01 <0.01 0.15 -11.5 0.03 0.29 0.52
Intake, kg/d
Forage 12.1 2.41 0.82 <0.01 <0.01 <0.01 <0.01 <0.01 -38.0 0.05 0.31 0.65
NDF 7.82 8.49 1.68 <0.01 <0.01 <0.01 <0.01 0.64 -475 0.10 0.25 0.56
ADF 4.67 17.7 2.69 <0.01 <0.01 <0.01 <0.01 0.87 -85.0 0.14 0.27 0.61
Lignin 0.78 99.81 9.16 <0.01 <0.01 <0.01 <0.01 1.00 -2728 0.31 0.40 0.60
uNDF240 1.65 21.55 4.70 <0.01 033 <0.01 <0.01 0.70 -57.9  0.07 0.19 0.63
Forage NDF 4.57 5.49 2.20 0.01 <0.01 0.04 <0.01 0.04 -48 0.02 0.23 0.52
Forage lignin 0.36 100.90  15.17 <0.01 0.02 <0.01 <0.01 0.62 -1529 0.15 0.24 0.54
Forage uNDF240 1.39 16.50 5.21 <0.01 021 <0.01 <0.01 0.45 -33.4  0.04 0.17 0.60
Forage plus WCS NDF 5.28 11.25 2.04 <0.01 001 <0.01 <0.01 0.23 -62.0 0.09 0.24 0.53
Forage plus WCS lignin 0.47 67.92 13.43 <0.01 <0.01 0.03 0.21 026 -126.2 0.22 0.29 0.56
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Forage plus WCS uNDF240  1.79 31.93 4.37 <0.01 032 <0.01 <0.01 0.68 -105.7 0.11 0.21 0.66
Starch 6.93 6.79 1.45 <0.01 <0.01 0.02 <0.01 0.09 -38.3  0.07 0.20 0.58
NFC 10.0 6.16 1.06 <0.01 <0.01 0.02 <0.01 0.53 -725 0.14 0.30 0.58
Nonstarch NFC 3.08 16.07 2.55 <0.01 <0.01 <0.01 <0.01 0.90 -75.1 0.14 0.29 0.51

Table 2. Associations between production variables, diet composition, and nutrient intake with rumination time.

Predictor x parity denotes the interaction term between the predictor and parity, with parity included in the model as a 2-level categorical variable (primiparous
and multiparous).

2uNDF240 = undigested NDF 240 after hours of incubation (measured with near-infrared spectroscopy).

3WCS = whole cottonseed.
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Figure 1. Relationships between rumination time and selected production and dietary variables. Points
represent observed values and lines represent marginal predictions from mixed models. In panels A-D,
predictions are shown at DIM equal to the mean (gray), mean — 2 SD (gold), and mean + 2 SD (green),
and were restricted to the observed predictor range within each DIM stratum. In panels E-F, predictions
are shown for primiparous (black) and multiparous (red) cows.
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