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Resumen 

 

RESUMEN 

Los sistemas extensivos de producción de vacas nodrizas están expuestos a 

grandes variaciones en la disponibilidad y calidad de alimentos a lo largo del año. Esto 

puede verse agravado como consecuencia del cambio climático, ya que las alteraciones 

en temperatura y precipitaciones y una mayor frecuencia de fenómenos extremos 

pueden dar lugar a periodos de escasez de alimentos de manera más o menos repetida. 

En este contexto, se hace necesario la búsqueda de animales que afronten y se 

recuperen rápidamente de dichas restricciones, además de profundizar en el 

conocimiento de los mecanismos que desencadenan la respuesta adaptativa y los 

factores individuales de los que depende.  

El objetivo de la presente tesis fue evaluar la resiliencia en vacas nodrizas 

lactantes, para lo que se estudió su respuesta de adaptación ante periodos cortos e 

intensos de restricción-realimentación en diferentes meses de la lactación. Para ello se 

alimentaron 32 vacas con una dieta formulada para cubrir el 100% de sus necesidades 

energéticas y proteicas desde el parto hasta el cuarto mes postparto, exceptuando las 

fases de restricción, en las que la dieta cubrió solo el 55% de dichas necesidades. En 

el segundo, tercer y cuarto mes de lactación las vacas se sometieron a periodos cortos 

de restricción (4 días) y realimentación (4 días), y se evaluó la repercusión del mes de 

lactación sobre sus rendimientos y su metabolismo. En el cuarto mes de lactación se 

realizaron tres retos nutricionales consecutivos (4 días) con 3 días de recuperación, para 

evaluar una potencial habituación ante una perturbación repetida.  

Dada la elevada variabilidad individual, se agrupó a las vacas en función de su 

respuesta ante los cambios de dieta. Para ello se modelizaron las curvas de la 

producción de leche y la concentración plasmática de ácidos grasos no esterificados 

(NEFA) y β-hidroxibutirato (BHB) en las vacas sometidas a la restricción-realimentación 

en los tres meses de lactación y también en los tres retos consecutivos. De estas curvas 

se obtuvieron nuevas variables, a partir de las cuales se identificaron dos perfiles de 

respuesta metabólica: alta y baja.  

Las vacas del grupo de alta respuesta metabólica tuvieron mayor producción de 

leche, concentración plasmática de NEFA y BHB y respondieron más intensamente a la 

restricción, lo que indicaría una mayor movilización lipídica, que las de baja respuesta. 

Esto sugiere que la respuesta fue impulsada por el potencial lechero de las vacas y que, 

a pesar de su mayor producción de leche, las primeras fueron capaces de activar las 

vías metabólicas adecuadas para responder y recuperarse del desafío. En los retos 

repetidos, las vacas del grupo de alta respuesta tuvieron mayor producción de leche, 
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con respuesta más rápida ante cambios en la dieta, y mayor concentración de NEFA y 

BHB en los dos primeros retos que las vacas de baja respuesta metabólica.  

El mes de lactación afectó a todos los parámetros evaluados, observándose una 

disminución tanto en la producción de leche como en las concentraciones basales 

(previas a los retos) de algunos metabolitos plasmáticos a medida que avanzaba la 

lactación. En la mayoría de los parámetros el efecto de la restricción dependió del mes 

de lactación. En cuanto a la leche, la restricción alimenticia indujo una pérdida de 

producción, disminución del contenido en proteína y aumento de la urea, de diferente 

magnitud en los distintos meses. Las concentraciones plasmáticas de NEFA 

aumentaron con la restricción en los tres meses, mientras que las de BHB y urea sólo 

aumentaron en el mes 4, y recuperaron sus valores basales durante la realimentación. 

A pesar del escaso efecto en la cantidad de grasa de la leche, la restricción afectó a su 

composición en ácidos grasos. Se observó una disminución inmediata de los ácidos 

grasos saturados, de novo (C4 a C15:1) y mixtos (C16:0+C16:1), mientras que los 

ácidos grasos mono-, poli-insaturados y de movilización (>C17:0) aumentaron durante 

la restricción. Los cambios se revirtieron inmediatamente durante la realimentación. 

Estos cambios se correlacionaron estrechamente con las diferencias en el balance 

energético y la concentración plasmática de NEFA. 

En cuanto a la respuesta ante los retos repetidos, la restricción disminuyó la 

producción de leche en mayor proporción tras el primer reto, mientras que la urea de la 

leche respondió por igual en todas las repeticiones, sin afectar de manera clara al resto 

de los componentes de la leche. Las concentraciones plasmáticas de NEFA, BHB (solo 

en las vacas de alta respuesta) y urea se incrementaron en los tres retos de manera 

similar durante la restricción. Al final del experimento, las vacas recuperaron los valores 

basales en todos los casos. 

Estos resultados sugieren que las vacas de carne utilizan diferentes estrategias 

de adaptación para hacer frente a los retos nutricionales a medida que avanza la 

lactación, predominando la movilización de la grasa corporal al inicio y el catabolismo 

proteico en etapas posteriores. La respuesta metabólica no difirió entre retos repetidos, 

sin observarse signos de habituación ni de sensibilización. La identificación de vacas 

con diferentes perfiles de respuesta metabólica ante una reducción en el aporte de 

nutrientes puede ser útil tanto para la toma de decisiones en la explotación, como para 

la selección de animales más resilientes ante las variaciones en la disponibilidad de 

recursos alimenticios. 
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SUMMARY 

Extensive suckler cow production systems are exposed to large variations in feed 

availability and quality throughout the year. This can be exacerbated as a consequence 

of climate change, because alterations in temperature and precipitation and a higher 

frequency of extreme events can lead to more or less repeated periods of feed shortage. 

In this context, it is necessary to identify animals that cope with and recover quickly from 

restrictions, as well as to determine the mechanisms that trigger this response and the 

individual factors on which it depends.  

The aim of the present thesis was to evaluate resilience in lactating beef suckler 

cows, by analyzing their adaptive response to short and intense periods of restriction-

refeeding in different months of lactation. For this purpose, 32 cows were fed a diet 

formulated to meet 100% of their energy and protein requirements from calving until the 

fourth month postpartum, except for the restriction periods, when the diet only met 55% 

of these requirements. In the second, third, and fourth months of lactation, cows were 

subjected to short periods of restriction (4 days) and refeeding (4 days), where the impact 

of the month of lactation on their productive performances and metabolism was 

evaluated. In the fourth month of lactation, three repeated nutritional challenges (4 days) 

with 3 days of recovery were performed to evaluate the potential habituation response 

to repeated disturbances.  

Given the high individual variability, cows were grouped according to their 

response to dietary changes. The curves of milk yield and plasma concentration of 

nonesterified fatty acids (NEFA) and β-hydroxybutyrate (BHB) were modeled in the cows 

in response to feed restriction-refeeding both in the three months of lactation and during 

the three repeated challenges. New variables were obtained from these curves, from 

which two metabolic response profiles were identified: high and low.  

Cows in the high metabolic response cluster had higher milk yield, NEFA, and BHB 

plasma concentration and responded more intensely to restriction, which would indicate 

a greater lipid mobilization, than those in the low metabolic response cluster. This 

suggests that the response was driven by the cows’ milk potential and that, despite their 

higher milk yield, the former were able to activate the suitable metabolic pathways to 

respond to and recover from the challenge. During the repeated challenges, cows in the 

high metabolic response cluster had higher milk yield and responded more quickly to the 

diet, and also had higher concentrations of NEFA and BHB on the first two challenges 

than their counterparts of the low metabolic response cluster. 
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The month of lactation affected all the studied traits, a reduction in both milk yield 

and basal (pre-challenge) concentrations of some plasma metabolites being observed 

as lactation progressed. In most parameters, the effect of restriction depended on the 

month of lactation. Feed restriction induced a loss of milk yield, a decrease in protein 

and an increase in urea milk content, of different magnitude in the different months. 

Plasma concentrations of NEFA increased with restriction in all three months, while those 

of BHB and urea increased only in month 4, and recovered their basal values during 

refeeding. Despite the minor effect on milk fat content, restriction affected the milk fatty 

acid composition. An immediate decrease in saturated, de novo (C4 to C15:1) and mixed 

(C16:0+C16:1) fatty acid was observed, whereas mono-, poly-unsaturated and 

mobilization (>C17:0) fatty acid increased during restriction. The changes were 

immediately reversed during refeeding. These changes correlated closely with 

differences in energy balance and plasma NEFA concentration. 

Regarding the response to repeated challenges, restriction decreased milk yield in 

a greater proportion after the first challenge, while milk urea responded similarly across 

all repetitions, with no clear effect on the rest of the milk components. Plasma 

concentrations of NEFA, BHB (only in the high metabolic response cows), and urea 

increased in the three challenges similarly during restriction. At the end of the 

experiment, cows recovered basal values in all cases. 

These results suggest that beef cows use different adaptive strategies to cope with 

nutritional challenges as lactation progresses, with body fat mobilization predominating 

at the beginning and protein catabolism at later stages. The metabolic response did not 

differ between consecutive challenges, with no signs of habituation or sensitization to 

repeated exposure. The identification of cows with different metabolic response profiles 

to a reduced nutrient supply may be useful both to support decision making at the herd 

level and for the selection of animals which are resilient to variations in the availability of 

feed resources. 
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1.1. La producción de vacuno de carne 

1.1.1. Sistema productivo y manejo general 

España se sitúa como el cuarto país en importancia en la Unión Europea en 

cuanto a la producción de vacuno de carne, detrás de Francia, Alemania e Irlanda, 

aportando el 8% del censo bovino y el 10% de la carne de vacuno producida (700 mil 

toneladas). Este sector representó a escala nacional alrededor del 5,7% de la 

Producción Final Agraria y el 15,3% de la Producción Final Ganadera en 2021, con un 

censo de 6.576.296 cabezas, distribuidas en 144.540 explotaciones (MAPA, 2022). 

La producción de vacuno de carne está conformada por dos subsectores: el de 

la vaca nodriza y el del cebo de terneros, los cuales son complementarios pero que 

presentan localizaciones y modelos de producción diferentes. Además de su 

importancia económica, el sector vacuno de carne tiene un relevante impacto social y 

ambiental. Las explotaciones de vacas nodrizas por lo general se encuentran en zonas 

desfavorecidas, por lo que esta actividad contribuye a generar empleo y a fijar población 

en el medio rural. Su desarrollo en sistemas extensivos o semi-extensivos permite el 

aprovechamiento de recursos naturales pastables, así como mantener la diversidad 

genética de la cabaña bovina con razas adaptadas a las condiciones climáticas y 

edafológicas de España (MAPA, 2021).  

Las vacas nodrizas se ubican principalmente en la dehesa y pastizales del oeste 

y suroeste, en la cornisa cantábrica y en zonas de montaña como los Pirineos (MAPA, 

2022). Su alimentación se basa principalmente en el aprovechamiento de forrajes ya 

sea directamente mediante pastoreo o por conservación de éstos para ser aportados en 

periodos de escasez. Estos recursos naturales dependen de varios factores como 

condiciones climáticas y las interacciones animal-planta-suelo, entre otras, que 

condicionan tanto su disponibilidad como su valor nutritivo. En particular, las zonas de 

montaña mediterráneas se caracterizan por sus marcadas diferencias estacionales, que 

se reflejan en el ciclo de crecimiento y la diversidad de las especies vegetales (Ruiz y 

Ruiz, 1986).  

Los sistemas ganaderos tradicionales de montaña han adaptado los 

movimientos de los rebaños al ciclo natural de crecimiento de los pastos, pasando de 

los prados cercanos a la explotación a los pastos de montaña (Oteros-Rozas et al., 

2013). El manejo de las vacas en estos sistemas de producción depende de la época 

del año, así durante la primavera las vacas se alimentan de los pastos producidos en 

media montaña y ascienden hacia los pastos en el puerto durante el verano. En otoño 

vuelven a zonas de media montaña y en invierno las vacas se estabulan (Blanco et al., 
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2008; Casasús et al., 2002; Sanz et al., 2001). En el caso de las vacas nodrizas 

estabuladas durante la invernada, el suministro de alimento durante esta fase se suele 

simplificar adoptando un régimen de alimentación en el cual todas las vacas en un 

mismo estado fisiológico reciben la misma dieta independientemente de sus requisitos 

individuales (Pullar y Rigby, 1993; Manninen et al., 2004), lo que puede dar lugar a 

diferencias en el balance energético (BE) individual (Bocquier y González-García, 2010). 

1.1.2. Uso de las reservas corporales en las vacas de cría 

En los sistemas extensivos, las vacas nodrizas no siempre se alimentan al nivel 

de sus necesidades teóricas a lo largo de su ciclo productivo, pasando por fases de 

movilización de reservas corporales durante los periodos de escasez de alimentos y 

recuperación de las mismas durante las épocas de abundancia de alimentos en el 

pastoreo. La continuidad de este sistema se basa en la capacidad de los animales para 

adaptarse a las limitaciones nutricionales durante periodos más o menos largos (Blanc 

et al., 2006). En ganado vacuno esto incluye la capacidad de mantener tanto los niveles 

productivos (homeostasis metabólica, mantenimiento del peso, producción lechera y 

crecimiento de las crías) como reproductivos (ciclicidad, fertilidad, etc.) (Colditz y Hine, 

2016).  

La respuesta productiva de los animales ante diferentes niveles de alimentación 

se ha evaluado en diversas etapas y estados fisiológicos en vacuno de carne en 

condiciones de montaña. Estos estudios recogen los efectos de diversos planos 

nutritivos durante la gestación temprana (Noya et al., 2020, 2019) o tardía (Sanz et al., 

2004), la lactación, los distintos periodos de recría de las novillas de reposición 

(Rodríguez-Sánchez et al., 2018, 2015), y las etapas de lactancia y cebo de los terneros 

criados para la producción de carne (Blanco et al., 2008), considerando siempre 

manejos alimenticios diferenciados durante periodos relativamente largos (al menos 3 

meses). En dichos trabajos se describen los efectos sobre el desarrollo, el estado de 

reservas corporales, los rendimientos productivos y el metabolismo de los animales, 

observándose con frecuencia una compensación entre los manejos y rendimientos en 

los distintos periodos del ciclo productivo (Casasús et al., 2002). 

En el contexto actual de cambio climático, la severidad y frecuencia de 

fenómenos meteorológicos extremos pueden afectar negativamente de forma directa o 

indirecta a los rendimientos, la salud y el bienestar animal (Lacetera, 2019). Entre los 

efectos directos del cambio climático están los asociados al aumento de la temperatura 

y la intensidad de las olas de calor que pueden causar alteraciones productivas, 

metabólicas, estrés oxidativo e inmunosupresión. Las repercusiones indirectas en los 
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sistemas ganaderos se asocian con cambios en la disponibilidad de los recursos 

alimenticios tanto en cantidad como en calidad (Deroche et al., 2020; Dumont et al., 

2015) y por ende, el aumento de la volatilidad de los precios de los insumos y los 

productos (Lacetera, 2019).  

Por lo tanto, ante este escenario de constantes cambios y desafíos se buscan 

animales que sean capaces de adaptarse a estas restricciones de alimento sin 

comprometer su rendimiento. Varios conceptos se han propuesto para definir la 

respuesta adaptativa de los animales: robustez, resiliencia, plasticidad, tolerancia son 

algunos de los términos usados para caracterizar animales en función de su capacidad 

para afrontar perturbaciones. Para König y May (2019), la resistencia, tolerancia y 

resiliencia son componentes de la robustez. La robustez es la capacidad de ajustar el 

rendimiento para la calidad media del entorno y, en particular, para adaptarse a entornos 

restrictivos mientras que la resiliencia es la capacidad del animal de recuperarse de 

una perturbación de corta duración (Friggens et al., 2022). Se considera que un animal 

es resiliente cuando tras verse afectado por una perturbación vuelve rápidamente a su 

estado original previo a la exposición (Colditz y Hine, 2016; Berghof et al., 2019). La 

plasticidad se define como la combinación de mecanismos fisiológicos con los cuales 

un animal hace frente a los desafíos del entorno (Friggens y Newbold, 2007), y puede 

mostrar propiedades de elasticidad y flexibilidad: La respuesta es elástica cuando la 

recuperación es completa y flexible cuando no se recupera plenamente el estado inicial 

(Blanc et al., 2010).  

Existe una gran variabilidad en la respuesta de los animales frente a una 

perturbación, su capacidad de adaptación a la misma y su recuperación al cesar dicha 

perturbación. Como indicador de esta resiliencia, se ha propuesto evaluar la diferencia 

entre el rendimiento potencial y el observado en condiciones alteradas ya sea de forma 

natural o inducida (Adriaens et al., 2021; Berghof et al., 2019; Codrea et al., 2011). Para 

estudiarla, en vacas y cabras lecheras se han propuesto ensayos con retos alimenticios 

cortos, que consistieron en fases de restricción y realimentación en distintas etapas de 

la lactación (Billa et al., 2020; Bjerre-Harpøth et al., 2012; Friggens et al., 2016). Uno de 

los métodos para evaluar este carácter es el modelizado de curvas de respuesta que se 

ha propuesto como una herramienta útil para cuantificar las perturbaciones tanto en el 

rendimiento del animal como en la variación individual. Sin embargo, este método ha 

sido utilizado principalmente en vacas de leche para medir la reacción ante 

perturbaciones (Barreto-Mendes et al., 2022; Ben Abdelkrim et al., 2021b), pero este 

enfoque no se ha utilizado en vacas nodrizas. 
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1.2. Adaptación de las vacas lactantes al déficit energético 

1.2.1. Inicio y mantenimiento de la lactación 

Tras la gestación y el parto, el inicio de la lactación exige la coordinación de 

varios procesos metabólicos y adaptaciones fisiológicas en distintos tejidos corporales 

para atender la gran demanda de nutrientes. Durante este proceso se desencadenan 

complejos mecanismos homeostáticos y homeorréticos para mantener un equilibrio 

fisiológico y reorganizar la distribución de los nutrientes (Bell, 1995). El control 

homeostático implica el mantenimiento del equilibrio fisiológico del animal mientras que 

la homeorresis es el control coordinado del metabolismo de los tejidos corporales 

necesarios para mantener un estado fisiológico (Bauman y Currie, 1980).  

Para garantizar un suministro adecuado de glucosa para apoyar la lactación, la 

regulación biológica implica una serie de cambios orquestados (Tabla 1) que incluyen el 

aumento de las tasas hepáticas de gluconeogénesis (Drackley et al., 2001), una 

reducción de la captación y el uso de la glucosa por el tejido adiposo y el músculo (van 

Knegsel et al., 2005), y un cambio en la oxidación de nutrientes de todo el cuerpo para 

que se utilice menos glucosa como fuente de energía. Para estimular la lipólisis y la 

gluconeogénesis entran en juego numerosas hormonas como la insulina, la hormona de 

crecimiento, el factor de crecimiento similar a la insulina I (IGF-1), las catecolaminas, las 

hormonas tiroideas, el cortisol, la leptina, etc., implicadas en los flujos de nutrientes entre 

los tejidos (Chilliard et al., 1998; Chilliard et al., 2000a; Rico y Razzaghi, 2023). 

Durante la etapa de transición, desde el último estadio de la gestación al inicio 

de la lactación, se produce un aumento muy rápido de la producción de leche. En esta 

fase la capacidad de ingestión es reducida, por lo que el aporte de nutrientes es limitado, 

dando lugar a un BE negativo (Drackley, 1999; Ingvartsen, 2006; Drackley y Cardoso, 

2014). En vacuno de leche, generalmente alimentado a voluntad, este desequilibrio es 

muy acusado porque tiene elevadas necesidades nutritivas por su gran producción 

lechera (Gross et al., 2011a). Este BE negativo también ocurre en vacuno de carne, 

aunque en menor medida porque si bien tiene menor producción de leche suele ser 

alimentado con dietas más restrictivas para reducir los costes de alimentación.  
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Tabla 1. Adaptaciones fisiológicas para favorecer la lactación en las vacas lecheras. 

Proceso o tejido de respuesta Respuesta 

Tejido mamario ↑ del número de células secretoras 

 ↑ del uso de nutrientes 

 ↑ del suministro de sangre 

Consumo de alimento ↑ cantidad 

Tracto digestivo ↑ del tamaño 

 ↑ de la capacidad de absorción 

 ↑ de la tasa de absorción de nutrientes 

Hígado ↑ del tamaño 

 ↑ de las tasas de gluconeogénesis 

 ↑ de la movilización de glucógeno 

 ↑ de la síntesis de proteínas 

Tejido adiposo ↓ de la síntesis de grasa de novo 

 ↓ de la captación de ácidos grasos preformados 

 ↓ de la re-esterificación de ácidos grasos 

 ↑ de la lipólisis 

Músculo esquelético ↓ de la utilización de la glucosa 

 ↓ de la síntesis de proteínas 

 ↑ de la degradación de las proteínas 

Hueso ↑ de la movilización de calcio y potasio 

Corazón ↑ del gasto cardiaco 

Hormonas plasmáticas ↓ de la insulina 

 ↑ de la somatotropina 

 ↑ de la prolactina 

 ↑ de los glucocorticoides 

 ↓ de triyodotironina (T3) y tiroxina (T4) 

 ↓ del IGF-1 

Fuente: (Bauman y Currie, 1980; Baumgard et al., 2017) 

La capacidad que tiene el animal para adaptarse a los períodos de BE negativo 

depende de la activación de ciertos mecanismos endócrinos y metabólicos que ayudan 

a mantener la homeostasis (Chilliard et al., 1998). A nivel productivo uno de los efectos 

principales del BE negativo causado por una restricción alimentaria es una reducción en 

la producción de leche (Gross et al., 2011a; Leduc et al., 2021). Además, un BE negativo 

severo está relacionado con un mayor riesgo de trastornos metabólicos (Drackley, 1999) 
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así como con repercusiones negativas en reproducción y la fertilidad (Diskin et al., 2003; 

Sanz et al., 2004). 

Ante situaciones de escasez de nutrientes se produce un reparto de los mismos 

hacia las distintas funciones productivas, conforme a las prioridades que dependen tanto 

del estado fisiológico como de la variabilidad individual de los animales (Friggens et al., 

2013; Ollion et al., 2016), lo cual se refleja en diferentes estrategias metabólicas para 

hacer frente al desafío nutricional. Diversos estudios también han analizado los 

mecanismos y plazos para la recuperación de la normalidad cuando la restricción 

termina y los animales vuelven a alimentarse de acuerdo a sus necesidades (Agenäs et 

al., 2003; Bjerre-Harpøth et al., 2012; Gross et al., 2011a). 

1.2.2. Metabolismo energético y proteico 

La adaptación de los rumiantes a periodos de subnutrición implica numerosos 

cambios a nivel digestivo, metabólico, endocrino, etc., que se resumen en la Figura 1. 

Para hacer frente a la escasez de alimento se desencadenan regulaciones endocrinas 

que favorecen la movilización de reservas y el ahorro de glucosa, con una disminución 

de la insulina, IGF-1, leptina, glucagón y prolactinas; y un incremento de hormona de 

crecimiento, progesterona y cortisol (Leduc et al., 2021). Una vez instaurados estos 

mecanismos de ahorro de metabolitos limitantes, se produciría una reducción del 

metabolismo básico y del gasto ligado a la actividad (Blanc et al., 2006).  

En cuanto a la movilización de las reservas corporales como fuente de 

energía, ésta se produce principalmente a partir de grasa corporal y en menor grado de 

proteína muscular (Chilliard et al., 2000a, 1998; van der Drift et al., 2012). En estos 

procesos, el hígado juega un papel clave en la coordinación del flujo de nutrientes, 

mediante la regulación de la oxidación de los ácidos grasos, la gluconeogénesis y de la 

síntesis de triglicéridos (Drackley et al., 2001; Wathes et al., 2021).  

El tejido adiposo es la reserva energética principal del cuerpo. Durante los 

periodos de BE negativo los triglicéridos almacenados en el tejido adiposo son 

hidrolizados por las lipasas en forma de glicerol y de ácidos grasos no esterificados 

(NEFA, por su siglas en inglés), que son liberados a la circulación (Kuhla et al., 2016). 

Los NEFA pueden ser utilizados directamente como fuente de combustible por tejidos 

como el músculo, utilizados para la síntesis de grasa láctea por la glándula mamaria, o 

procesados por el hígado. Allí pueden oxidarse completamente para proporcionar 

energía, o solo parcialmente para producir cuerpos cetónicos como la acetona, ácido 

acetoacético y β-hidroxibutirato (BHB, por sus siglas en inglés), que actúan como 
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combustible alternativo para tejidos como el cerebro y el corazón (Herdt, 2000; McArt et 

al., 2013).  

La movilización de tejido adiposo varía de acuerdo a la severidad de la 

subnutrición tanto en nivel como en duración de la misma, así como de las reservas 

iniciales (Chilliard et al., 2000a). Uno de los indicadores de la movilización de reservas 

corporales de tejido adiposo es la medida de la condición corporal (CC).  

 

Figura 1. Adaptaciones metabólicas y endocrinas a la subnutrición en rumiantes. AGV: 

ácidos grasos volátiles, AA: Aminoácidos, NEFA: Ácidos grasos no esterificados (siglas 

en inglés). Fuente: adaptado de Chilliard et al. (1998). 

Durante periodos de BE negativo también puede existir un proceso de 

catabolismo proteico con el fin de movilizar aminoácidos que contribuyan a la 

gluconeogénesis hepática y a la síntesis de proteína láctea en la glándula mamaria 

(Bauman, 2000). Los aminoácidos se utilizan principalmente para la síntesis de 

proteínas, pero también se metabolizan para obtener energía como fuentes de carbono 

para la síntesis de glucosa (Herdt, 2000). Este fenómeno se da especialmente al inicio 

de la lactación (Sadri et al., 2023), y supone un aporte energético limitado en relación a 

la movilización de grasa. Así, las vacas restringidas con buena CC pueden llegar a 

movilizar el 75% de sus reservas de grasa y el 22% de sus reservas de proteína durante 

la lactación (Chilliard, 1999). En el mismo sentido, las vacas lactantes movilizaron 54 kg 

de lípidos y 21 kg de proteína en las 5 primeras semanas de lactación, y 18 kg más de 
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lípidos sin más pérdida de proteína hasta la semana 12 (Komaragiri y Erdman, 1997). 

Estos cambios expresados en unidades de energía corporal suponen que el 93% de 

pérdidas son debidas a la grasa y el 7% a la proteína. 

1.2.3. Factores que condicionan la respuesta ante un balance energético 

negativo 

Los mecanismos biológicos involucrados en la adaptación ante un BE negativo, 

bien sea de origen natural o causado por una restricción alimentaria, pueden estar 

condicionados por diversos factores.  

Por un lado, los mecanismos adaptativos pueden diferir entre animales de 

distintas razas u orientación productiva. El ganado vacuno de leche y el de carne 

difieren en la regulación endocrina de la partición de nutrientes debido principalmente a 

sus diferencias en el potencial lechero y la acumulación de masa corporal (Pareek et al., 

2007). El vacuno de leche tiene elevada producción lechera y menor tasa de 

crecimiento, mientras que en el vacuno de carne ocurre a la inversa (Sapkota et al., 

2020), lo cual puede generar diferentes respuestas adaptativas (Blanc et al., 2006). En 

vacuno de leche se ha analizado la respuesta ante restricciones alimentarias en 

lactación tanto a largo (Hervé et al., 2019; Vanbergue et al., 2018) como a corto plazo 

(Ferraretto et al., 2014; Kvidera et al., 2017), analizando también la respuesta tras la 

realimentación (Abdelatty et al., 2017; Bjerre-Harpøth et al., 2012; Gross et al., 2011a). 

En el vacuno de carne los estudios son menos abundantes y se han desarrollado sobre 

todo en el largo plazo (De La Torre et al., 2015; Fiems et al., 2009; Martin et al., 2022). 

La respuesta adaptativa puede depender también del tipo de restricción 

alimentaria, que según Leduc et al. (2021) puede ser: cuantitativa si se limita la cantidad 

de alimento, o cualitativa cuando disminuye la densidad nutritiva de la ración, donde se 

pueden utilizar dietas bajas en energía o en proteína. En función de la intensidad o 

severidad de la restricción y de su duración, los mismos autores consideran que si ésta 

es mayor al 50% y con una duración de menos de una semana se puede considerar 

severa, mientras que una restricción menor al 50% es moderada.  

La etapa de la lactación en que ocurre la restricción juega un papel fundamental 

en las diferentes estrategias que los animales emplean para enfrentarse a los periodos 

de restricción y realimentación (Bjerre-Harpøth et al., 2012; Gross et al., 2011a). Aunque 

las vacas tengan un BE similar y estén en la misma etapa de lactación pueden diferir en 

su estado metabólico, resultando en variaciones individuales en la respuesta (Kessel et 

al., 2008).  
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Existe una gran variabilidad individual en la respuesta a un BE negativo, 

parcialmente explicada por factores genéticos que influyen en la movilización de grasa 

y la partición de nutrientes (Friggens y Newbold, 2007). La resiliencia estaría 

condicionada por este componente genético: Berghof et al. (2019) indican que una 

mayor resiliencia se correlaciona genéticamente con menor producción de leche, mejor 

estado sanitario de la ubre y mayor longevidad. Para evaluar esta variabilidad individual 

se han modelizado las curvas de producción de leche y otros parámetros biológicos con 

el fin de medir la adaptación fisiológica en periodos de estrés (Kessel et al., 2008). Ante 

este abanico de respuesta individuales, agrupar los animales en función de la forma, la 

dinámica y el momento en que responden a un desafío y cómo se recuperan de este, 

podría ser interesante para simplificar ciertas prácticas de manejo (Barreto-Mendes et 

al., 2022; Ben Abdelkrim et al., 2023, 2021a). En vacuno de leche, se ha clasificado a 

los animales según su rendimiento productivo y metabólico (de Koster et al., 2019; 

Heirbaut et al., 2022; Tremblay et al., 2018), indicando que identificar vacas con perfiles 

productivos similares facilitaba la toma de decisiones a nivel de rebaño. Por lo tanto, 

realizar un agrupamiento de animales con pautas de respuesta similares podría ser 

interesante para aplicar manejos específicos en función de estos perfiles.  

 La mayoría de los estudios de restricción han valorado el efecto de un solo reto 

o de retos espaciados entre sí, efectuados en distintos momentos. Sin embargo, es 

posible que ante desafíos nutricionales repetidos de manera consecutiva se activen 

mecanismos adaptativos que permitan al animal habituarse a la perturbación recurrente. 

La habituación se entiende como la disminución de la capacidad de respuesta a un 

estímulo como resultado de una exposición repetida (Alvarenga et al., 2023). En ganado 

vacuno se ha analizado la respuesta de habituación a cambios de manejo (Veissier et 

al., 2001) o de dieta (Rauch et al., 2021). Ante desafíos repetidos de acidosis ruminal, 

se ha descrito un efecto acumulativo en el que la respuesta empeora en los retos 

sucesivos Dohme et al. (2008), mientras que se ha observado el efecto contrario, una 

mitigación ante sucesivas repeticiones Nagata et al. (2018). En aspectos de 

comportamiento, Schütz y Cox (2014) no observaron un mayor efecto a la exposición 

repetida a diferentes tipos de revestimiento de suelo, mientras que Stockman et al. 

(2011) analizando el estrés de terneros durante el transporte describen una respuesta 

atemperada tras varios viajes sucesivos. 
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1.2.4. Efecto de un balance energético negativo sobre la producción y 

composición de la leche 

El uso de nutrientes para la síntesis de la leche requiere una regulación integrada 

del metabolismo de la glándula mamaria y otros tejidos corporales (Bauman, 2000), 

siguiendo una jerarquía de la distribución de nutrientes donde la galactogénesis es 

prioritaria (Baumgard et al., 2017). En vacuno de leche, su producción lechera al inicio 

de la lactación está relacionada con la magnitud de la utilización de las reservas 

corporales durante la fase de BE negativo. La movilización de grasa corporal podría 

aportar más de un tercio de la leche producida durante el primer mes de lactación 

(Bauman y Currie, 1980). En las vacas nodrizas, su potencial lechero depende de la 

genética, optimizado por ciertas prácticas de manejo, pero la producción real está 

regulada por el amamantamiento de la cría (frecuencia e intensidad) (Sepchat et al., 

2017). Por ello, la curva de lactación de vacuno de carne es algo diferente a la del 

vacuno de leche (Sapkota et al., 2020), dada la diferente evolución en el tiempo de los 

aportes y necesidades nutricionales.  

Mecanismos de acción 

Durante la lactación temprana la glándula mamaria tiene una alta tasa metabólica 

y, por lo tanto, al enfrentarse a periodos de restricción alimentaria la glándula mamaria 

debe adaptarse. Las bajas concentraciones de glucosa e insulina en plasma durante el 

BE negativo podrían reflejar la alta prioridad de la glándula mamaria para la glucosa 

(Bauman, 2000). Esta priorización está bajo un control genético, regulado por 

mecanismos homeostáticos y homeorréticos tal y como se ha explicado anteriormente 

(Bauman y Currie, 1980; Friggens y Newbold, 2007). Ante una restricción energética en 

lactación puede modificarse la actividad secretora y/o el número de células secretoras 

de la glándula mamaria y a su actividad enzimática, sin observarse deformaciones 

permanentes (Boutinaud et al., 2019; Hervé et al., 2019). 

Efecto sobre la producción de leche 

En una revisión reciente sobre los efectos de la restricción nutricional en vacuno 

de leche, Leduc et al. (2021) describieron un amplio rango de reducción en la 

producción de leche en distintos estudios (-7% a -71%). El efecto dependería de la 

duración e intensidad de la restricción, así como de la etapa de lactación. La producción 

de leche puede volver a su rendimiento normal una vez que los animales regresan a su 

dieta estándar, en un plazo de tiempo que también estaría condicionado por la duración 

e intensidad de la restricción previa. Así con una restricción de la alimentación de 5 días 
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al 50% (Billa et al., 2020) o 4 días al 60% (Bjerre-Harpøth et al., 2012) la producción de 

leche puede volver a los valores basales dentro de los 8 días tras finalizar la restricción.  

La producción de leche ha sido un parámetro menos estudiado en vacas de 

carne, dado que no se mide directamente de manera habitual. La producción de leche 

en vacas nodrizas aumenta lentamente después del parto hasta alcanzar un pico 

máximo entre el primer y tercer mes de lactación. Este pico es más tardío que en vacas 

de leche (Sapkota et al., 2020; Sepchat et al., 2017), ya que depende del equilibrio entre 

la capacidad de ingestión del ternero y el potencial de producción de la vaca. Trabajos 

previos en vacas de raza Parda de Montaña reportan datos de la producción de leche y 

calidad de leche, y de su relación con el nivel de alimentación de las vacas (Alvarez-

Rodríguez et al., 2010; Cortés-Lacruz et al., 2017; Dervishi et al., 2017). Las vacas de 

raza Charolesa tuvieron una pérdida de leche de -12% con una restricción alimentaria 

del 50% aplicada durante 4 ó 10 días, independientemente de la duración de la 

restricción, aunque el tiempo de recuperación tras la realimentación fue más largo 

cuando la restricción fue más prolongada (De La Torre et al., 2022).  

El efecto de la restricción puede depender de la etapa de la lactación en la que 

se aplica, tal y como se ha mencionado con anterioridad. Según Adriaens et al. (2021), 

los efectos de la restricción son más severos cuando la perturbación ocurre al principio 

o a la mitad de la lactación, se desarrollan más rápido y se recuperan más lentamente 

que en las etapas posteriores de la lactación. Sin embargo, otros estudios no 

encontraron diferencias en la pérdida de producción, en torno al -30 % de los valores 

previos al desafío, en la lactación temprana, media y tardía (Bjerre-Harpøth et al., 2012) 

o en su recuperación durante la realimentación (Codrea et al., 2011). Según Elgerma et 

al. (2018), las vacas lecheras con menos fluctuaciones en la producción de leche bajo 

perturbaciones naturales son más resistentes, ya que una menor variación en el 

rendimiento se correlaciona genéticamente con una mejor salud y longevidad. Dado que 

las curvas de lactación difieren entre el vacuno de leche, con 305 días en lactación, y el 

vacuno de carne, con destetes más tempranos (Grossman y Koops, 2003; Dematawewa 

et al., 2007; Blanco et al., 2009), el efecto de la restricción según la etapa de lactación 

podría ser diferente entre ambos tipos de ganado. 

Efecto sobre la composición de la leche 

La literatura refiere resultados heterogéneos respecto a los efectos de una 

restricción nutricional sobre los principales componentes de la leche. El contenido de 

grasa está influido por la dieta (Bauman y Griinari, 2003), la fase de lactación y el 

potencial genético (Bauman y Griinari, 2003; Rico y Razzaghi, 2023). Ante una 
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restricción energética, Leduc et al. (2021) describen un amplio rango de variación de 

este parámetro (+6% a +129%), ya que los NEFA liberados en la lipomovilización 

pueden ser oxidados en el hígado o incorporarse directamente a la grasa de la leche, 

siendo este efecto más intenso bajo una restricción severa.  

Otros componentes de la leche podrían verse afectados, aunque en menor 

medida. Leduc et al. (2021) señalaron que la restricción provoca una disminución en el 

contenido de proteína (-3% a -17%) y de lactosa (-2% a -20%) y un aumento del conteo 

de células somáticas, mientras que la urea presenta un comportamiento muy variable. 

La proteína de la leche parece verse afectada tanto por la energía como por la proteína 

de la dieta. Con dietas con alto contenido proteico aumentaría la producción de leche y 

su contenido en proteína y urea (Broderick, 2003). Ante un déficit energético, se reduce 

la producción de leche y su tasa proteica, pero la urea incrementa en respuesta a la 

menor necesidad de aminoácidos para una menor secreción de leche (Bittante, 2022; 

Broderick, 2003).  

Ante una restricción del 50%, Gross et al. (2011a) no encontraron diferencias en 

el contenido de grasa en leche pero sí una reducción en el contenido de proteína, 

mientras que Bjerre-Harpøth et al. (2012) reportaron un aumento en la grasa y una 

disminución de la proteína de la leche durante la restricción, que en ambos casos 

regresarían a sus valores normales dentro de 3 - 4 días tras finalizar la restricción. 

Adicionalmente, en este último estudio se observó un efecto de la etapa de lactación 

sobre la respuesta de la proteína de la leche a la restricción, que disminuyó durante en 

lactación temprana y media pero no en la lactación tardía.  

El contenido de lactosa en la leche se mantiene constante a lo largo de la 

lactación y casi no se ve afectado por la escasez de energía (Gross et al., 2011a). La 

lactosa es un componente altamente osmótico, que regula el volumen de leche 

producido, cuyo principal precursor es la glucosa (Guinard-Flament et al., 2006). Por 

otro lado los cambios en el conteo de células somáticas estaría más bien asociado a la 

pérdida de integridad del epitelio mamario (Leduc et al., 2021). 

En los últimos años, se han examinado diversos componentes de la leche como 

indicadores no invasivos del estado nutricional de vacas lecheras (Gross y Bruckmaier, 

2019; Billa et al., 2020; Pires et al., 2022) ya que pueden medirse de forma sencilla a 

partir de muestras diarias de leche que se recogen y analizan rutinariamente en las 

máquinas de ordeño (Mäntysaari et al., 2019). Entre dichos indicadores, el perfil de 

ácidos grasos de la leche puede reflejar el estado metabólico de los animales, por lo 

que en vacas lecheras se han propuesto como marcadores potenciales para 
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diagnosticar un BE negativo (Dórea et al., 2017; Khiaosa-ard et al., 2020; Mann et al., 

2016). Los ácidos grasos de la leche pueden originarse a partir de 4 vías principales: 

directamente de la dieta, por la síntesis de novo en la glándula mamaria, por la formación 

en el rumen por biohidrogenación o por la degradación bacteriana y liberación de las 

reservas de grasa corporal (Chilliard et al., 2000b). Grummer (1991) sugiere que los 

ácidos grasos C4:0 a C14:0, y aproximadamente la mitad de los C16:0 de la leche se 

sintetizan de novo en la glándula mamaria, mientras que el resto de los C16:0 y todos 

los ácidos grasos de cadena larga derivan de la captación mamaria de triglicéridos y 

NEFA circulantes, ácidos grasos preformados procedentes de la movilización del tejido 

adiposo (Chilliard et al., 2000a; Palmquist, 2009).  

Los efectos de una restricción nutricional pueden reflejarse en una disminución 

de los ácidos grasos de novo, y en incrementos de los ácidos grasos preformados, 

especialmente C17:1 cis-9, C18:0 y C18:1 cis-9 derivados de la movilización de grasa 

corporal y efectos variables en los ácidos grasos de origen mixto (C16:0) (Billa et al., 

2020; Gross et al., 2011b). Cuando los animales vuelven a su dieta habitual, la mayoría 

de estos cambios desaparecen a los 4 días (Gross et al., 2011b). Según Churakov et al. 

(2021) el contenido de C18:1 cis-9 en la leche podría considerarse incluso mejor 

indicador de un BE negativo que las concentraciones plasmáticas de NEFA y BHB. 

Adicionalmente se propone el uso de ratios entre los ácidos grasos de novo y los 

preformados, como el ratio C18:1 cis-9/C15:0, como potencial indicador del diagnóstico 

de cetosis en vacas lecheras (Jorjong et al., 2014), o el ratio C17:0/C15:0, que podría 

estar relacionado con una mayor movilización de grasa (Dórea et al., 2017). 

1.2.5. Indicadores plasmáticos de un balance energético negativo 

Ciertos metabolitos plasmáticos implicados en las rutas metabólicas se han 

utilizado como herramienta para el estudio y diagnóstico del estado nutricional y de la 

respuesta del animal a los cambios de dieta (Chilliard et al., 1998; Agenäs et al., 2003; 

Puppel y Kuczyńska, 2016).  

La glucosa, asociada al metabolismo energético, tiene un rol central durante la 

lactación porque su absorción por la glándula mamaria es esencial para la síntesis de 

lactosa de la leche (Bell y Bauman, 1997). Su utilización en tejidos y órganos durante la 

lactación está regulada por las hormonas pancreáticas, insulina y glucagón (Drackley et 

al., 2001), siendo la insulina un mediador para mantener el equilibrio metabólico frente 

a variaciones a corto plazo en el suministro y la demanda de nutrientes. Por ejemplo 

interviene en el hígado (inhibición de la gluconeogénesis), tejido adiposo (síntesis de 

grasa), músculo esquelético (captación de glucosa) y cuerpo entero (oxidación de 
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glucosa) (Bauman, 2000). Sin embargo, Pareek et al. (2007) observaron que las 

concentraciones plasmáticas de insulina pueden ser más altas en vacas de carne en 

comparación con las vacas lecheras. Pese a las variaciones de la glucosa observadas 

durante una restricción alimenticia (-31% y +5%), la glucosa sería considerada un 

indicador pobre del estado nutricional (Leduc et al., 2021). Su variación estaría 

determinada básicamente por la intensidad de la restricción, ya que con una subnutrición 

moderada (≤ 50%) el contenido de glucosa permanecería estable (Hervé et al., 2019; 

Laeger et al., 2012). 

Las concentraciones de NEFA y BHB en plasma son indicadores de la 

movilización de las reservas de grasa corporal, que es la primera respuesta para cubrir 

el déficit energético durante un período de BE negativo (Overton y Waldron, 2004). En 

caso de restricción severa, debido a la llegada masiva de NEFA al hígado, éste es 

incapaz de oxidarlos por completo, resultando en la formación de cuerpos cetónicos 

como el BHB. Leduc et al. (2021) reportaron que la mayoría de los estudios de restricción 

nutricional en vacas de leche, la concentración de NEFA en plasma puede 

incrementarse en un amplio rango (+14% a +3475%) mientras que el BHB puede 

incrementar, pero en menor magnitud (+26% a +721%) y con mayor efecto en etapas 

tempranas de la lactación. Las concentraciones plasmáticas de ambos metabolitos 

tienen una respuesta inmediata a la realimentación, ya que pueden volver a sus valores 

iniciales dentro de las 24-48 h posteriores a la restricción (Billa et al., 2020; Bjerre-

Harpøth et al., 2012).  

El contenido plasmático de urea refleja el estado proteico del animal (Caldeira 

et al., 2007), ya que el nitrógeno ureico en sangre es el principal producto final del 

metabolismo del nitrógeno en los rumiantes, y sus altas concentraciones son indicativas 

de una utilización ineficiente del nitrógeno dietético (Nousiainen et al., 2004). La urea 

plasmática está influenciada por una gran variedad de parámetros interrelacionados, 

como la ingesta de proteínas, su composición de aminoácidos, la cantidad de 

carbohidratos y el catabolismo del tejido muscular (DePeters y Ferguson, 1992; Bell, 

1995). La urea se forma principalmente en el hígado, y luego se transporta en el plasma 

sanguíneo y llega a otros fluidos en el cuerpo, como la leche (Spek et al., 2013; Van 

Saun, 2006), existiendo una alta correlación entre las concentraciones de urea en 

sangre y leche (Bastin et al., 2009; Kessler et al., 2020).  
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Diversos metabolitos, entre ellos el malondialdehido (MDA), son biomarcadores 

del estado oxidativo, que se produce durante períodos de alta demanda metabólica. Los 

efectos adversos del BE negativo durante el periodo de transición se han relacionado 

con los efectos proinflamatorios de los ácidos grasos liberados durante la lipólisis masiva 

al principio de la lactación (Castillo et al., 2006; Sordillo y Aitken, 2009). El exceso de 

lípidos circulantes y el bajo estado antioxidante se asocian a este proceso, que ocurre 

cuando los radicales libres provocan reacciones en cadena, originando especies 

reactivas del oxígeno (ROS) que favorecen la inflamación (Bradford et al., 2015). Estas 

sustancias aumentan durante la última semana de gestación y hasta un máximo en el 

primer mes postparto, y se relacionan con las concentraciones plasmáticas de NEFA y 

BHB (Bernabucci et al., 2005).  

De acuerdo con todo lo descrito, podemos concluir que cuando las vacas se 

enfrentan a una perturbación nutricional ocurren numerosos cambios a nivel fisiológico, 

metabólico y productivo con el fin de sobrellevar tal desafío. Estos efectos han sido 

evaluados con diferentes métodos, especialmente en el ganado vacuno de leche, pero 

la información en vacas nodrizas es escasa, y la respuesta podría ser diferente.  
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El objetivo principal de esta tesis doctoral fue estudiar los factores que influyen 

en la resiliencia (capacidad de respuesta productiva ante perturbaciones ambientales) 

a escala del animal en sistemas producción de vacuno de carne. Para abordar este 

objetivo general se plantearon los siguientes objetivos parciales: 

• Analizar los factores fisiológicos y metabólicos ligados al animal que influyen en 

su capacidad de respuesta, o resiliencia durante la restricción-realimentación.  

• Determinar la repercusión de una restricción energética y proteica y posterior 

realimentación en diferentes momentos de la lactación sobre el metabolismo y 

los rendimientos productivos de las vacas nodrizas, con el fin de determinar los 

mecanismos mediadores de la respuesta adaptativa.  

• Evaluar el efecto de una restricción energética y proteica repetida y posterior 

realimentación como indicador de habituación ante una exposición continua. 

• Encontrar biomarcadores que permitan la identificación de los animales más 

aptos para desenvolverse en ante una perturbación de tipo nutricional.  
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El Comité de Ética Animal del Centro de Investigación aprobó los procedimientos 

experimentales (protocolo n.º CEEA- 03-2018-01), que siguieron las directrices de la 

Directiva de la UE 2010/63 relativa a la protección de los animales utilizados para 

experimentación y otros fines específicos (EU, 2010). Los experimentos se desarrollaron 

en la Finca Experimental de la Garcipollera perteneciente al Centro de Investigación y 

Tecnología Agroalimentaria de Aragón (CITA). La finca se ubica en Béscos de la 

Garcipollera (Jaca, 42°37’ N, 0°30’ O), a 945 m de altitud, y presenta una temperatura 

media de 10,2 ºC y precipitación anual de 1059 mm.  

3.1. Manejo de las vacas y terneros  

Para este experimento se utilizaron 32 vacas multíparas de raza Parda de 

Montaña (7,5 ± 2,91 años) y sus terneros, siendo una pareja retirada del estudio debido 

a una lesión física. Las vacas se distribuyeron tras el parto de forma aleatoria en corrales 

(7 u 8 vacas/corral, 10 x 20 m) equipados con comederos individuales para el forraje y 

estaciones automáticas de distribución de pienso ALPRO (DeLaval, Tumba, Suecia). 

Los terneros se alojaron en cubículos, adyacentes a los parques de sus madres, con 

cama de paja y se les permitió mamar de sus madres dos veces al día durante 

aproximadamente 30 minutos a las 06:00 y a las 14:00. 

Desde el parto hasta el inicio del experimento todas las vacas fueron alimentadas 

con la misma dieta calculada para cubrir el 100% de los requerimientos energéticos y 

proteicos netos para el mantenimiento y lactación de una vaca media, considerando un 

peso vivo de 615 kg y una producción de leche de 8,5 kg/d. Dicha dieta estaba 

compuesta por 8,0 kg de heno y 3,0 kg de pienso en materia fresca. En la Tabla 2 se 

describe la composición de materias primas del pienso suministrado a las vacas.  

Tabla 2. Materias primas del pienso. 

Ingredientes  

Harinilla de maíz (%) 25,0 

Residuos de destilería (%) 20,0 

Cebada (%) 15,0 

Maíz (%) 10,0 

Trigo (%) 10,0 

Salvado de trigo fino (%)   9,0 

Harina de extracción de soja (%)   5,8 
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En la Figura 2 se muestran los retos nutricionales consistentes en tres periodos 

consecutivos (Basal, Restricción, Realimentación) realizados en el segundo, tercer y 

cuarto mes de la lactación. Se consideró como día 0 el primer día del periodo de 

Restricción coincidiendo con el día 31, 58 y 87 postparto en el segundo, tercer y cuarto 

mes de la lactación, respectivamente. Durante cada reto, las vacas recibieron una dieta 

que cumplía con el 100% de las necesidades energéticas y proteicas durante cuatro 

días (día -4 a -1, período Basal). En los siguientes cuatro días recibieron una dieta 

formulada para cubrir el 55% de las necesidades (día 0 a 3, período de Restricción). 

Finalmente, volvieron a ser alimentadas con la dieta formulada para cubrir el 100% de 

sus necesidades durante los siguientes 4 días (día 4 a 7, período de Realimentación) 

excepto en el cuarto mes que por el diseño del experimento solamente tuvieron 3 días 

de Realimentación (día 4 a 6). 

   

Figura 2. Esquema representativo de la cronología de los retos nutricionales lo largo de 

la lactación, y capítulos derivados de esta tesis asociados a los distintos periodos.  

dpp: días postparto en el momento de inicio de la restricción (día 0).  

Dieta 100% => 8 kg de heno

                       3 kg de concentrado

Dieta  55%  => 7 kg de heno

MES 2  ◊ Día de muestreo

(31  dpp)

-4 -3 -2 -1 0 1 2 3 4 5 6 7 día

◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊

MES 3 Capítulo 1
Capítulo 2

(58 dpp) Capítulo 4

-4 -3 -2 -1 0 1 2 3 4 5 6 7 día

◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊

MES 4

Reto 1

-4 -3 -2 -1 0 1 2 3 4 5 6 día

◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊ ◊

Reto 2 Capítulo 3

7 8 9 10 11 12 13 día

◊ ◊ ◊ ◊ ◊ ◊ ◊

Reto 3

14 15 16 17 18 19 20 día

◊ ◊ ◊ ◊ ◊ ◊ ◊

Basal Restricción Realimentación

Basal Restricción Realimentación

(93 dpp)

Restricción Realimentación

(99 dpp)

Basal Restricción Realimentación

(87 dpp)

Restricción Realimentación
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Para estudiar la habituación, las vacas fueron sometidas a retos consecutivos en 

el cuarto mes de la lactación (retos 1, 2, 3). El diseño de este experimento consistió en 

un periodo Basal (día -4 a -1), descrito con anterioridad, tras el cual las vacas fueron 

sometidas a tres retos nutricionales repetidos consistentes en 4 días con dieta para 

cubrir el 55% de sus necesidades (Restricción) seguidos por 3 días con la dieta para 

cubrir el 100% de sus necesidades (Realimentación). 

Las vacas recibieron diariamente 8,0 kg de heno durante los periodos Basales y 

de Realimentación y 7,0 kg de heno durante los periodos de Restricción. El heno se 

ofreció individualmente a las 08:00 en una sola comida en cajas de fibra de vidrio de 

200 L ubicadas tras una cornadiza con autobloqueo. Las vacas permanecieron atadas 

durante un periodo de 2 horas aproximadamente hasta que terminaban su ración. El 

pienso se suministró en estaciones de alimentación automáticas ALPRO, controladas 

por el software de gestión del rebaño ALPRO 7.0 para Windows (DeLaval). Las 

estaciones de alimentación se programaron para ofrecer diariamente 3,0 kg/día de 

pienso a todas las vacas durante los periodos Basales y de Realimentación, mientras 

que las vacas no recibieron pienso durante los periodos de Restricción. Todos los 

animales tuvieron libre acceso al agua y a bloques de vitaminas y minerales durante 

todo el experimento. 

3.2. Medidas  

3.2.1. Ingestión 

 Desde el parto hasta el fin del ensayo, se controló diariamente el alimento 

ofertado a las vacas y su rehusado para estimar la ingestión de las vacas. En una 

báscula se pesaba la ración diaria de heno asignada a las vacas (7 u 8 kg, según el 

periodo). La ingestión de pienso se registró diariamente con el programa de la estación 

de alimentación.  

3.2.2. Peso de vacas y terneros 

Las vacas se pesaron en una báscula digital al parto, un mes postparto, y 

diariamente durante los días de muestreo arriba indicados en la Figura 2. Las vacas se 

pesaron por la mañana a las 7:00, tras amamantar a los terneros y antes de recibir la 

dieta asignada. Los terneros se pesaron antes y después de los periodos de 

amamantamiento de la mañana y de la tarde, constatándose que los terneros mamaban 

de sus madres hasta la saciedad.  
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3.2.3. Condición corporal de las vacas 

La CC se registró al parto, al mes postparto y en cada reto: un día del periodo 

basal y un día del periodo de realimentación. Esta medición fue realizada por una 

persona entrenada, siguiendo el método descrito por Lowman et al. (1976), cuya escala 

va de 0 a 5 puntos y se determina mediante la palpación de la zona de las apófisis 

transversas de las vértebras lumbares y de la base de la cola. También se midió el 

grosor de la grasa subcutánea mediante ecografía en tres puntos: en la grupa, en el 

punto P8 y en la decimotercera vértebra torácica (Schröder y Staufenbiel, 2006). Se 

utilizó un ecógrafo equipado con una sonda multifrecuencia (7.5 MHz; Aloka SSD-900, 

Aloka, Madrid, España). 

3.2.4. Producción lechera 

La producción de leche se estimó en el primer mes postparto (días 30 y 31 

postparto) y diariamente durante los días de muestreo anteriormente indicados en la 

Figura 2, utilizando la técnica de doble pesaje del ternero (Le Neindre y Dubroeucq, 

1973). A partir del peso de los terneros antes y después de los dos periodos de 

amamantamiento diarios se calculó la leche consumida. 

3.3. Muestreos  

Los siguientes muestreos se realizaron diariamente en los mismos días arriba 

indicados para el registro de la ingestión, peso y producción de leche. La toma de 

muestras se realizó por la mañana (7:00), tras el amamantamiento del ternero y antes 

de que las vacas recibieran alimentos.  

3.3.1. Alimentos  

Se tomaron muestras de heno y pienso al momento de suministrar la ración 

diaria. Las muestras se tomaron cada dos días y se hizo un pool por cada periodo de 

cada reto, se identificaron y posteriormente se liofilizaron (liofilizador Genesis Freeze 

Dryer 25, Hucoa Erlöss, SA/Thermo Fisher Scientific, Madrid, España) hasta el análisis 

de composición química. 

3.3.2. Leche 

En el primer mes postparto y diariamente durante los periodos experimentales 

se recogieron muestras de leche tras el amamantamiento y retirada del ternero. Para 

ello, se administró a las vacas una inyección intramuscular de oxitocina (40 UI, Facilpart, 

Laboratorios Syva, León, España) para facilitar la bajada de la leche residual. Tras 5 

minutos de espera, se recogió manualmente una muestra de leche por vaca de los 
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cuatro pezones, tras descartar 3 chorros de leche por pezón. Se obtuvieron 2 muestras 

de leche determinar la composición química (100 ml) y el perfil de ácidos grasos (40 ml) 

de la leche. La primera muestra fue conservada con azida sódica (PanReac, Barcelona, 

España) a 4° C hasta el análisis y la segunda muestra se liofilizó (liofilizador Genesis 

Freeze Dryer 25) y se mantuvo a -20° C hasta el análisis de ácidos grasos. 

3.3.3. Sangre 

Las vacas se sangraron para determinar el perfil metabólico. Las muestras de 

sangre se obtuvieron de la vena coccígea utilizando tubos con heparina (BD Vacutainer 

Becton-Dickenson and Company, Plymouth, Reino Unido) para las determinaciones de 

BHB, MDA y progesterona y tubos que contenían K2 EDTA (BD Vacutainer Becton-

Dickenson and Company, Plymouth, Reino Unido) para el análisis de glucosa, NEFA y 

urea. Inmediatamente después de la extracción, las muestras de sangre se 

centrifugaron a 3500 rpm durante 20 minutos a 4° C; el plasma se recogió y se congeló 

a -20° C hasta su posterior análisis. 

3.4. Análisis químicos  

3.4.1. Alimentos 

La composición química de los alimentos se determinó en el Laboratorio de 

Valoración Nutritiva del Departamento de Ciencia Animal del CITA. Se analizó la materia 

seca del heno y del pienso poniendo las muestras en una estufa de ventilación forzada 

a 60º C durante 48 h hasta peso constante. Las muestras se molieron en un molino 

rotatorio (ZM200 Retsch, Alemania) con el tamiz de 0,2 mm para la determinación de 

proteína y el de 1 mm para el resto de la composición química. Todos los análisis de los 

alimentos se realizaron por duplicado y se utilizaron los métodos oficiales para la 

determinación de materia seca (método 934.01), cenizas (método 942.05) y proteína 

bruta (método 968.06) (AOAC, 2000). El contenido de nitrógeno se determinó siguiendo 

el Procedimiento Dumas (índice nº 968.06) con un analizador de nitrógeno (Modelo NA 

2100, CE Instruments, Thermoquest SA, Barcelona, España). Los contenidos de fibra 

neutro detergente, fibra ácido detergente y lignina ácido detergente se analizaron 

siguiendo los métodos de Van Soest et al. (1991) utilizando un analizador de fibras 

(modelo Ankom 200/220, Ankom Technology Corporation, Fairport, NY, EE.UU.). En las 

muestras de pienso se analizó la fibra neutro detergente con α-amilasa termoestable. 

La lignina se analizó en el residuo de fibra ácido detergente mediante la solubilización 

de la celulosa con ácido sulfúrico. Todos los valores se corrigieron con el contenido libre 

de cenizas. El contenido energético bruto de los alimentos se determinó con una bomba 

de calorimetría (Model Parr 1341, Parr Instrument Company, Moline, IL, EE. UU.). Los 
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valores nutritivos se calcularon a partir de la composición química de las dietas utilizando 

ecuaciones del INRA (INRA, 2007). La composición química y valor nutritivo del heno y 

pienso se presenta en la Tabla 3.  

Tabla 3. Composición química y el valor nutritivo de los alimentos (media ± desviación 

estándar).  

Parámetro Heno Pienso 

Composición Química   

Materia seca (MS), g/kg 920 ± 0,3 887 ± 2,1 

Ceniza, g/kg MS 85,4 ± 0,33 68,5 ± 0,03 

Proteína cruda, g/kg MS 94,4 ± 0,39 168 ± 0,1 

Fibra neutro detergente, g/kg MS 584 ± 1,0 253 ± 0,4 

Fibra ácido detergente, g/kg MS 330 ± 0,5 114 ± 0,3 

Lignina ácido detergente, g/kg MS 33,1 ± 0,19 30,1 ± 0,17 

Valor nutritivo   

Energía neta, MJ/kg MS 5,4 ± 0,03 7,5 ± 0,07 

Proteína metabolizable, g PDI1/kg MS 73 ± 12,1 121 ± 2,9 

1 proteína verdadera digerible en el intestino delgado. 

Los ácidos grasos de los alimentos liofilizados fueron determinados como 

ésteres metílicos de ácidos grasos (por sus siglas en inglés FAMEs, fatty acid methyl 

esters), mediante cromatografía de gases con detector de ionización de llama en el 

Laboratorio de Valoración Nutritiva del CITA. Los ácidos grasos fueron metilados y 

extraídos según lo propuesto por Sukhija y Palmquist (1988). La determinación se 

realizó con un cromatógrafo de gases Bruker Scion 436-GC (Bruker, Billerica, EE.UU.) 

equipado con un automuestreador CP-8400 (Bruker, Billerica, EE.UU.), una columna 

capilar de poli(biscianopropil siloxano): SP-2560 (100 m x 0,25 mm ID x 0,20 μm) 

(Sigma-Aldrich, Sant Louis, EE.UU.) y el software Compass CDS (Bruker, Billerica, 

EE.UU.). La identificación de los FAMEs se realizó usando los estándares comerciales 

GLC-532, GLC-401, GLC-643, GLC-642, GLC-463, C18:1 cis-11, C19:0 (Nu-Chek-Prep 

Inc., Elysian, EE.UU.). La cuantificación se realizó según lo descrito en la norma UNE-

EN ISO 12966-4:2015 y se expresó en porcentaje de cada FAME individual con respecto 

a la cantidad total de FAMEs identificados. 

3.4.2. Leche 

Se analizaron los contenidos de grasa, proteína, lactosa, urea y células 

somáticas con un escáner infrarrojo (Milkoscan 7 RM, Foss Electric Ltd., Hillerød, 

Dinamarca). En la muestra de leche liofilizada, los ácidos grasos se metilaron y 
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extrajeron como se describe en Kramer et al. (1997). La determinación de los FAMEs 

se realizó usando la misma instrumentación que en el caso de los alimentos, pero el 

cromatógrafo de gases se equipó con una columna capilar de poli (biscianopropil 

siloxano) de mayor longitud: SP-2560 (200 m x 0,25 mm ID x 0,20 μm) (Sigma-Aldrich, 

Sant Louis, EE.UU.). La identificación de los FAMEs se realizó usando los estándares 

comerciales GLC-532, GLC-401, GLC-643, GLC-642, GLC-463, C18:1 cis-11, C18:1 

trans-11, C19:0, C23:0 (Nu-Chek-Prep Inc., Elysian, EE.UU), mezcla BR1, mezcla BR4 

(Larodan Research Grade Lipids, Solna, Suecia) y mediante  tiempos de retención 

relativos observados en la bibliografía (Kramer et al., 1997; Shingfield et al., 2003; De la 

Fuente et al., 2015). La cuantificación se realizó según lo descrito en la norma UNE-EN 

ISO 12966-4:2015 y se expresó en porcentaje de cada FAME individual con respecto a 

la cantidad total de FAMEs identificados. Por último, los ácidos grasos se agruparon 

según su grado de saturación como ácidos grasos saturados por sus siglas en inglés 

(SFA), ácidos grasos mono-insaturado (MUFA) y ácidos grasos poli-insaturado (PUFA). 

También se agruparon según su origen como de síntesis de novo (C4:0 - C15:1), de 

origen mixto (C16:0 - C16:1) y de movilización (≥ C17:0), de acuerdo con Palmquist 

(2009). Adicionalmente se calculó la proporción de C18:1 cis-9 /C15:0. 

3.4.3. Plasma 

Las concentraciones plasmáticas de glucosa (método enzimático-colorimétrico) 

y urea (método cinético) se determinaron con un analizador automático (Gernon, RAL 

S.A, Barcelona, España). Las concentraciones de BHB (método cinético enzimático) y 

NEFA (método colorimétrico) se determinaron utilizando kits Randox (Randox 

Laboratories Ltd, Country Antrim, Reino Unido).   

El estado oxidativo se determinó utilizando MDA como biomarcador de 

peroxidación lipídica según lo descrito en Yonny et al. (2016). Este indicador se 

determinó mediante cromatografía líquida y detector de fluorescencia, utilizando un 

cromatógrafo líquido de ultra-alta resolución Acquity UPLC H-Class (Waters, Milford, 

Massachusetts, EE.UU.), equipado con una columna de fase reversa de 

PFP/fluorofenilo ligada a base de sílice (Acquity UPLC HSS PFP, 100 mm × 2,1 mm × 

1,8 μm, Waters), un detector de absorbancia (detector Acquity UPLC Photodiode Array 

PDA eλ, Waters) y un detector de fluorescencia (2475 Multi λ Fluorescence Detector, 

Waters) y todo ello controlado mediante el software Empower 3 (Waters). La 

cuantificación de MDA se realizó mediante detección de fluorescencia a ʎexcitación = 

530 nm y ʎemisión = 550 nm siguiendo las condiciones cromatográficas descritas en 

Bertolín et al. (2019).  
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El análisis de la progesterona se realizó mediante un ensayo de 

inmunoadsorción ligado a enzima (ELISA), utilizando un kit específico para bovinos 

(Ridgeway Science, Lydney, Reino Unido). Cuando la concentración era mayor a 1 

ng/mL, se consideró a las vacas cíclicas.   

3.5. Cálculos y análisis estadístico de los datos 

3.5.1. Cálculo del balance energético de las vacas 

Se utilizó el contenido energético bruto de los alimentos para calcular su 

contenido energético neto (EN). El BE de las vacas se calculó utilizando las ecuaciones 

del sistema INRA (INRA, 2007) que a continuación se describen: 

BE(UFL) = EN ingesta − EN mantenimiento − EN producción 

EN ingesta (UFL) =
UFL

kg MS
× consumo MS(kg) − E 

E = (0,00063 × % Pienso2) − (0,017 × UFL ingeridas) + (0,002 × UFL ingeridas2) 

 

EN mantenimiento (UFL) = 0,041x × PV0,75 × 1,1 

 

                 EN producción (UFL)

= Producción de leche (kg)

× {0,44 + [0,0055 × (−40 + contenido grasa; g/kg)]

+ [0,0033 × (−31 + contenido proteina; g/kg)]} 

 

UFL : “unité fourragère lait”, 1 UFL = 7,12 MJ. 

E: corresponde a la “interacción digestiva”. 

% de Pienso, en base de materia seca. 

 

3.5.2. Análisis estadístico de datos 

Los análisis estadísticos se detallan en los capítulos presentándose aquí de 

manera general. Los datos obtenidos durante el experimento se analizaron con los 

programas estadísticos SAS v 9.4 (SAS Institute Inc., Cary, NC, EE. UU) y R (R 

Development Core Team, 2021).  

Agrupamiento de vacas 

Se hizo un estudio de curvas de respuesta frente a los retos nutricionales 

realizados en distintos meses de la lactación (capítulo I) y en los repetidos (capítulo III). 

Las curvas predichas para las variables de producción de leche, NEFA y BHB en plasma 

se modelizaron utilizando la metodología de “natural cubic splines” (Perperoglou et al., 

2019). Los splines se obtuvieron utilizando el comando ns en la librería splines de R. 
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Este modelo permitió obtener nuevas variables de respuesta para cada parámetro, para 

cada vaca y en cada reto nutricional. Las nuevas variables de la curva fueron 1) línea 

base: valores estimados previos a la restricción alimentaria por la interpolación lineal 

desde el periodo basal hasta el de realimentación; 2) pico y 3) días hasta el pico: en el 

caso de la producción de leche, el pico fue la máxima pérdida diaria de leche, mientras 

que para los NEFA y BHB el “pico” era el máximo incremento diario comparado con los 

valores de referencia. Los “días hasta el pico” eran los días transcurridos desde el inicio 

de la restricción hasta que se alcanzaron esos valores máximos; 4) área bajo la curva 

durante la restricción y 5) área bajo la curva durante la realimentación: la pérdida total 

de leche estimada o el contenido extra de NEFA o BHB durante la restricción y la pérdida 

total de leche estimada o el contenido extra de NEFA o BHB durante la realimentación 

hasta que se recuperan los valores basales; 6) días para recuperar la línea base: los 

días desde el inicio de la restricción hasta que la producción de leche y los contenidos 

de NEFA o BHB alcancen de nuevo el valor basal. Estos parámetros se analizaron 

mediante un análisis multivariante utilizando el paquete estadístico Factor Mine del 

software R, y se realizó un análisis de componentes principales (función PCA) para 

identificar las variables que explicaban la mayor parte de la variabilidad de la respuesta 

entre individuos. Posteriormente se llevó a cabo un análisis de conglomerados 

jerárquico (en inglés conocidos como clusters) sobre estas componentes principales 

(función HCPC), para agrupar las vacas con un patrón de respuesta similar. En este 

caso las vacas se agruparon en distintos clusters de respuesta metabólica.  

El estudio del perfil de ácidos grasos de la leche se emplearon datos obtenidos 

en el tercer mes de lactación (capítulo IV) por lo que el agrupamiento de vacas no se 

podía hacer de la manera realizada en los capítulos I y III. En el capítulo IV además de 

los datos recogidos durante el periodo experimental (mes 3), se disponía de los 

siguientes datos previos al experimento: peso y CC al parto; peso, CC, producción de 

leche y BE en el día 30 y 31 de lactación. Por ello se utilizó un método de agrupación 

diferente asignándose las vacas a grupos en función de su semejanza en términos de 

distancia euclidiana calculada a partir de los datos previos al experimento. Se realizó 

una agrupación no jerárquica mediante el método k-means (procedimiento FASTCLUS). 

La selección del número óptimo de conglomerados se basó en criterios de 

conglomeración cúbica. Se obtuvieron dos clusters según su estado nutricional 

previo al experimento. Se realizó un análisis de la varianza de las variables de 

clasificación utilizando un modelo lineal general (procedimiento GLM) y tomando el 

conglomerado de estatus como efecto fijo. 
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Estudio de la variabilidad de los datos en los retos repetidos 

Se realizó un análisis exploratorio de variabilidad de los datos de producción de 

leche, y concentración de NEFA y BHB en plasma por cada periodo de alimentación en 

los retos repetidos (capítulo III). Para ello se analizó la frecuencia de distribución de los 

datos, representada gráficamente mediante “gráficos de violín” usando el paquete 

estadístico ggplot2 de R. En este tipo de gráficos, la región de mayor anchura indica la 

mayor densidad de los datos mientras que los puntos superior e inferior representan los 

valores máximo y mínimo de los datos. Para comparar las diferencias entre la 

variabilidad de datos se utilizó la prueba F para comprobar si las varianzas de los 

distintos retos y periodos son iguales. 

Análisis de los parámetros productivos y metabólicos  

Los parámetros productivos (peso, producción y composición de la leche) y 

metabolitos en plasma, se analizaron mediante análisis de varianza de medidas 

repetidas (PROC MIXED). Dependiendo del capítulo se consideraron distintos efectos 

fijos: el cluster de respuesta metabólica (capítulos I y III, respuesta alta vs. baja) o el 

cluster de estado nutricional (en equilibrio vs. en desequilibrio, capítulo IV); el día 

(múltiples valores según capítulo) o periodo de manejo (Basal, Restricción y 

Realimentación); el mes de lactación (mes 2, 3 y 4; capítulos I y II) o la identificación del 

reto sucesivo (1º, 2º y 3º; capítulo III), y sus posibles interacciones. El animal se 

consideró como efecto aleatorio. Los grados de libertad se ajustaron con la corrección 

de Kenward-Roger para tener en cuenta los valores faltantes, en caso necesario. La 

estructura de las componentes de la varianza se seleccionó en función de los criterios 

de información de Akaike y Bayesiano más bajos.  

Se estimaron las medias de mínimos cuadrados y se obtuvieron comparaciones 

por pares de las medias mediante la probabilidad de diferencia ajustada con la 

corrección de Tukey. La relación entre variables se determinó a través de los 

coeficientes de correlación de Pearson (r) usando el paquete CORRPLOT de R. El nivel 

de significación para todos los análisis fue P < 0,05 y se discutieron las tendencias 

cuando 0,05 ≤ P < 0,10.
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1. Introduction 

Beef cattle managed under extensive conditions depend on the local availability 

of feed resources, which vary throughout the year in quality and quantity terms. This 

results in seasonal mobilisation patterns and the replenishment of body reserves, which 

might limit animal performance in critical physiological stages (Noya et al., 2019). The 

fact that cows face perturbations prevents them from fully expressing their production 

potential, with wide variability in individual coping strategies. In temperate climates, beef 

herds are housed in the winter (Blanco et al., 2008), and management is often simplified 

by group-feeding cows with a single diet irrespectively of their individual requirements. 

In these circumstances, animals’ ability to cope with a nutritional challenge is particularly 

relevant.  

This individual variability has been addressed in cows by testing different models 

to quantify the gap between the potential and disturbed performance that natural or 

induced perturbations cause (Adriaens et al., 2021; Bjerre-Harpøth et al., 2012; Codrea 

et al., 2011; De La Torre et al., 2022) as an indicator of not only animals’ resilience, but 

also their capacity to be minimally affected by perturbations and to rapidly return to the 

previous state (Berghof et al., 2019). When disturbances happen during lactation, 

complex homeostatic and homeorhetic mechanisms concur to maintain a physiological 

equilibrium while redirecting nutrient partitioning towards milk production (Bauman and 

Currie, 1980). In dairy cows, the major source of milk yield variation in animals lies in 

their ability to partition nutrients towards the mammary gland (Baumgard et al., 2017). 

This process is mediated by the somatotropic axis, with increased growth hormone and 

decreased insulin production in higher-yielding cows, which promotes glucose-sparing 

mechanisms and the mobilisation of body reserves in peripheral tissue (Knight et al., 

2004). Pareek et al. (2007) found differences in this endocrine regulation of nutrient 

partitioning between dairy and beef breeds in relation to their different milk secretion and 

body mass accretion potentials.  

To ensure adequate nutrient supply for milk production, lipolysis releases non-

esterified fatty acids (NEFA) from adipose tissue, which can be oxidised in the liver into 

ketone bodies like β-hydroxybutyrate (BHB) (Bell, 1995). Both metabolites have been 

proposed to assess the degree and effects of a negative energy balance (EB) in 

ruminants (Gross et al., 2011a; Kessel et al., 2008) whereas BW and body condition 

score (BCS) changes are poor indicators in dairy cattle (Pedernera et al., 2008). With 

feed restriction, negative EB is associated with decreased milk yield and higher NEFA 
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and BHB concentrations, and the magnitude of these effects depends on the lactation 

stage, and also on restriction severity and duration (Leduc et al., 2021). 

The joint analyses of milk yield dynamics and other traits are useful for analysing 

the drivers of their concomitant changes (Ben Abdelkrim et al., 2021b). Multitrait 

clustering in different lactation phases has been used to identify distinct strategies to 

cope with metabolic challenges (de Koster et al., 2019; Friggens et al., 2016). In the long 

term, this has provided data to characterise dairy cows according to their ability to 

prioritise nutrient use among different life functions (Ollion et al., 2016), but this approach 

has not been used in beef cows. Therefore, the objectives of this study were to: (1) model 

beef cows’ response of milk yield and plasma NEFA and BHB concentrations to short 

feed restriction and refeeding in three lactation stages; (2) cluster cows according to their 

metabolic response (MR); (3) determine differences between groups of cows and 

lactation stages. We hypothesised that beef cows would respond differently to restriction 

depending on their potential milk yield, and eventually on their size and fat reserves, and 

different coping strategies would be elicited as lactation advanced.  

2. Material and methods 

2.1. Experimental design 

This experiment was conducted at the CITA La Garcipollera Research Station 

(Spain, 42°37’N, 0°30’W, 945 m a.s.l.). It involved 31 Parda de Montaña lactating beef 

cows [626 ± 47.7 kg BW, 2.8 ± 0.22 BCS and 7.5 ± 2.91 years at calving]. Cow-calf pairs 

were loose-housed in straw-bedded pens (7 or 8 cows/pen, 10x20 m) equipped with 

individual feeders for forage and ALPRO automatic concentrate feeding stations (Alfa 

Laval Agri, Tumba, Sweden). Calves were penned in cubicles and allowed to suckle 

twice daily for 30 minutes at 06:00h and 14:00h. The study consisted of three feeding 

periods repeated over the second, third and fourth lactation months. During each 

lactation month, cows received a diet that was calculated to meet 100% of their 

requirements for 4 days (d-4 to d-1, basal period), then they were restricted for 4 days 

(d0 to d3, restriction period) with a diet that met only 55% of their requirements and were 

returned to the 100% energy diet for 4 days (d4 to d7, refeeding period). On the first day 

(d0) of the restriction period, cows were in milk for 31, 58 and 87 (± 5.5) days (DIM; 

months 2, 3, and 4 of lactation, respectively) (Figure 1).  
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Cows were fed a flat-rate regime during lactation. Diets were calculated by 

considering the net energy and metabolisable protein requirements for the maintenance 

and lactation of a standard cow (BW 615 kg, milk yield 8.5 kg/d) using INRA equations 

(INRA, 2007). During the basal and refeeding periods, all the cows received 8.0 kg of 

hay (as a fed basis) daily, and only 7.0 kg of hay during the restriction period, offered 

daily at 08:00h as a single meal in individual feeders. Cows were tied up for 

approximately 2 h until they finished their ration. The ALPRO feeding stations were 

programmed to offer 3.0 kg (as fed)/day of concentrate to all the cows during the basal 

and refeeding periods. The individual intake was recorded daily. Animals had free access 

to water and mineral blocks.  

 

Figure 1. Schematic representation of the timeline of three short nutritional challenges 

of the beef cows throughout lactation. DIM: days in milk. 

 

2.2. Measurements, sampling and chemical analyses 

Samples of the offered feedstuffs were collected daily to determine their chemical 

composition and nutritive value (Table 1). All the analyses of feedstuffs were run in 

duplicate. Official methods were used to determine the contents of DM, ash and CP 

(Nitrogen analyser, Model NA 2100, CE Instruments, Thermoquest SA, Barcelona, 

Spain) (AOAC, 2000). The methods of Van Soest et al. (1991) were followed to obtain 

the contents of NDF, ADF and ADL using a fibre analyser (model Ankom 200/220, 

Ankom, Macedon, NY, USA). In the forage samples, NDF was assayed with heat stable 

amylase. Lignin was analysed on ADF residue by the solubilisation of cellulose with 

sulphuric acid. All the values were corrected for ash-free content. The feed values were 

calculated from the measured chemical composition of diets using INRA equations 

(INRA, 2007). 

In the three months of lactation, during the basal period (d-4 and d-2) the BCS 

was assessed on scale from 0 to 5 based on the estimation of fat covering loin, ribs and 

tailhead. Milk yield was estimated (d-4, d-2 and daily from d1 to d7) by the weigh-suckle-

weigh technique (Le Neindre and Dubroeucq, 1973), calculated using the milk consumed 

by the calf during both daily sucklings. Cows were weighed and bled on the same days 
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at 07:00h, after suckling and before hay was offered. Blood samples were collected from 

the coccygeal vein using test tubes with EDTA and heparin (BD Vacutainer, BD, 

Plymouth, UK) for the NEFA analysis and the BHB analysis, respectively. They were 

immediately centrifuged (3 500 rpm for 20 min at 4 °C). Plasma was collected and frozen 

at -20 °C until further analyses. Randox kits (Randox Laboratories Ltd, Crumlin, UK) 

were used to determine the BHB plasma concentration (kinetic enzymatic method, 

sensitivity: 0.100 mmol/L) and the NEFA concentration (colorimetric method, sensitivity: 

0.072 mmol/L). The mean intra- and interassay CVs were 6.8% and 6.8% for BHB and 

4.0% and 4.9% for NEFA, respectively. 

Table 1. Chemical composition and nutritive value (mean ± SD) of the feedstuffs 

received by the beef cows during each month of lactation. 

 Month 2 Month 3 Month 4 

Hay    

Chemical composition    

DM, g/kg 919 ± 12.1 922 ± 11.7 918 ± 10.5 

Ash, g/kg DM 98 ± 12.7 86 ± 24.4 78 ± 3.9 

CP, g/kg DM 97 ± 25.7 109 ± 18.3 85 ± 8.1 

NDF, g/kg DM 558 ± 59.2 570 ± 52.4 614 ± 21.2 

ADF, g/kg DM 334 ± 33.5 324 ± 32.9 333 ± 15.9 

Lignin, g/kg DM 41 ± 4.0 35 ± 12.8 28 ± 4.1 

Nutritive Value    

Net energy, MJ/kg DM 5.4 ± 0.54 5.5 ± 0.54 5.4 ± 0.54 

Metabolizable protein, g PDI1/kg DM 81 ± 17.9 79 ± 12.8 59 ± 5.7 

Concentrate     

Chemical composition    

DM, g/kg 907 ± 2.4 906 ± 4.0 911 ± 11.1 

Ash, g/kg DM 68 ± 1.3 68 ± 1.4 69 ± 2.1 

CP, g/kg DM 173 ± 3.5 167 ± 4.7 169 ± 4.2 

NDF, g/kg DM 246 ± 17.4 256 ± 23.2 254 ± 18.2 

ADF, g/kg DM 102 ± 4.5 114 ± 11.1 120 ± 10.5 

Lignin, g/kg DM 25 ± 7.5 29 ± 8.8 33 ± 6.6 

Nutritive Value    

Net energy, MJ/kg DM 7.5 ± 0.34 7.3 ± 0.34 7.5 ± 0.34 

Metabolizable protein, g PDI1/kg DM 123 ± 2.4 119 ± 3.3 120 ± 3.0 
1 true protein digestible in the small intestine. 

2.3. Calculations and statistical analysis 

The statistical analysis involved three steps: 

Step 1: Modelling the individual response. The curve predicted for each trait (milk 

yield, NEFA, BHB) on the day of the experiment was modelled using natural cubic 

splines. A natural cubic spline with K knots is represented by K basis functions. Each 
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basis function is a third-degree polynomial specified in the Hermite form. Compared to 

other splines, a natural cubic confers additional constraints; i.e., function is linear beyond 

boundary knots. This frees up four degrees of freedom, which can be spent more 

profitably by sprinkling more knots in the interior region (Perperoglou et al., 2019). Each 

parameter that defines the natural cubic spline basis with eight knots was estimated for 

each cow within each month using a non-linear mixed model with the random effect of 

the cow. The basal level of each cow within a month was also modelled with a mixed 

model, which included only the intercept, the linear random regression coefficients and 

the data from the basal and refeeding periods. Splines were obtained using command 

ns in the library splines of R (R Development Core Team, 2014). Mixed models were 

solved using command nlme in library lme4 of R. 

The new response variables obtained from the fitted curve for milk yield and 

plasma metabolites (NEFA and BHB) are depicted in Figure 2a and 2b, respectively. 

These response variables were: 1) baseline: estimated values without feed restriction 

according to a linear interpolation from the basal to the refeeding period; 2) peak: the 

maximum difference between the actual daily value and the baseline value. For milk 

yield, the peak was the maximum daily milk loss, whereas it was the maximum daily 

increment compared to baseline values for NEFA and BHB; 3) days to peak: days from 

the start of restriction until the peak values were reached; 4) area under the curve (AUC) 

during restriction: the estimated total milk loss or the extra NEFA or BHB contents during 

restriction compared to the baseline values; 5) days to regain baseline: days from the 

start of restriction until the milk yield, and the NEFA or BHB contents reached the 

baseline again. 6) AUC during refeeding: the estimated total milk loss or extra NEFA or 

BHB contents during refeeding until the baseline values were regained. 

   2a)                                      2b) 

 

Figure 2. Schematic representation of the piecewise model for describing the variables 

of the milk yield (2a) and non-esterified fatty acids and β-hydroxybutyrate (2b) beef cows’ 

response curves to a 4-day restriction and a 4-d refeeding period. AUC: area under the 

curve. 
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Step 2: Multivariate analysis. The new response variables obtained in step 1 for 

each trait, individual cow and month were employed to perform a multivariate analysis 

using the Factor Mine statistical package of the R software. First of all, a principal 

component analysis (PCA function) was used to identify the variables which accounted 

for most of the variability in the response among individuals. Then hierarchical clustering 

on these principal components (HCPC function) was carried out to group the cows with 

a similar response pattern. The optimum number of clusters was calculated automatically 

by the algorithm.  

Step 3: Effect of cluster and lactation stage on performance and metabolic 

response. The phenotypic values and the new response variables during the three 

lactation months were studied according to the clusters obtained in the previous step 

using the SAS statistical package v 9.4 (SAS Institute Inc., Cary, NC, USA). Mixed linear 

models (MIXED procedure) were employed after taking cluster, month, and their 

interaction as fixed effects, and cow as the random effect. The least square means and 

associated SE were obtained and multiple comparisons were adjusted with Tukey 

correction. The Pearson correlations (r) between the response variables were obtained 

following the CORR procedure. The results were considered significant when P < 0.05, 

and trends were discussed when 0.05 ≤ P < 0.10. 

3. Results 

The first three principal components (PC) obtained in the PCA accounted for 48% 

of total variance. The first one (Dim 1, 25.6% of variance) was positively associated with 

the peaks and AUCs of NEFA, and negatively with the peaks and AUCs of milk yield 

during restriction (Figure 3a). The second PC (Dim 2, 12.5% of variance) was associated 

positively with the AUCs of NEFA during both restriction and refeeding, and negatively 

with peaks and AUCs of milk yield and BHB during restriction. Finally, the third PC was 

associated positively with the peak and AUC of milk yield in months 2 and 4, and with 

days to regain the baseline values of all the traits in month 2, and negatively with peak 

and AUC of BHB in month 4 (data not shown). The clustering analysis generated two 

clusters which differed in their MR, named Low MR (n=16) and High MR (n=15) (Figure 

3b). The cows in the Low MR cluster had lower energy requirements and a less negative 

EB, and showed a poorer response to restriction in terms of milk yield and plasma NEFA 

and BHB concentrations. The cows in the High MR cluster showed a stronger response 

(Figure 4).  
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3a)       3b) 

 

Figure 3. Variable factor map of the first two Principal Components (3a) and Distribution 

of the cows into the two generated metabolic response (MR) clusters (3b). Variables 

related to milk yield (blue arrows), plasma non-esterified fatty acids (pink arrows) and 

plasma β-hydroxybutyrate (red arrows), and months of lactation 2, 3, and 4 for yellow, 

green, and blue text labels, respectively.  

 

Considering individual DM intake, on average diets met 91%, 61% and 93% of 

the net energy requirements and 100%, 58% and 103% of the metabolisable protein 

requirements during the basal, restriction and refeeding periods, respectively. Cow BW 

and BCS during the basal period did not differ between MR clusters (591 vs. 590 kg in 

the Low MR and the High MR, respectively, P = 0.91; 2.80 vs. 2.70 BCS points, 

respectively, P = 0.18). Both traits were affected by lactation stage, and were higher in 

month 2 than thereafter (599, 588 and 584 kg in months 2, 3 and 4, respectively, P < 

0.001; 2.81, 2.73 and 2.71 respectively, P < 0.001). The milk yield response to feed 

restriction and subsequent refeeding according to the MR cluster and the month of 

lactation is shown in Table 2. The MR cluster affected the baseline values and the 

response to restriction (P ≤ 0.04), but not the recovery pattern in the refeeding phase. 

The High MR cows had a higher baseline milk yield and AUC values during restriction, 

and tended to have greater peak milk loss. The month of lactation affected all the 

response variables during restriction (P ≤ 0.02), but not during refeeding. A lower 

baseline yield was observed in month 4, and peak loss was greater in month 3 than in 

month 4, with intermediate values in month 2. The peak was reached more quickly, and 

total milk loss (AUC during restriction) was greater in month 3, with similar values in 

months 2 and 4. 
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Figure 4. Energy requirements (E req), energy balance (EB), milk yield, and plasma non-

esterified fatty acids (NEFA) and β-hydroxybutyrate (BHB) concentrations of Low and 

High metabolic response (MR) beef cows during the experiment. Means are plotted and 

the vertical bars indicate the SE. 
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Table 2. Effect of metabolic response (MR) cluster and month of lactation on the milk 

yield response of beef cows to a 4-day restriction and a 4-day refeeding period. 

 MR Cluster (Cl)  Month (M)  P-values1 

 Low 

MR 

High 

MR 

 2 3 4 RSD Cl M 

Baseline, kg/d 6.94y 8.27x  8.10a 7.80a 6.92b 0.584 0.002 0.001 

Peak*, kg/d -1.32 -1.56  -1.45ab -1.61b -1.27a 0.463 0.068 0.020 

Days to peak, d 2.57 2.63  2.80a 1.78b 3.22a 0.990 0.813 0.001 

AUC†
restriction*, kg -3.80y -4.81x  -4.01a -5.21b -3.70a 1.656 0.036 0.002 

Days to regain baseline, d 5.93 5.74  5.65 5.98 5.87 0.935 0.326 0.376 

AUC†
refeeding*, kg -0.83 -0.74    -0.68 -0.82 -0.86 0.798 0.644 0.647 

Within a variable, least square means with different superscript (x, y) differ between MR 

clusters with P < 0.05; least square means with different superscripts (a, b, c) differ among 

months with P < 0.05. 
 1 the interaction was not significant for any variable (P > 0.05). 

† area under the curve; *deviation from baseline. 

 

The response of the plasma NEFA and BHB concentrations is shown in Table 3. 

For NEFA, the MR cluster affected the baseline values, peak and AUC during restriction 

(P ≤ 0.001), with higher values obtained by the High MR cows. No differences were 

observed in the days to peak or to regain the baseline. All the NEFA response variables 

were affected by the month of lactation (P ≤ 0.04). The baseline values were lower in 

month 4 compared to the other two months. Peak concentrations during restriction 

decreased significantly from lactation month 2 to lactation month 4, and were reached 

more quickly in month 4 than in the others. The days to regain baseline were also 

affected by month, with faster recovery in months 2 and 4 than in month 3. Only the AUC 

during refeeding was affected by the interaction between the MR cluster and the month 

of lactation (Figure 5a). Regarding the BHB response, the baseline values and the AUC 

during restriction were higher in the High MR than in the Low MR cluster (P ≤ 0.02). The 

month of lactation affected both parameters and the AUC during refeeding, which were 

lower in month 3 (P ≤ 0.03), and tended to affect the days to regain the baseline (P = 

0.06). Finally, the peak was affected by the interaction between the MR cluster and the 

month of lactation (P = 0.03), and the differences between the MR clusters were only 

significant in month 2, but not thereafter. Furthermore, the peak BHB in the Low MR 

cows remained stable throughout lactation, whereas the values in their High MR 

counterparts were higher in month 2 than later (Figure 5b). 

Table 3. Effect of metabolic response (MR) cluster and month of lactation on plasma 

non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHB) response of beef cows 

to a 4-day restriction and a 4-day refeeding period. 
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 MR Cluster (Cl)  Month (M)  P-values1 

 
Low 

MR 

High 

MR 
 2 3 4 RSD Cl M 

NEFA          

Baseline, mmol/l 0.09y 0.15x  0.13a 0.15a 0.08b 0.049 0.001 0.001 

Peak*, mmol/l 0.26y 0.51x  0.54a 0.38b 0.24c 0.129 0.001 0.001 

Days to peak, d 2.94 3.05  3.38a 3.09a 2.51b 0.583 0.453 0.001 

AUC†
restriction*, mmol x d/l 0.68y 1.42x  1.36a 1.17a 0.62b 0.396 0.001 0.001 

Days to regain baseline, d 5.74 5.74  5.55b 6.08a 5.59b 0.869 0.991 0.036 

AUC†
refeeding*, mmol x d/l 0.13y 0.21x  0.24a 0.23a 0.04b 0.094 0.001 0.001 

BHB          

Baseline, mmol/l 0.220y 0.248x  0.238ab 0.222b 0.243a 0.031 0.024 0.026 

Peak, mmol/l 0.07y 0.11x  0.12a 0.07b 0.08b 0.068 0.002 0.003 

Days to peak, d 3.20 3.11  3.29 3.08 3.09 0.815 0.574 0.540 

AUC†
restriction*, mmol x d/l 0.04y 0.13x  0.10a 0.02b 0.13a 0.135 0.011 0.006 

Days to regain baseline, d 5.30 5.21  4.91 5.29 5.56 1.064 0.662 0.062 

AUC†
refeeding*, mmol x d/l -0.003 0.01  0.01a -0.02b 0.02a 0.045 0.175 0.001 

Within a variable, least square means with different superscript (x, y) differ between MR 

clusters with P < 0.05; least square means with different superscripts (a, b, c) differ among 

months with P < 0.05. 
1 the interaction was significant for NEFA AUCrefeeding (P = 0.01) and BHB Peak (P = 0.03). 

† area under the curve; *deviation from baseline. 

 

5a)                                                                            5b) 

 

Figure 5. Effect of the metabolic respose (MR) cluster and month of lactation on non-

esterified fatty acids (NEFA) AUCrefeeding (5a) and β-hydroxybutyrate (BHB) peak (5b) in 

beef cows in response to a 4-d restriction and a 4-d refeeding period.  

For each response variable, means with different superscript (x, y) differ between MR 

clusters within month (P < 0.05) and with different superscripts (a, b) differ among months 

within MR clusters with (P < 0.05).  

AUCrefeeding: area under the curve during the refeeding period. 
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Figure 6. Significant Pearson correlations between the response variables of milk yield 

(MY) and the plasma non-esterified fatty acids (NEFA) and β-hydroxybutyrate (BHB) 

concentrations in beef cows. AUC: area under the curve. 

 

The significant correlations among the response variables of the milk yield, NEFA 

and BHB concentrations, all months considered, are shown in Figure. 6. Within trait, the 

AUC during restriction correlated strongly with the peak (P < 0.001), but not with the days 

to peak. For milk yield, the baseline values correlated negatively with the peak and AUC 

during restriction (P < 0.001). Milk loss (AUC) during refeeding correlated positively with 

the peak and AUC during restriction, but negatively with days to peak and to regain 

baseline (P < 0.001). For NEFA, the baseline values correlated positively with the peak 

and AUCs during restriction and refeeding (P < 0.001). The AUC during refeeding 

correlated strongly with the peak and AUC during restriction, and only moderately with 

days to peak and regain the baseline (P < 0.001). Regarding BHB, the AUC during 

refeeding correlated positively with the peak and AUC during restriction (P < 0.001). In 

the three traits, the correlations between days to peak and days to regain baseline were 
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not significant. Across traits, the milk yield baseline values correlated moderately with 

the NEFA peak and AUC during restriction and the BHB baseline values, and weakly 

with the NEFA baseline values and the BHB peak (P ≤ 0.03). The NEFA peak correlated 

weakly with the BHB peak and negatively with the milk yield peak (P ≤ 0.03), but the milk 

yield and BHB peaks did not correlate. The AUCs of milk yield and NEFA during 

restriction were negatively correlated (P ≤ 0.003), but not with those of BHB. 

4. Discussion 

4.1. Response curves 

Different mathematical models have been used to characterise milk yield in dairy 

cows, from traditional models describing the shape of the lactation curve to individually 

adjusted polynomial curves based on well-established statistical models (Harder et al., 

2019). Fewer modelling studies have been conducted on beef cattle because it is not 

routinely measured in common practice (Cortés-Lacruz et al., 2017; Sapkota et al., 2020; 

Sepchat et al., 2017). Animal performance can be affected by perturbations caused by 

climate, management or diseases, which can compromise both animal nutrition and 

welfare. Several studies have evaluated the response of ruminant females to natural 

(Adriaens et al., 2021; Poppe et al., 2020) or induced (Barreto-Mendes et al., 2022; 

Codrea et al., 2011; Friggens et al., 2016) perturbations, and found wide interindividual 

variations. They have analysed deviations from a theoretical unperturbed lactation curve 

(Ben Abdelkrim et al., 2021a), which corresponds to the baseline in our study, and they 

have described the response while conducting challenges and in the recovery phase. 

Although most studies have modelled milk yield, this methodology could be extrapolated 

to other biological time-series data (Codrea et al., 2011), which are increasingly available 

with the rise of in-line measurement technologies. Ben Abdelkrim et al. (2021b) used a 

similar model to simultaneously predict the dynamics of milk yield and BW response over 

time, and to explore the relation between them, as we do herein with plasma NEFA and 

BHB. 

4.2. Effect of the metabolic response cluster 

The clustering analysis identified two distinct groups of cows that differed mainly 

in terms of their milk yield and NEFA response, and less markedly in their BHB response 

to nutritional challenges. Both BW and the BCS were similar in the two clusters 

throughout lactation, which implies that body size or fat reserves did not affect the 

response, which would be driven mainly by milk yield and the concomitant metabolic 

effort to sustain it. These findings are similar to those reported by Pedernera et al. (2008), 

who found that BW and BCS changes did not accurately reflect the extent of mobilisation 
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of dairy cows’ body reserves in early lactation. Schuh et al. (2019) reported that the BCS 

affected reserve mobilisation intensity, with higher NEFA and BHB serum concentrations 

in the cows with a high BCS, but this was not the case in our study. Breed or parity 

(Adriaens et al., 2021; Ben Abdelkrim et al., 2021a) can also influence individual 

responses to perturbations, but they did not differ between the MR clusters.  

The size of the response was related to basal performance. All the basal values 

were higher in the High MR than in the Low MR profile, which coincides with Friggens et 

al. (2016). At the individual level, significant correlations were observed between the 

basal values and the response during restriction (peaks and AUCs) for milk yield and 

NEFA, but not for BHB. Berghof et al. (2019) have also indicated that high-performing 

animals can be more sensitive to perturbations. Interestingly, these differences were only 

observed in the magnitude of the response, but not in the time taken to react and recover, 

which reflects the plasticity of cows’ response.  

The impact of feed restriction on milk yield can widely range (from -7% to -71%) 

depending on restriction severity and duration, and also on lactation stage (Leduc et al., 

2021). Here the absolute milk loss was higher in the High MR than in the Low MR cows, 

but peak milk loss in relative terms was 19% of the basal milk yield for both groups. When 

comparing Holstein and Montbéliarde cows, with different pre-challenge milk yields, Billa 

et al. (2020) also observed a similar relative response to a 6-day 50%-feed restriction 

between them. The MR cluster did not affect the time taken to reach the peak here (mean 

2.6 days) or to regain the baseline (5.8 days), which implies that responses were larger, 

but not faster, in the High MR than in the Low MR cows. Both reaction times were shorter 

than those observed in natural (Adriaens et al., 2021) or induced (Bjerre-Harpøth et al., 

2012) perturbations in dairy cows, which is likely due to the lower milk yield and the 

associated metabolic load of beef cows. 

Homeorhetic controls regulate different metabolic adaptations to support 

lactation. Of them, growth hormone and insulin are key mediating factors responsible for 

the partition of nutrients away from body storage and towards the mammary gland 

(Baumgard et al., 2017; Knight et al., 2004). Although the hormones involved in this 

partitioning were not herein investigated, we observed significant effects of feed 

restriction on the plasma metabolites that result from their action, which were more 

evident in NEFA than in BHB. With poor nutrient supply, cows mobilise adipose tissue 

by releasing circulating NEFA so they are either converted into milk triglycerides in the 

udder or oxidised in the liver as an energetic substrate (Bell, 1995). All the NEFA 

response variables had almost doubled in the High MR than in the Low MR cluster, which 
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denotes that the cows with higher milk yields had greater basal fat mobilisation and were 

able to further increase lipolysis during the nutritional challenge. Excessive lipid 

mobilisation can surpass the liver’s metabolic capacity to oxidise NEFA and ketone 

bodies such as BHB are produced (Mann et al., 2016). Thus the High MR cows also had 

a higher BHB peak and AUC during restriction than the Low MR cows. Threshold values 

of 0.60 mmol NEFA/L (Jorjong et al., 2014) and 1.2 mmol BHB/L (Li et al., 2012) are 

associated with the risk of clinical ketosis in dairy cows. Regarding NEFA, they were 

reached only by the High MR cows during the peaks of months 2 and 3, but not by the 

Low MR cows, and never for BHB, which suggests that circulating NEFA supplied 

enough energy to meet the metabolic demands induced by nutrient restriction. 

The response profiles observed herein suggest that the High MR cows had a 

higher potential milk yield and were able to efficiently partition more nutrients towards 

milk synthesis than the Low MR cows. Elgersma et al. (2018) considered that dairy cows 

with fewer milk yield fluctuations under natural perturbations were more resilient because 

minor variance in performance genetically correlated with better health and longevity. 

Conversely, we can conclude that the High MR cows were able to establish homeorhetic 

mechanisms in the short term (Bauman and Currie, 1980) with sufficient intensity to 

ensure that, despite their more negative EB, they continued to display better lactation 

performance and recovered after the challenge. Ollion et al. (2016) have described 

different profiles in dairy cows depending on their lactation performance, reproduction 

and ability to maintain their reserves, the most determinant life functions among which 

trade-offs have often been identified. They found that milk yield was an important driver 

of these profiles, as we observed in the present work, but not the only one given the wide 

individual variability in the strategies to prioritise nutrient allocation to these life functions.  

4.3. Effect of the lactation stage 

Previous studies have analysed the adaptations of lactating ruminants to feed 

restriction in different phases. Within-animal responses are repeatable between early- 

and mid-lactation in dairy cows (Gross and Bruckmaier, 2015), between consecutive 

lactations in dairy goats (Friggens et al., 2016) and between two consecutive feeding 

challenges of different duration in beef cattle (De La Torre et al., 2022), which indicate 

that variability may be genetically driven. Here we clustered cows according to their 

response throughout lactation and analysed the month of lactation separately, finding a 

strong effect on most response variables. The general lack of interactions between MR 

cluster and month confirmed the validity of our approach.  
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To the best of our knowledge, no comparable studies are available on beef cows 

in different lactation stages. As stated above, the lactation curves of beef breeds are less 

well-known than those of dairy cattle. Sepchat et al. (2017) have described slow 

increases in milk production after calving, which peaked between the first and third 

lactation months. The curve was flatter than in dairy cows due to the balance between a 

calf's ability to drink milk and the dam's production potential. A recent meta-analysis by 

Sapkota et al. (2020) described earlier peak milk yields dairy-beef crosses (4-6 weeks) 

compared to pure beef cows (5-8 weeks), the latter showing a better persistency. The 

basal milk yield here was similar in months 2 and 3, which suggests that the peak was 

reached before week 8, and then decreased in month 4. The basal values agreed with 

previous observations in multiparous Parda de Montaña cows, as in Blanco et al. (2008), 

regardless of suckling management, calf sex or supplementation (Cortés-Lacruz et al., 

2017). 

The impact of feed restriction on milk yield was higher in month 3 than in months 

2 and 4, as shown by the greater peak loss (in both absolute and relative terms, 21% vs. 

18%), which was attained more quickly, and the total milk loss. With an induced short-

term feed restriction, Bjerre-Harpøth et al. (2012) found a similar milk loss in relation to 

pre-challenge values (30%) in early-, mid- and late-lactation with dairy cows, unlike our 

results. In response to natural perturbations, effects were severer, developed more 

quickly and recovered more slowly in early- to mid-lactation than in later stages (Adriaens 

et al., 2021). Conversely, we found that lactation stage did not affect the recovery rate 

during refeeding, as observed by Codrea et al. (2011).  

Whereas the milder effect of nutrient restriction in later stages (i.e. in month 4) 

was supported by the abovementioned literature, the stronger impact in month 3 than in 

month 2 was not expected given the similar energy and protein intake. We hypothesise 

that, as the basal milk yield was similar, but both BW and the BCS were lower in month 

3, these beef cows’ coping strategy in month 3 was not sufficient to buffer the effect of 

feed restriction on milk production. The basal NEFA concentrations were similar in 

months 2 and 3, and were higher than those of month 4, but the peak values of NEFA 

and BHB decreased steadily, and were reached more quickly for NEFA, as lactation 

progressed. All this indicates decreasing lipid mobilisation. Apparently, despite the 

metabolic demand for milk yield still being high in month 3, these beef cows’ response 

to homeorhetic controls was not sufficient to ensure adequate nutrient supply to support 

milk synthesis under the feed restriction. Baumgard et al. (2017) indicated that when a 

negative EB occurs, the dairy cows selected for higher milk yield are able to partition 

more nutrients away from storage and towards mammary utilisation. The opposite would 
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be the case in our study, where that response would be less intense in beef cows with a 

lower genetic capacity for milk production. This is supported by the findings of Pareek et 

al. (2007), who compared the response to a metabolic challenge between breeds of 

different genetic merits for milk yield, and found that dairy cows had lower insulin levels, 

a lower EB, but greater milk production efficiency than beef cows which, in turn, had a 

higher potential for body energy and protein accretion. 

Regarding the BHB peak, the interaction between month and the MR cluster 

implied that lipid mobilisation was insufficient only in month 2 for the High MR cows, and 

the ketogenesis from NEFA resulted in a greater BHB peak in response to feed restriction 

in early lactation. The higher metabolic load in earlier lactation stages has been 

described in dairy cows, with natural NEFA peaks 1-2 weeks postpartum and a delayed 

response in BHB peaks at 2-3 weeks (Gross et al., 2011a; Kessel et al., 2008), which 

decrease thereafter. In Parda de Montaña beef cows fed at 75% (Alvarez-Rodríguez et 

al., 2009) or 100% (Noya et al., 2019) of their requirements, NEFA peaked at 0.27 to 

0.35 mmol/l up to week 5 postpartum and then decreased to reach 0.08 mmol/l in month 

4, whereas BHB contents remained constant (approx. 0.20 mmol/l) throughout lactation 

(Rodríguez-Sánchez et al., 2018).  

This effect of month on the basal values could condition the coping strategies 

which cows apply to face undernutrition in different stages. Bjerre-Harpøth et al. (2012) 

found decreasing basal NEFA concentrations from early to late lactation, and high BHB 

contents only in early lactation. When short-term energy deficit was induced, the relative 

changes in NEFA during restriction increased throughout lactation, while BHB only 

responded in early lactation. Other studies report that plasma NEFA concentrations are 

less responsive to feed restriction in late lactation (Carlson et al., 2006; Gross et al., 

2011a), when even a drastic energy restriction may not increase the BHB concentration 

if there are not sufficient NEFA for ketogenesis. According to our results, in a recent 

review on the effects of feed restriction on dairy cows, Leduc et al. (2021) found that 

NEFA increased (+14% to +3475%) in most studies, while the effect on BHB was less 

consistent (+26% to +721% in only 14 of the 23 studies).  
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5. Conclusion 

Changes in the performance and plasmatic indicators of lipolysis and ketogenesis 

of beef cows in response to short-term feed restriction can be modelled using spline 

curves, which allows different metabolic response profiles to be established. The extent, 

but not the speed, of the individual response was driven primarily by basal milk yield, but 

adaptation strategies changed as lactation advanced, and as the nutrient demand for 

milk production and concomitant fat mobilisation decreased. Although long-term 

performance should also be evaluated, identifying animals that can respond to a 

nutritional challenge by establishing mechanisms to minimise the impact on their 

performance is key to develop breeding programmes for enhanced beef cows’ resilience.  
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1. Introduction 

Beef cows managed in temperate grassland systems depend very much on 

forage availability and quality during the grazing season, and also in the winter when 

they are usually group-fed preserved forages. Under these conditions, they face a 

dynamically changing nutrient supply, which can be inadequate to meet their 

requirements during some key physiological periods (Mulliniks and Beard, 2019). 

Projected climate changes, including more frequent extreme weather events, will further 

affect the quantity and nutritive value of the feed available throughout the production 

cycle (Henry et al., 2018). To successfully cope with these challenges, effective 

strategies need to be developed at both the animal and farm levels (Blanc et al., 2006).  

Lactating cows respond to limiting nutritional environments with the mobilisation 

of body tissues and a range of behavioural and physiological mechanisms that involve 

modifications in nutrient allocation towards the different metabolic functions, whose 

priority differs depending on lactation stage (Bjerre-Harpøth et al., 2012; Murrieta et al., 

2010). In order to disentangle the mechanisms that determine this metabolic flexibility in 

response to environmental change, the nutritional perturbations involving both short- and 

long-term feed restriction-refeeding cycles have been widely studied in dairy cows 

(Abdelatty et al., 2017; Gross et al., 2011a; Pires et al., 2019). In beef cattle, several 

papers have assessed cows’ performance and metabolic response to long-term 

underfeeding (Alvarez-Rodríguez et al., 2009; Fiems et al., 2015), but adaptation to 

short-term nutrient restrictions has only been recently considered (De La Torre et al., 

2022; Orquera-Arguero et al., 2022). Animals’ ability to respond to and recover after 

short-term disturbances, defined as resilience (Friggens et al., 2022), is key for their 

performance in variable environments. 

In dairy cows, the adaptive response to underfeeding usually implies reduced 

milk yield, and milk composition may, or may not, be affected depending on the length 

and intensity of restriction, among other factors (Boutinaud et al., 2019; Kvidera et al., 

2017; Leduc et al., 2021). In order to overcome the negative energy balance (EB), cows 

will mobilise their body reserves, including both fat and protein. The mobilisation of body 

fat releases non-esterified fatty acids (NEFA) into the blood stream, which can be 

oxidised in the liver into ketone bodies, such as β-hydroxybutyrate (BHB), as energy fuel 

(Bell, 1995). Complementary, NEFA can be esterified to triglycerides and accumulate in 

the liver, or taken up by the mammary gland, where they account for a significant fraction 

of milk fat synthesis. When the oxidative metabolism is altered, excessive reactive 

oxygen species (ROS) production leads to oxidative stress (Abuelo et al., 2015), for 
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which malondialdehyde (MDA), a degradation product of lipid peroxidation, has been 

proposed as a biomarker (Castillo et al., 2006). The catabolism of the protein mainly from 

the skeletal muscle yields glucogenic amino acids, and affects plasma glucose and urea 

concentrations (Ingvartsen et al., 2003). In ad libitum-fed dairy cows, body protein 

catabolism starts in the transition period (from 3 weeks before calving) and extends up 

to 5 weeks after calving, while fat reserves are mobilised up to 12 weeks postpartum, 

when feed intake matches milk yield requirements and endocrine status limits 

mobilisation (Sadri et al., 2023). This period can be shorter in lower milk-yielding breeds 

(Jorge-Smeding et al., 2022). When faced with temporary nutrient restriction, lactation 

stage plays a key role in the physiological adaptive response because the priority and 

requirements of the mammary gland change as lactation evolves by modifying the 

allocation of nutrients to milk synthesis (Boutinaud et al., 2019; Gross and Bruckmaier, 

2019). Furthermore, when cows are refed, the post-challenge recovery rate can be faster 

in later lactation stages (Bjerre-Harpøth et al., 2012). This information is not available in 

beef cows, where the influence of lactation stage on nutrient allocation may differ from 

that of dairy cows due to their lower milk yield and different feeding management 

because they are rarely fed to appetite and are often placed in limited nutrient 

environments (Mulliniks and Beard, 2019).  

The aim of this experiment was to determine lactating beef cows’ response to 

short-term feed restriction and refeeding periods in three different months of lactation 

both on the productive and physiological levels. We hypothesised that cows would 

respond to nutritional perturbations by reducing their milk yield and modifying their lipid 

and protein metabolism differently as lactation progressed. 

2. Material and methods 

The Animal Ethics Committee of the research centre approved all the 

experimental procedures (protocol no CEEA-03-2018-01), which followed the EU 

Directive 2010/63 guidelines on the protection of animals used for experimental and 

other specific purposes.  

2.1. Animal management, experimental and diet design 

The experiment was conducted at CITA La Garcipollera Research Station in the 

Pyrenees mountain area (Spain, 42°37’ N, 0°30’ W, 945 m a.s.l.) using 31 lactating Parda 

de Montaña beef cows [body weight (BW) (mean ± SD): 626 ± 47.7 kg; body condition 

score (BCS): 2.8 ± 0.22 (0-5 scale); age: 7.5 ± 2.91 yr]. Cows were randomly allocated 

in pens (7 or 8 cows/pen, 10 x 20 m) equipped with individual feeders for forage and 

automatic feeding stations (ALPRO, Alfa Laval Agri, Tumba, Sweden) for concentrate. 
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Calves were stocked in straw-bedded cubicles adjacent to their dams. They were 

allowed to suckle their dams daily for two 30-minute periods at 06:00h and 14:00h. All 

the cows received the same ration, which was composed of different quantities of hay 

and concentrate. The chemical composition and nutritive value of feedstuffs are 

presented in Table 1 (for detailed information see Orquera-Arguero et al., 2022). Diets 

were calculated by considering the net energy and metabolisable protein requirements 

for the maintenance and lactation (INRA, 2007) of a standard cow with a BW of 615 kg 

and a milk yield of 8.5 kg/d. From calving to the end of the experiment all the cows were 

fed a diet that met 100% standard cow energy and protein requirements, except for 3 

restriction periods when they were fed a diet to meet 55% standard cow energy and 

protein requirements. The experiment consisted of three consecutive 4-day feeding 

periods, which were repeated over months 2, 3 and 4. Every month, the trial started with 

4 days on which cows had access to the abovementioned diet, which met 100% of their 

requirements (basal period). For the next 4 days, they were fed a diet that met 55% 

requirements (restriction period). On the last 4 days, once again they received the 

formulated diet to meet their 100% requirements (refeeding period). On the first day of 

restriction periods, cows were in milk for 31 (month 2), 58 (month 3), and 87 (month 4) 

days.  

 

Table 1. Chemical composition and nutritive value (mean ± standard deviation) of the 

feedstuffs offered to the beef cows. 

 Hay Concentrate 

Chemical composition   

Dry matter (DM), g/kg 920 ± 10.9 908 ± 6.7 

Ash, g/kg DM 87.5 ± 17.3 68.3 ± 1.6 

Crude protein, g/kg DM 97.1 ± 20.5 170 ± 4.7 

Neutral detergent fibre, g/kg DM 581 ± 51.0 252 ± 19.2 

Acid detergent fibre, g/kg DM 330 ± 27.3 112 ± 11.5 

Lignin, g/kg DM 34.9 ± 9.30 29.3 ± 8.10 

Nutritive Value   

Net energy, MJ/kg DM 5.4 ± 0.13 7.4 ± 0.36 

Metabolizable protein, g PDI1 /kg DM 73 ± 12.1 121 ± 2.9 
1 true protein digestible in the small intestine. 
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The diet fed to meet 100% energy and protein requirements was composed of 

7.4 kg dry matter (DM) hay and 2.7 kg DM concentrate. During restriction, cows received 

6.4 kg DM hay to meet 55% of their energy and protein requirements. Throughout the 

experiment, water and mineral blocks were supplied ad libitum. Hay was offered daily as 

a single meal at 08:00h in individual feeders with cows tied up for approximately 2 h until 

they had finished their ration. The ALPRO feeding stations were programmed to offer 

concentrate to all the cows during the basal and refeeding periods. The individual hay 

and concentrate intakes were recorded daily.  

2.2. Measurements and samplings  

All the cow measurements were taken daily in the morning before hay-feeding, 

and during each feeding period (basal, restriction, refeeding) in experiment months 2, 3 

and 4. Cows were weighed on an electronic scale. Milk yield was estimated by the 

weight-suckle-weight technique of the calf (Le Neindre and Dubroeucq, 1973) as the sum 

of the milk consumed in both sucklings. After the morning suckling, a composite 50-mL 

milk sample was manually collected per cow from all four teats, after discarding 3 

streams of milk per teat. After calf removal, cows were administered an intramuscular 

injection of oxytocin (40 UI, Facilpart, Laboratorios Syva, León, Spain) 5 min before the 

manual extraction to facilitate the letdown of residual milk. Milk samples were preserved 

with sodium azide (PanReac, Barcelona, Spain) and refrigerated at 4ºC until further 

analyses. Cow blood samples were collected from the coccygeal vein in heparinised 

tubes (BD Vacutainer Becton-Dickenson and Company, Plymouth, UK) to determine 

BHB and MDA, and in tubes containing EDTA (BD Vacutainer Becton-Dickenson and 

Company) to analyse glucose, NEFA and urea concentrations. Immediately after 

collection, blood samples were centrifuged at 3,500 rpm for 20 min at 4ºC, and plasma 

was frozen at -20ºC until further analyses. 

2.3. Chemical analyses 

In milk samples, lactose, fat, protein and urea contents, and somatic cell count, 

were determined with an infrared scan (Milkoscan7 RM, Foss Electric Ltd., Hillerød, 

Denmark). Randox kits (Randox Laboratories Ltd., Country Antrim, UK) were employed 

to determine the plasma concentrations of NEFA (colorimetric method, sensitivity: 0.072 

mmol/L) and BHB (kinetic enzymatic method, sensitivity: 0.100 mmol/L). An automatic 

analyser (Gernon, RAL S.A., Barcelona, Spain) was used to measure the plasma 

concentrations of glucose (enzymatic-colorimetric method, sensitivity: 0.06 mmol/L) and 

urea (kinetic method, sensitivity: 0.056 mmol/L). The mean intra- and interassay 
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coefficients were for NEFA: 4.0% and 4.9%, BHB: 6.8% and 6.8%; glucose: 2.2% and 

2.4%; urea: 4.4% and 5.5%.  

The plasma concentration of MDA, used as an indicator of oxidative status, was 

determined by liquid chromatography as described in Bertolín et al. (2019). An Acquity 

UPLC H-Class liquid chromatograph (Waters, Milford, Massachusetts, USA), equipped 

with a silica-based bonded phase column (Acquity UPLC HSS PFP, 100 mm × 2.1 mm 

× 1.8 μm, Waters), an absorbance detector (Acquity UPLC Photodiode Array PDA eλ 

detector, Waters) and a fluorescence detector (2475 Multi λ Fluorescence Detector, 

Waters), were utilised. The intra- and interassay coefficients of variation were 4.6% and 

7.3% for MDA, respectively. 

2.4. Calculations and statistical analyses 

The INRA system (INRA, 2007) was used to estimate the individual EB as the 

difference between inputs (net energy (NE) intake) and outputs (NE for maintenance and 

NE for lactation). The NE intake was estimated from the individual DM intake (DMI) and 

feedstuffs’ energy contents. The NE for maintenance was calculated from the individual 

metabolic BW, and the NE for production was obtained using the milk yield, fat, and 

protein contents in milk.  

Statistical analyses were performed by the SAS statistical package v 9.4 (SAS 

Institute Inc., Cary, NC, USA) and the R software. Normal data distribution  was 

assessed with the Shapiro-Wilk test (P > 0.05). Normality could not be confirmed for the 

somatic cell count values. Therefore, analyses were run on the log-transformed data. 

Parameters were analysed with mixed models by taking feeding period (basal, 

restriction, refeeding), lactation month (months 2, 3 and 4), and their interaction, as fixed 

effects, and cow as the random effect. Degrees of freedom were adjusted with the 

Kenward-Roger correction. The least square means and associated standard errors 

were obtained and multiple comparisons were adjusted with Tukey correction. The 

Pearson’s correlations between variables were obtained and presented on heatmaps for 

all the data and separately per feeding period using the CORRPLOT package of R (R 

Development Core Team, 2021). The level of significance for all the tests was P < 0.05 

and trends were discussed when 0.05 ≤ P < 0.10. 
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3. Results 

The interaction between feeding period and lactation month affected all the 

parameters (P < 0.05 to P < 0.001), except milk yield, which only tended to be affected 

by this interaction (P < 0.10) and somatic cell count (P > 0.05). For each parameter, the 

basal values during the three lactation months, and then the effects of restriction and 

refeeding during the three lactation months are presented. 

3.1. Cow performance 

On average, 91%, 61% and 93% of the net energy requirements and 100%, 58% 

and 103% of the metabolisable protein requirements were met during the basal, 

restriction and refeeding periods, respectively. Cows’ EB, BW, milk yield and milk 

composition are depicted in Figure. 1 according to feeding period and lactation month. 

The calculated basal EB improved progressively from month 2 to month 4 (P < 0.01). 

According to the experimental design, cows’ EB was more negative during restriction 

than during the basal period in the three lactation months (P < 0.001). During refeeding, 

the EB returned to basal values in lactation months 2 and 3, but went even higher, close 

to a neutral EB, in lactation month 4 (P < 0.001). Basal BW decreased between months 

2 and 4 (P < 0.001). BW diminished with restriction in the three lactation months (by -

2.3%, -2.0% and -1.7% in months 2, 3 and 4, respectively). During refeeding, BW 

lowered by a further 1% in month 2 (P < 0.001), but remained unchanged in months 3 

and 4 (P > 0.05).  

The basal milk yield was higher in months 2 and 3 than in month 4 (P < 0.05 to P 

< 0.001). Milk yield decreased with restriction in the three lactation months by -14%, -

19% and -20% in months 2, 3 and 4, respectively (P < 0.001). Milk yield increased during 

refeeding and reached the basal values in months 2 and 3, but stayed below the basal 

values in lactation month 4 (by -8%; P = 0.03). Regarding milk composition in the basal 

phase, lactose, fat and urea contents were not affected by lactation month (P > 0.05), 

whereas protein content was higher in month 2 than in the subsequent months (P < 

0.001), and somatic cell counts were lower in month 2 than thereafter (99, 135 and 131 

x 103 cells/mL in months 2, 3 and 4, respectively, P < 0.05). 

Feed restriction did not affect milk lactose in month 2, but lowered in months 3 

and 4 (by -1.9 and -1.5%, respectively) and then increased during refeeding in the three 

lactation months (P < 0.001). Milk fat content was similar regardless of feeding periods 

(P > 0.05). Protein content lowered with restriction in months 2 and 3 (by -5% and -4%, 

respectively; P < 0.001), but was not affected in month 4 (P > 0.05). It remained stable 

during refeeding in months 2 and 4, but increased to reach the basal values in month 3.  
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Figure 1. Effect of feeding period (F: Basal, Restriction, Refeeding) and lactation month 

(M: 2, 3, 4) on energy balance (EB), BW, milk yield and milk composition.  

Within a parameter and month, the means with a different letter (a,b,c) indicate 

differences due to feeding period (P < 0.05). Within a parameter and feeding period, the 

means with a different letter (x,y,z) denote differences due to lactation month (P < 0.05). 
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Milk urea content increased during restriction in the three months by +8%, +21%, and 

+37% in months 2, 3 and 4, respectively (P < 0.05), and decreased during refeeding, 

even below the basal values in month 2 and to the basal values in months 3 and 4 (P < 

0.001). The highest somatic cell counts were obtained during refeeding (128, 159 and 

186 x 103 cells/mL in the basal, restriction and refeeding period, respectively, P < 0.05).  

3.2. Plasma metabolic profile 

The plasma concentrations of NEFA, BHB, glucose, urea and MDA are presented 

in Figure. 2. Lactation month did not affect the basal concentrations of BHB and urea (P 

> 0.05), but affected those of NEFA, glucose and MDA (P < 0.001). The basal NEFA 

concentrations were higher in month 2 than in month 4 (P < 0.001). The basal glucose 

concentrations were lower in month 3 than in months 2 and 4 (P ≤ 0.001). The basal 

MDA concentrations were higher in month 2 than in the subsequent months (P < 0.001).  

Regarding the effect of feeding period, NEFA concentrations increased to 

different extents due to restriction in the three months (by +157%, +269% and +212% in 

months 2, 3 and 4, respectively; P < 0.001), whereas refeeding lowered NEFA 

concentrations to below the basal value in month 2 (P < 0.001) and to basal values in 

months 3 and 4. The BHB concentration rose with restriction in the three months, but 

only significantly in month 4, by +14% (P = 0.11), +17% (P = 0.11) and +23% (P < 0.001) 

in months 2, 3 and 4, respectively. During refeeding, BHB decreased and reached basal 

values in months 2 and 4. Glucose concentration dropped during restriction in month 2 

(P = 0.01), with no changes thereafter (P > 0.05). During refeeding, it decreased in month 

2 (P < 0.001), increased in month 3 (P < 0.001) and remained unchanged in month 4 (P 

> 0.05). The urea concentration rose significantly during restriction, but only in lactation 

month 4 (by +18%; P < 0.001), and lowered during refeeding below the basal values in 

months 2 and 4 (P < 0.01). The MDA concentration did not change with restriction and 

was only affected by refeeding in month 4, with higher values than during the basal period 

(P = 0.03).  
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Figure 2. Effect of feeding period (F: Basal, Restriction, Refeeding) and lactation month 

(M: 2, 3, 4) on plasma concentrations of non-esterified fatty acids (NEFA), β-

hydroxybutyrate (BHB), glucose, urea and malondialdehyde (MDA). 

Within a parameter and month, the means with a different letter (a,b,c) indicate 

differences due to feeding period (P < 0.05). Within a parameter and feeding period, the 

means with a different letters (x,y,z) denote differences due to lactation month (P < 0.05). 

The significant overall correlations with r ≥ 0.25 between the performance 

parameters and plasma metabolites are shown in Figure. 3, whereas the correlations 

during each feeding period are depicted in Suppl. Figure.1. The overall correlations were 

weak (r = 0.25 to 0.39) or moderate (r = 0.40 to 0.59), but were were strong within feeding 

periods (r = 0.60 to 0.79) and very strong (r ≥ 0.80) (P < 0.001). BW correlated positively 

with milk yield and negatively with the EB. Milk urea content correlated negatively with 
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milk yield and the EB (P < 0.001). Within the basal, restriction and refeeding periods, 

correlations were moderate between BW and the EB (r = -0.52 to -0.64), and were very 

strong between milk yield and the EB (r = -0.87 to -0.93). The plasma NEFA 

concentration correlated negatively with the EB and milk protein content, and positively 

with milk urea content (P < 0.001). The BHB concentration correlated negatively with the 

EB and positively with milk urea and the plasma concentrations of glucose, urea and 

MDA (P < 0.001). The plasma urea concentration correlated negatively with the EB and 

positively with milk urea content and plasma glucose concentration (P < 0.001). Within 

feeding periods, the plasma urea concentration correlated positively with BW, milk yield 

and milk protein during the basal period and with milk protein during the refeeding period 

(P < 0.001). The plasma MDA concentration correlated positively with BW, milk yield, 

milk protein content and plasma urea concentration, and negatively with the EB (P < 

0.001).  

 

Figure 3. Significant Pearson’s rank correlations1 between cow performance and plasma 

metabolites in all the lactation months.  
1Only the significant correlations (P < 0.05) are presented and the correlations between 

equal variables are omitted. SCC: somatic cell count; NEFA: non-esterified fatty acids; 

BHB: β-hydroxybutyrate; MDA: malondialdehyde.  
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4. Discussion 

In the present experiment, restriction implied reductions of -36% in DMI, -42% in 

net energy intake and -47% in protein intake on average. The restriction herein applied 

could be considered moderate according to the review by Leduc et al. (2021) because 

the reduction in DMI was less than 50%. Basal cow performance and some plasma 

metabolites differed among the three lactation months, as did their patterns of response 

to restriction and refeeding. This scenario suggests a change in the metabolic priority of 

different biological functions as lactation advanced. 

4.1. Cow performance 

BW loss between months 2 and 4 agrees with previous experiments with lactating 

Parda de Montaña cows (Blanco et al., 2009). Beef cows are rarely fed according to their 

theoretical requirements (Blanc et al., 2006). During lactation, they have to rely on the 

mobilisation of their body reserves to produce milk. In the present experiment, BW was 

only mildly affected by a short feed restriction, similarly to the -4 to -5% BW loss reported 

after a 4-day 50% DMI restriction in beef cows (De La Torre et al., 2022) and dairy cows 

(Ferraretto et al., 2014; Kvidera et al., 2017). This BW loss could be linked with the 

decrease in DMI, gut fill loss and mobilisation of body reserves (Gross et al., 2011a; 

Laeger et al., 2012). Incomplete BW recovery in the 4-day refeeding phase implies that 

a longer recovery period is needed; e.g. 10 days in beef cows after a similar restriction 

to that herein applied (De La Torre et al., 2022) or at least 1 to 2 weeks in dairy cows 

with severer restrictions that cause greater BW loss (-10%; Billa et al., 2020; Pires et al., 

2019). 

The lower basal milk yield values with progressing lactation agree with previous 

data on Parda de Montaña cows (Casasús et al., 2004; Dervishi et al., 2017), and 

suggest that the peak milk yield had already been reached at the start of the experiment, 

in month 2, as described by Sapkota et al. (2020) for beef cows. In the present study, 

the reduced milk yield caused by feed restriction falls in line with those reported by other 

studies of comparable lengths and restriction severities in beef cows (-12%;  De La Torre 

et al., 2022) and dairy cows (-13 to -20% in Abdelatty et al., 2017; Laeger et al., 2012; 

Nielsen et al., 2003). The milk loss magnitude was lower in month 2, when cows 

displayed the most negative EB, than thereafter. Several homeorhetic mechanisms 

involved in nutrient partitioning regulation concur to maintain milk yield during feed 

restriction periods or metabolic imbalance, e.g. decreased glucose use, increased body 

lipids use and the mobilisation of protein reserves as energy sources (Bauman and 

Currie, 1980; Ingvartsen et al., 2003). However, these regulation processes are stage-
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dependent and the adaptive response diminishes with advancing lactation (Blanc et al., 

2006). Our results indicate that the metabolic priority of the mammary gland in feed-

restricted beef cows decreased after month 2. This would be supported by the shift in 

nutrient partitioning away from the udder towards subcutaneous adipose tissue, as 

observed on 60 d postpartum in beef cows by Murrieta et al. (2010). The milk yield 

response to refeeding was fast, with full recovery occurring within 4 days in months 2 

and 3, but not in month 4. The lower milk synthesis priority in this later stage may 

increase the necessary recovery time. A quick response to refeeding has also been 

reported in low-producing beef cows (2 days for full recovery; De La Torre et al., 2022), 

but more days are required for full recovery with high-producing dairy cows in early 

lactation (7 to 8 days; ; Bjerre-Harpøth et al., 2012; Pires et al., 2019). 

Concerning milk composition, the basal milk protein and lactose contents were 

similar, but fat content was higher than those previously reported in Parda de Montaña 

cows with a similar milk yield (Casasús et al., 2004; Dervishi et al., 2017). This difference 

was probably related to the sampling method. In this study, milk samples were manually 

obtained after calves had suckled (alveolar milk). In the above-mentioned studies, they 

were collected by machine milking before calves had access to their dam (cisternal milk). 

The fat concentration in cisternal milk is lower than in alveolar milk, whereas milk protein 

content is minimally affected (Sarikaya et al., 2005). The basal milk composition was 

similar in the three months, except for the higher protein content in early lactation. In 

dairy cows, lactose regulates milk osmolality and generally remains constant throughout 

lactation, while milk fat and protein tend to decrease from peak lactation in response to 

improved nutritional status and lower milk yield (Gross and Bruckmaier, 2019). All this 

was confirmed in our experiment for lactose and protein, but not for fat. This was probably 

due to the smaller differences in the EB and milk yield among months here than those 

observed in high-producing dairy cows. Furthermore, the stable basal milk urea 

throughout lactation agrees with the results reported in beef cows in the first three 

months of lactation (Wiseman et al., 2019) and in early-, mid- and late-lactating dairy 

cows (Bjerre-Harpøth et al., 2012). 

Milk composition was affected by nutritional perturbation to different extents. 

Lactose content lowered with restriction and increased during refeeding, which agrees 

with previous reports in dairy cows that only needed 2 days to recover basal values after 

restriction had ended (Bjerre-Harpøth et al., 2012; Hervé et al., 2019; Sigl et al., 2013). 

The negative correlation herein observed between lactose content and somatic cell count 

has been associated with inflammatory reactions in milk secretory cells (Cinar et al., 
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2015). However in our study, somatic cell count was always below the threshold for 

subclinical mastitis (200 x103 cells/mL; Dervishi et al., 2017).  

Milk fat originates from either dietary or mobilisation fatty acids, which are taken 

up from the bloodstream, or by de novo synthesis in the mammary gland (Chilliard et al., 

2000b). Here milk fat content was not affected by feed restriction, which is consistent 

with previous results in dairy cows restricted at 50-60% during 4-5 days with 10-22% milk 

yield loss (Abdelatty et al., 2017; Carlson et al., 2006; Gross et al., 2011a). Other 

experiments with 30-50% milk loss report increases in milk fat content during feed 

restriction (Agenäs et al., 2003; Bjerre-Harpøth et al., 2012), which are associated with 

an increment in the long-chain fatty acids that arise from body fat mobilisation (Gross et 

al., 2011b). Apparently fat mobilisation and the concurrent rise in circulating NEFA would 

not have been enough to increase milk fat content in our study, but could have made the 

proportion of long vs. short- and medium-chain fatty acids higher, as observed by 

Orquera-Arguero et al. (2023). 

Milk protein may decrease with feed restriction, but changes in milk urea depend 

on the nature of restriction (Leduc et al., 2021) given the influence by feed intake, but 

also by urea transfer from blood to milk, and vice versa (Spek et al., 2016). Here we 

observed reductions in milk protein (in months 2 and 3) and increments in milk urea 

contents in response to simultaneous reduction in dietary energy and protein supply. 

These findings agree with other experiments with 50% nutritional restriction, e.g. -7% 

milk protein and +21% milk urea content in  Carlson et al. (2006), -5.6% milk protein in 

Gross et al. (2011a). The higher milk urea content during restriction, especially in month 

4, and its negative correlation with the EB suggests that protein catabolism took place in 

this phase to compensate for reduced energy intake, and this adaptation mechanism 

was more intense in later lactation stages. Body protein mobilisation to obtain glucose 

as an energy substrate increases circulating urea, which can be diffused from the blood 

stream to mammary glands (Spek et al., 2016). When restriction ended, basal values 

were regained after four refeeding days in most cases, except for milk protein in month 

2. This suggests quicker recovery than that observed in high-producing dairy cows (Billa 

et al., 2020; Bjerre-Harpøth et al., 2012; Pires et al., 2019).  
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4.2. Plasma metabolic profile 

Plasma metabolites have commonly been used as indicators of energy, protein 

and oxidative status (Castillo et al., 2006; van Knegsel et al., 2007). The basal values 

herein observed were similar to those reported in lactating Parda de Montaña cows fed 

their 100% requirements in the case of NEFA, BHB and urea (Alvarez-Rodríguez et al., 

2009), but were lower than those of glucose (Rodríguez-Sánchez et al., 2018). The fact 

that basal NEFA decreased from month 2 to month 4 indicates that the lipid mobilisation 

needed to support the energy demand for milk yield decreased throughout lactation, as 

shown in dairy cattle (Gross et al., 2011a; Jorge-Smeding et al., 2022). Basal BHB 

remained stable, as noted by Rodríguez-Sánchez et al. (2018) in beef cows, but were 

unlike the results of Bruckmaier and Gross (2017) in Holstein cows, where BHB peaked 

between 2-3 weeks postpartum and decreased thereafter, which suggest more 

metabolic stress for dairy cows in early lactation.  

Feed restriction in months 2 and 3 increased the plasma NEFA concentrations to 

more than 2-fold their basal values, which came close to the compromised metabolic 

status threshold in dairy cows (0.57-0.60 mmol/L; Ospina et al., 2010), but induced a 

milder response in month 4. This supports the high priority of nutrient partitioning towards 

the mammary gland in response to reduced energy supply in earlier lactation stages, 

when body fat is largely mobilised and NEFA are released to provide energy for milk 

synthesis. Orquera-Arguero et al. (2022) observed wide variability in this response 

among beef cows, with more marked increments in cows’ BW and milk yield. Plasma 

BHB responded to reduced nutrient intake to a much lesser degree (+15 to 20%), and 

only significantly so in month 4, and remained far below the risk threshold for subclinical 

ketosis (>1.2 mmol/L) (Benedet et al., 2019). The greater increments in NEFA than in 

BHB concentrations in response to reduced feed supply agree with previous studies with 

similar restrictions in dairy cows (Kvidera et al., 2017; Moyes et al., 2009; Pires et al., 

2019), but they did not even change in Charolais cows with lower milk yield BHB (De La 

Torre et al., 2022). Both metabolites reacted quickly to refeeding, and basal values had 

recovered within 4 days, which agrees with other studies in beef (De La Torre et al., 

2022) and dairy cattle (Abdelatty et al., 2017; Gross et al., 2011a), regardless of lactation 

stage (Billa et al., 2020; Bjerre-Harpøth et al., 2012).  

The response of plasma glucose to diet changes was not consistent across 

lactation stages in the present study because it only decreased with restriction in month 

2. The stronger effect on early lactation has been ascribed by Bjerre-Harpøth et al. 

(2012) to greater physiological imbalance, and could be driven by higher mammary 
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glucose uptake for lactose synthesis (Gross et al., 2011a). In beef cows, no relevant 

changes were observed when feed was reduced at 54 or 75 days from calving (De La 

Torre et al., 2022). The literature reports conflicting results on the effect of moderate feed 

restrictions on glycaemia, which may decrease or remain stable, and has been 

considered a poor indicator of energy status in cows because gluconeogenesis can 

balance its concentration (Leduc et al., 2021).  

Plasma urea is influenced by a wide variety of interrelated factors, such as dietary 

protein intake and muscle tissue breakdown when energy supply is insufficient (Puppel 

and Kuczyńska, 2016). Protein mobilisation from skeletal muscle releases glucogenic 

amino acids, which are used to supply glucose (Ingvartsen et al., 2003) and to generate 

urea during the process (Agenäs et al., 2006). The concentrations herein noted fell within 

the range reported for adequately nourished cows (1.8 to 7 mmol/L; Agenäs et al., 2006), 

and basal values remained stable throughout lactation, as observed by Bjerre-Harpøth 

et al. (2012) in early-, mid- and late-lactating cows. The lack of effect of feed restriction 

in months 2 and 3 agrees with previous reports in beef (De La Torre et al., 2015) or dairy 

cows (Hervé et al., 2019; Laeger et al., 2012), although other authors have found 

reduced blood urea in feed-restricted cows (Kvidera et al., 2017). The fact that restriction 

elicited a rise in the plasma urea concentration in month 4, when protein intake did not 

differ from previous months, implies that a certain degree of protein catabolism took 

place during restriction. This resulted in stable glycaemia in this month, as observed by 

Fiems et al. (2007) in energy-restricted beef cows. Apparently in late lactation, cows rely 

less on the mobilisation of fat reserves and more on the mobilisation of lean mass as a 

strategy to cope with a short-term nutritional challenge.  

The metabolic adaptation to a negative EB can intensify the NEFA oxidation 

processes in the liver, and can result in both increased ROS production and oxidative 

stress developing (Turk et al., 2008), which occur with an imbalance between ROS 

production and antioxidant availability (van Knegsel et al., 2014). The values obtained in 

the present experiment are far below the concentrations reported by Castillo et al. (2006) 

for Holstein cows, which lowered from 69 to 29 µmol/l in the 8 first weeks of lactation. In 

our case, the higher MDA concentrations in early lactation (month 2) than thereafter, as 

observed by Castillo et al. (2006) in dairy cows, are likely the consequence of the higher 

plasma NEFA concentrations available for oxidation (Abuelo et al., 2015; Shi et al., 

2015), with which they correlated.  
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5. Conclusions 

Short-term restriction-refeeding periods resulted in both productive and metabolic 

adaptations in lactating beef cows. The most relevant responses to feed restriction were 

a drop in milk yield and an increase in the plasma NEFA concentrations, although their 

magnitude of change decreased as lactation advanced. In early postpartum, the 

mobilisation of fat reserves partially buffered the impact of a moderate feed restriction on 

milk yield. In later stages, when priority for milk production decreased, body protein 

reserves were also mobilised and longer recovery times were needed to compensate for 

a less effective response. Our results show that beef cows use different metabolic 

strategies to face nutritional perturbations depending on lactation stage. 
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1. Introduction 

Despite the uncertainty in climate change projections, alterations in 

environmental conditions are expected to negatively affect animal performance, health 

and welfare in direct and indirect ways (Lacetera, 2019). The direct effects, primarily 

associated with temperature rise and increased frequency and severity of heat weaves, 

may impair animal productive and reproductive performance and cause metabolic 

alterations, oxidative stress and immune suppression (Lacetera, 2019; Nardone et al., 

2010). Amongst the indirect effects, changes in the availability, quality and seasonality 

of feed resources can result in restricted nutrient supply (Rojas-Downing et al., 2017). 

Additionally, feed shortage either caused by climate change or by the high price of feed 

due to the current global energy scarcity (Benoit and Mottet, 2023) may lead to a 

reduction of the feedstuffs provided to livestock by farmers. Furthermore, the frequency 

of extreme weather events is predicted to increase due to climate change, and as a 

consequence livestock could be more frequently exposed to repeated restriction periods. 

Under restricted nutrient supply, a range of physiological adaptation mechanisms 

have been described in lactating cows, including body fat and protein mobilization and a 

reduction of milk yield (Agenäs et al., 2003; Bauman and Currie, 1980; Bell, 1995). The 

ability of animals to ‘bounce back’ from a relatively short-term disturbance is defined as 

resilience (Friggens et al., 2022); when the initial state is totally recovered after a 

challenge, the response is considered elastic, otherwise it is flexible (Blanc et al., 2010). 

The individual response to undernutrition may differ among individuals, and therefore 

identifying groups of cows with similar response profiles could be of interest for herd 

management (de Koster et al., 2019).  

The response could also be affected by repeated exposure to feed restrictions. 

Habituation was defined as decreased responsiveness to repeated stimuli whereas 

sensitization implies increased responsiveness (Blumstein, 2016). Habituation studies 

have been performed in cattle using repeated exposures to stressors such as 

management (Veissier et al., 2001), acidosis challenges (Dohme et al., 2008; Nagata et 

al., 2018) or oscillations in diet quality (Rauch et al., 2021), with responses that either 

decreased, did not change, or were more acute over time. Here, we hypothesized that 

under successive nutritional challenges, beef cows would respond differently and reach 

a habituation state after repeated exposure. Therefore, the aims of this experiment were 

(1) to cluster lactating beef cows according to their metabolic response to three repeated 

short nutritional challenges and subsequent refeeding, and (2) analyze the effect of the 
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metabolic response profile and repeated feeding challenges on performance parameters 

and plasma metabolites indicative of energy and protein status.  

2. Material and methods 

The experimental procedures (protocol no. CEEA-03-2018-01) that follow the 

guidelines of the Directive 2010/63 EU on the protection of animals used for experimental 

and other specific purposes were approved by the Animal Ethics Committee of the 

research center. 

2.1. Diets and animal management 

This study was performed in at La Garcipollera Research Station (Spain, 42°37’ 

N, 0°30’ W, 945 m a.s.l.). Thirty-one multiparous lactating Parda de Montaña beef cows 

were involved in the experiment, which started when cows were 83 (± 5.4) days in milk, 

their body weight (BW) was 585 ± 40.0 kg, and their body condition score (BCS, 0 to 5 

scale) was 2.6 ± 0.12. After calving, cows had been randomly assigned in pens (7 or 8 

cows/pen, 10 x 20 m) equipped with individual feeders for forage (200-L fiberglass boxes 

in front of self-locking feeding places) and the daily concentrate ration was automatically 

distributed by feeding stations (ALPRO Herd Management 7.0, DeLaval) for the 

concentrate. Calves were stocked in straw-bedded cubicles adjacent to their dams’ pens 

and had access to suckle their dams for 30 min at 06:00h and 14:00h.  

The experiment started with a pre-challenge period (-4 to -1 d), followed by 3 

sequential of 4 d restriction and 3 d refeeding periods (Figure. 1). The cows were fed a 

diet composed of different quantities of hay [dry matter (DM): 919 g/kg; crude protein 

(CP): 85 g/kg DM; neutral detergent fiber (NDF): 607 g/kg DM; acid detergent fiber (ADF): 

332 g/kg DM; net energy: 5.4 MJ/kg DM; metabolizable protein: 59 g protein digestible 

in the intestine (PDI)/kg DM] and concentrate (DM: 915 g/kg; CP: 166 g/kg DM; NDF: 

255 g/kg DM; ADF: 119g/kg DM; net energy: 7.6 MJ/kg DM; metabolizable protein:120 

g PDI/kg DM). The INRA equations (INRA, 2007) were used to calculate the diets in 

order to meet either 100% (pre-challenge and refeeding periods) or 55% (restriction 

periods) of the net energy and metabolizable protein requirements for maintenance and 

lactation of a standard cow (BW: 615 kg, milk yield: 8.5 kg/d).  
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Figure 1. Schematic representation of the timeline of three repeated short nutritional 

challenges. Δ: sampling days for all traits. 

All the cows were fed the same diet, which consisted of 7.4 kg DM of hay and 2.7 

kg DM of concentrate during the pre-challenge and the refeeding periods and only 6.4 

kg DM hay with no concentrate during the restriction periods. The hay was offered in a 

single meal in the individual feeders with the cows tied up for approximately 2 h until they 

finished their ration; the individual hay intake was registered daily. In the basal and 

refeeding periods, the ALPRO feeding stations were programmed to offer the 

concentrate to the cows and the individual concentrate intake was recorded daily. The 

cows had free access to water and minerals blocks during all the experiment. 

2.2. Measurements, samplings and chemical analyses 

All the measurements and samples of the feedstuffs, milk and blood were 

collected daily 24 h after the start of each feeding period and before the cows had access 

to the diet (Figure 1). The chemical composition of the feedstuffs was analyzed in 

duplicate following official methods as reported in Orquera-Arguero et al. (2022), and 

these data were used to calculate their nutritive value (INRA, 2007). The daily individual 

hay and concentrate intakes on DM basis were calculated.  

The cows and calves were weighed on an electronic scale. Milk yield was 

estimated by the weigh-suckle-weigh technique of the calf (Le Neindre and Dubroeucq, 

1973) as the sum of the milk consumed in both sucklings. After calf removal, cows were 

administered an intramuscular injection of oxytocin (40 UI, Facilpart, Laboratorios Syva, 

León, Spain) 5 min before the manual extraction to facilitate the letdown of the residual 

milk. Composite milk samples collected from the four teats were preserved in 100-mL 

plastic tubes with sodium azide (PanReac, Barcelona, Spain) and refrigerated at 4 °C 

until the analysis of milk composition. The fat, protein, lactose and urea contents in milk 

were determined with an infrared scan (Milkoscan 7 RM, Foss Electric Ltd., Hillerød, 

Denmark). 

-4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ Δ

Measurements days

Energy requirements 100% 55% 100% 55% 100% 55% 100%

87 DIM 93 DIM 99 DIM

Pre- Challenge 1 Challenge 2 Challenge 3

Feeding period challenge Restriction Refeeding Restriction Refeeding Restriction Refeeding
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Blood samples were collected from the coccygeal vein into heparinized tubes (BD 

Vacutainer Becton-Dickenson and Company, Plymouth, UK) to determine BHB and into 

K2 EDTA-containing tubes (BD Vacutainer Becton-Dickenson and Company, Plymouth, 

UK) to analyze NEFA and urea concentrations. Plasma, obtained after samples were 

centrifuged at 3500 rpm for 20 min at 4 °C, was frozen at -20 °C until further analysis. 

Randox kits (Randox Laboratories Ltd, Country Antrim, UK) were used to determine 

plasma concentrations of NEFA (colorimetric method, sensitivity: 0.072 mmol/L) and 

BHB (kinetic enzymatic method, sensitivity: 0.100 mmol/L). An automatic analyzer 

(Gernon, RAL S.A, Barcelona, Spain) was used to measure the plasma concentrations 

of urea (kinetic method, sensitivity: 0.056 mmol/L). The mean intra-and inter-assay 

coefficients were for NEFA: 4.3% and 4.7%, BHB: 6.6% and 7.4% and urea: 4.0% and 

5.1%.  

2.3. Calculations and statistical analyses 

The energy balance (EB) was calculated using the INRA system (INRA, 2007). 

The difference between inputs, net energy (NE) intake (estimated from the individual 

intake and energy contents of the feedstuffs), and outputs, NE for maintenance (using 

the individual metabolic weight) and NE for lactation (using the milk yield and the 

contents of fat, and protein in milk). The magnitude of the effects of feed restriction and 

corresponding refeeding of each repeated challenge was evaluated by calculating the 

percentage of change relative to pre-challenge values (0%) for all the parameters 

analyzed in this study. 

The statistical analyses were performed using SAS (version 9.4; SAS Institute 

Inc, Cary, NC, USA), and curve response variables and correlation heatmaps were 

produced using R (R Development Core Team, 2021). To explore the variability of milk 

yield, plasma NEFA and BHB, the distribution of data was represented by challenge and 

feeding period with violin plots, using ggplot2 package from R. The F-test was used to 

test whether variances from the different challenges and periods were equal. The 

individual responses of the cows to the nutritional challenges for milk yield, NEFA and 

BHB were selected for modelling analyses, because in previous studies they had shown 

the highest response to undernutrition and refeeding challenges (Orquera-Arguero et al., 

2023b, 2023a). From the modelled curves, new response variables were obtained to 

cluster the cows as described in Orquera-Arguero et al. (2022). Briefly, the predicted 

curve for each trait (milk yield, NEFA, and BHB) was modelled using natural cubic splines 

with 8 knots with ns command with the library splines of R. New curve response variables 

summarizing animal response to challenge were calculated from the fitted curve. 
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Baseline: values in the absence of feed restriction, according to a linear interpolation 

from the basal to the refeeding period; peak: maximum difference between the actual 

daily value and the baseline value; days to peak: days from the start of restriction until 

the peak values were reached; days from the start of restriction until the contents 

reached the baseline again; area under the curve (AUC) during restriction (the estimated 

total loss/extra contents during restriction, as compared with baseline values); AUC 

during refeeding (the estimated total loss/extra contents during refeeding until baseline 

values were regained). These curve response variables were used to perform a principal 

component analysis (PCA function in FactoMineR package of R) to generate groups of 

cows according to their metabolic response (MR). Then a hierarchical clustering on these 

principal components (HCPC function in FactoMineR package of R) was carried out to 

group cows with a similar response pattern.  

Daily data were averaged within animals and periods to perform comparisons 

among feeding periods. The curve response variables, the performance parameters, 

plasma metabolites and their percentage of change were analyzed with mixed models 

considering the MR cluster (High and Low), the time effects [i.e., day or feeding period 

(pre-challenge, Restriction 1, 2, 3 and Refeeding 1, 2, 3)] and their interaction as fixed 

effects, and the cow as the random effect. The degrees of freedom were adjusted with 

the Kenward-Roger correction to take into account-missing values. The variance 

components structure was selected on the basis of the lowest Akaike and Bayesian 

information criteria. The least square means and standard errors were obtained, and 

multiple comparisons adjusted with the Tukey correction. Associations among the 

performance parameters and plasma metabolites were explored by Pearson rank 

correlations (r) using the CORRPLOT procedure of R. We analyzed the overall daily 

database (n=620 per trait) and separately daily data collected when the cows received 

the diet formulated to meet 100% (pre-challenge and refeeding periods) and 55% 

(restriction periods) of the net energy and protein requirements for maintenance and 

lactation. For all statistical analyses, the significance level was predefined at P < 0.05, 

and trends were discussed when 0.05 ≤ P < 0.10. 
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3. Results 

The individual variability in milk yield, NEFA, and BHB plasma concentrations 

according to the feeding period is shown in Figure 2.  

 

Figure 2. Frequency distribution (colored regions) of milk yield, non-esterified fatty acids 

(NEFA) and β-hydroxybutyrate (BHB) by feeding period.  

In orange, periods with a diet formulated to meet 55% of requirements (restriction); in 

green, periods with a diet formulated to meet 100 % of requirements (pre-challenge + 

refeeding). The black point indicates the mean value, significant differences (P < 0.05) 

between means are indicated with a,b. 
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In the three parameters, the main differences were observed during the restriction 

periods, with a less variable milk yield response and more variable NEFA and BHB 

responses. Regarding milk yield, the pre-challenge variance was greater than those 

observed during the restrictions at challenges 2 and 3 (P < 0.05), whereas in the case of 

NEFA and BHB the pre-challenge variance was lower than those observed during 

restriction in the three challenges (P ≤ 0.02). The variability in milk yield, NEFA and BHB 

was similar in the pre-challenge period and refeeding periods of the three challenges.  

The PCA analysis performed on the curve response variables for milk yield, 

NEFA and BHB explained the 48% of the total variance with the first three principal 

components (Dim) (25%, 14%, and 9% in Dim 1, Dim 2, and Dim 3, respectively). The 

first Dim was related to milk yield curve variables, the second Dim was related to NEFA 

curve variables, and the third Dim was related to milk yield and BHB curve variables in 

the recovery phase. The clustering analysis generated two groups of cows that differed 

in their MR, hereafter denoted as High MR (n=15) and Low MR (n=16) cows. The mean 

values for the curve response variables are available in the Supplemental material. All 

the curve response variables for milk yield differed between MR clusters (P ≤ 0.02; Table 

S1), the cows of the High MR cluster having highest baseline, greatest peak and AUC, 

and being fastest in reaching the peak and slowest in regaining the baseline. Regarding 

the metabolites curve response variables, cows of the High MR cluster had greater NEFA 

baseline values, greater NEFA and BHB peaks and AUC during restriction than their 

counterparts (P ≤ 0.004; Table S2 and S3).  

3.1. Performance parameters  

Daily data and means by feeding period regarding cows’ BW and milk yield 

throughout the experiment according to the MR cluster are plotted in Figure 3. Cow BW 

was affected by the interaction between the MR cluster and the feeding period (P = 0.04). 

Restriction reduced the cows’ BW in both MR clusters in the three challenges to slightly 

different extents. The BW after refeeding recovered pre-challenge values only during 

challenge 1 in High MR cows (P > 0.82).  

Milk yield was affected by the MR cluster and the feeding period (P < 0.001; Table 

1). The High MR cows had greater milk yield than the Low MR cows (P < 0.001). Milk 

yield decreased with restriction and increased with refeeding in the three challenges (P 

< 0.001) but to different extents. The percentage loss of milk yield when compared to 

pre-challenge values was smaller during challenge 1 (-19%, P < 0.001) than during 

challenges 2 and 3 (-27% and -26% respectively, P ≤ 0.008). Daily analyses showed that 

milk yield decreased on the first day of restriction of three challenges in both MR clusters 
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except for challenge 1, when it decreased on the second day in Low MR cows (P < 0.001, 

Figure 3). In the three challenges, pre-challenge milk yield was recovered on the first day 

of refeeding in the High MR cows but on the second day in the Low MR cows (P < 0.004, 

Figure 3).  

 

Figure 3. Daily weight and milk yield according to the metabolic response (MR) cluster 

throughout the experimental period.  

The grey area represents the nutritional restriction at 55% of cows’ energy and 

metabolizable protein requirements. Vertical bars indicate the standard error.  

Within each parameter, least square means for each feeding period (FP) are given in 

pink for High MR cows and in blue for Low MR cluster.  

Differences between feeding periods are indicated with a,b,c,d,e in the High MR cluster and 
p,q,r,s in the Low MR cluster (P < 0.05).  
* Denotes difference between clusters within a day at P < 0.05. 
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Milk composition according to the MR cluster and the feeding period is presented 

in Table 1. Milk protein content was affected by the interaction between the MR cluster 

and the feeding period (P < 0.001) whereas milk fat, lactose and urea contents were only 

affected by the feeding period (P < 0.001). Milk fat contents during challenge 1 were 

greater than during challenge 3 (P = 0.03). Milk protein contents were similar between 

High and Low MR clusters except for a tendency to differ during restriction in challenge 

1 (2.82 vs. 3.04 g/100 g, P = 0.06, respectively) and a significant difference during 

restriction in challenge 3 (2.83 vs. 3.08 g/100g, P = 0.02, respectively). Lactose 

decreased with restriction and increased to pre-challenge contents during refeeding in 

challenges 1 and 2 (P < 0.001). Restriction increased milk urea content in all challenges 

(+38%, +10% and +3% in challenges 1, 2 and 3 respectively, P < 0.05), and decreased 

during refeeding to pre-challenge values in challenge 1 and even below in challenges 2 

and 3 (P < 0.05).  

Table 1. Effect of the metabolic response (MR) cluster and feeding period (FP) on milk 

composition of beef cows to a repeated 4 d restriction and 3 d refeeding challenge. 

 Milk, 
kg/d 

Fat, 
g/100g 

Protein, 
g/100g 

Lactose, 
g/100g 

Urea, 
mg/dL 

MR cluster      

High MR 7.0y 4.26 2.85y 4.71 22.6 

Low MR 5.4x 4.22 3.03x 4.73 22.7 

FP      

Pre-challenge 7.3a 4.38ab 2.96 4.70ab 22.1c 

Challenge 1      

Restriction 5.9d 4.43a 2.93 4.64c 30.3a 

Refeeding 6.8b 4.55a 2.91 4.73ab 22.4c 

Challenge 2      

Restriction 5.4e 4.31ab 2.92 4.69b 24.1b 

Refeeding 6.7b 4.38ab 2.96 4.75a 19.4d 

Challenge 3      

Restriction 5.4e 4.03bc 2.96 4.74a 22.7bc 

Refeeding 6.3c 3.82c 2.92 4.74a 20.1d 

RSD1 0.79 0.981 0.112 0.108 2.53 

P-values      

MR cluster <0.001 0.91 0.009 0.63 0.91 

FP <0.001 <0.001 0.006 <0.001 <0.001 

MR cluster x FP 0.09 0.62 <0.001 0.50 0.71 
1Residual standard deviation. 

x,y Different superscripts indicate differences between MR clusters. 

a,b,c,d Different superscripts indicate differences among feeding periods (P < 0.05). 
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3.2. Plasma metabolites 

Daily concentrations of plasma metabolites and their means by feeding period 

according to the MR cluster are plotted in Figure 4. The concentrations of NEFA were 

affected by the interaction between the MR cluster and the feeding period (P < 0.001). 

Cows on the High MR cluster had greater NEFA concentration than those on the Low 

MR cluster during the restriction period of challenges 1 (P < 0.001) and 2 (P = 0.002) but 

not in challenge 3 (P = 0.17). Restriction increased NEFA by threefold, up to similar mean 

concentrations in the three challenges within the High and Low MR cows (P < 0.001), 

although High MR cows reached a higher peak value in challenge 1 (P < 0.05).  

Accordingly, percent change did not differ among challenges (+277%, +333% 

and +342% in challenges 1, 2 and 3 respectively, P > 0.05). Daily data showed that 

NEFA plasma concentration increased with restriction differently as the experiment 

progressed. During the restriction, NEFA concentrations in High MR cows were higher 

than their pre-challenge values during the four days in challenge 1, but only on days 2 

and 3 in the subsequent challenges. In the Low MR cows, they only exceeded pre-

challenge concentrations on day 2 in challenge 1 and on day 3 in the subsequent 

challenges (P < 0.05). Pre-challenge values were recovered on the first day of refeeding 

in the three challenges regardless of the MR cluster (P > 0.05, Figure 4). 

Plasma BHB concentrations were affected by the interaction between the MR cluster 

and feeding period (P = 0.005), because they changed significantly in the High MR cows 

but remained stable in the Low MR cows (Figure 4). Consequently, they were higher in 

the High MR than the Low MR cows during restriction in challenges 1 and 2 (P = 0.099 

and P < 0.001, respectively) but similar in challenge 3 (P = 0.27). With respect to pre-

challenge values, BHB concentrations of High MR cows increased due to restriction 

similarly in the three challenges (+40%, +45%, +35% respectively, P > 0.05). Daily 

analyses showed that in the High MR cows they increased on the second day of 

restriction in all challenges (P ≤ 0.01) and recovered pre-challenge concentrations on the 

first day of refeeding (P > 0.05, Figure 4). 

Plasma urea concentrations were only affected by the feeding period (P < 0.001, 

Figure 4). They increased more due to restriction in challenge 1 (+20%, P < 0.01) than 

in the subsequent challenges (+12% and +11% respectively, P > 0.05) and decreased 

below pre-challenge concentrations during refeeding to a greater extent in challenge 2 

(P < 0.001). Regarding the daily data, they responded immediately to the changes due 

to restriction and refeeding, irrespectively of the MR cluster. 
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Figure 4. Daily plasma concentrations of non-esterified fatty acids (NEFA), and β-

hydroxybutyrate (BHB) and urea according to the metabolic response (MR) cluster 

throughout the experimental period. 

The grey area represents the nutritional restriction at 55% of cows’ energy and 

metabolizable protein requirements. Vertical bars indicate the standard error.  

Within each parameter, least square means for each feeding period (FP) are given in 

pink for High MR cows and in blue for Low MR cluster.  

Differences between feeding periods are indicated with a,b,c,d,e in the High MR cluster and 
p,q,r,s in the Low MR cluster (P < 0.05).  

* Denotes difference between clusters within a day at P < 0.05. 
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 The correlations among daily performance parameters and plasma metabolites 

are shown in Figure 5, which depicts both global correlations and those observed when 

the cows received the diet formulated to meet either 100% or 55% of their requirements. 

When correlations were studied separately for both diets, the BW and milk yield 

correlated strong and negatively with EB (P < 0.001) whereas milk urea correlated 

positively with plasma urea (P < 0.001). With the 100% diet there were weak negative 

correlations between the EB and plasma urea (P < 0.001), and milk urea and plasma 

NEFA (P < 0.01), and positive correlations between BW and milk urea (P < 0.05). When 

the cows were fed the 55% diet, plasma BHB correlated weak and positively with milk 

yield and plasma NEFA (P < 0.001). 

 

Figure 5. Pearson’s rank correlations among performance parameters and plasma 

metabolites.  

In black, global correlations independent of the diet.  

In orange, correlations of the diet formulated to meet 55% of requirements (restriction). 

In green, correlations of the diet formulated to meet 100 % of requirements (pre-

challenge + refeeding).  

Only significant correlations are presented, where ***: P < 0.001, **: P < 0.01, *: P < 0.05. 

NEFA: non-esterified fatty acids; BHB: β-hydroxybutyrate. 
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4. Discussion 

Although some studies have previously evaluated the adaptation of cattle to 

repeated stressors of different nature, to the best of our knowledge this is the first report 

on the adaptive response of lactating beef cows to short repeated nutritional challenges. 

Negative stimuli of different origins trigger coping responses by the animals, which may 

depend on the nature, frequency, duration and intensity of the stressor (Chen et al., 

2016). Dohme et al. (2008) assessed the degree of subacute ruminal acidosis with 

repeated challenges and found that its severity worsened with each successive 

challenge. On the opposite, Nagata et al. (2018) found an adaptation of ruminal bacterial 

populations during repeated acidosis challenges, which alleviated the adverse changes 

in ruminal pH. Rauch et al. (2021) reported that cow performance was not affected by 

repeated dietary protein oscillations, because despite they elicited transient effects, 

effective compensatory mechanisms were able to mitigate their potential negative 

consequences.  

The study of the individual variability in the milk yield, plasma NEFA and BHB in 

response to the different diets showed that during the restriction periods the variance of 

milk production lowered while those of NEFA and BHB concentrations increased. This 

indicates that cows reacted to the restriction with large differences in their fat reserves 

mobilization capacity, which allowed to alleviate the negative impact of the reduced 

nutrient supply on their milk loss, which was less variable among cows (Agenäs et al., 

2003; Berghof et al., 2019). This individual variability in the response and recovery from 

a challenge can be used to identify animal types (Friggens et al., 2016). For that purpose, 

we modelled the response curves of milk yield NEFA and BHB under the repeated feed 

challenges, by quantifying the gap between the potential and perturbed curve as an 

indicator of the animal’s resilience (Poppe et al., 2020; Ben Abdelkrim et al., 2021; 

Barreto-Mendes et al., 2022). The response variables allowed to discriminate two distinct 

groups of cows with similar response profiles to the repeated challenges. This clustering 

analysis has proved useful to provide a basis for decision-making at the herd level 

(Tremblay et al., 2018; de Koster et al., 2019), because it identifies different patterns of 

aggregated response and provides more relevant information than differentiating cows 

only by a single trait. Furthermore, in a previous study the same cows had been clustered 

according to their response to short nutritional perturbations in different months of 

lactation (Orquera-Arguero et al., 2022), and most of them (27 out of 31) were classified 

into the same groups as in the current experiment according to their MR. This suggests 

that, regardless of the time and frequency of the feed challenges, there is a genetic 
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component that controls the partitioning of nutrients towards the different biological 

functions (Friggens and Newbold, 2007).  

4.1 Performance parameters 

Lactating cows are highly dependent on the supply of nutrients to the udder to 

support milk synthesis (Agenäs et al., 2003). Therefore, despite the array of physiological 

mechanisms which come into play to maintain homeostasis (Bauman and Currie, 1980; 

Baumgard et al., 2017), a rapid decline in milk yield can be expected during a feed 

restriction period, as observed in cows in different basal energy balance (Orquera-

Arguero et al., 2023a). Herein, nutrient restriction reduced milk yield to a lesser extent in 

the first than in the subsequent challenges, which implies that the severity of the impact 

increased up to the second challenge but not thereafter. In general, the High MR cows 

had greater milk yield and showed a faster response to diet changes than the Low MR 

cows, which needed an additional day to recover pre-challenge yields. This could be 

related to differences in the nutrient partitioning, as observed by Baumgard et al. (2017) 

between high- and low-yielding dairy cows, where the former would show a higher priority 

for diverting absorbed nutrients to the mammary gland to ensure milk synthesis. 

Nevertheless, despite this difference both MR groups were able to regain their pre-

challenge yield by the second day of refeeding, as observed previously in beef cows (De 

La Torre et al., 2022; Orquera-Arguero et al., 2022), regardless the repetition of 

challenges which indicates that beef cows were resilient under these conditions. 

Therefore, in beef cows milk yield could be considered a trait with elastic properties, as 

the deformation is reversible and can return to its original state (Blanc et al., 2010).  

The repeated nutritional challenges produced minor changes in the milk 

components. Milk fat content only decreased during refeeding of challenge 3, suggesting 

it was only affected by the cumulative effect of the 3 challenges. The milk fat content in 

beef cows does not seem to be largely affected by short feed restrictions, but Orquera-

Arguero et al. (2023a) reported a significant effect of diet changes on the fine fatty acid 

composition of milk fat. Milk urea changes were more evident because they reflect the 

balance of dietary protein and energy supply for ruminal microbial metabolism (Kessler 

et al., 2020), as is confirmed by the negative correlation with EB observed here. 

Conflicting results have been observed response to a feed restriction in dairy cows, from 

an increase in milk urea content (Carlson et al., 2006) attributed to amino acid 

catabolism, to a decrease (Abdelatty et al., 2017; Kvidera et al., 2017) associated with 

the decreased supply of amino acids from intestine absorption (Billa et al., 2020). Our 

results support the first hypothesis and suggest a greater protein catabolism in the first 
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challenge, reflected in greater milk urea content, which would decrease in challenges 2 

and 3, as can be corroborated with the strongly correlated plasma urea concentrations. 

Overall, these results regarding milk yield and composition suggest that the severity of 

the restriction only increased with the second challenge but a further exposure to a third 

challenge did not trigger a more acute response.  

4.2. Plasma metabolites 

The effect of short term dietary restrictions and subsequent refeeding on plasma 

indicators of metabolic status has been documented in dairy (Billa et al., 2020; Bjerre-

Harpøth et al., 2012; Leduc et al., 2021) and beef cattle (De La Torre et al., 2022; 

Orquera-Arguero et al., 2023b). Literature reports an increased release of NEFA from 

the adipose tissue to be used for milk fat synthesis by the mammary gland or oxidized 

into the liver in ketone bodies such as BHB, acetoacetate or acetone, and these can be 

used as energy fuel to support milk production (Bell, 1995; Puppel and Kuczyńska, 

2016). Here, the rise of NEFA concentrations in response to feed restriction in all 

challenges shows that cows of both MR groups underwent lipid mobilization; reaching 

higher peak values in the High MR cows. Concentrations were lower than those 

observed in beef cows at earlier stages of lactation, when the metabolic demand and 

priority for milk production is greater (Orquera-Arguero et al., 2023b). Changes in NEFA 

contents were concomitant with an increase in the BHB plasma concentration only in the 

High MR cows, where a greater metabolic demand provoked a greater lipolysis to 

support the greater milk yield. Apparently, in the Low MR cows, the lower NEFA 

increases were insufficient to trigger ketogenesis, resulting in no change in BHB plasma 

concentration (McArt et al., 2013). The similar values of both metabolites among 

challenges imply that cows did not react differently in response to the repeated bouts of 

underfeeding.  

The daily analysis provided further insight on the effects of restriction and 

refeeding on the dynamic response patterns according to the MR clusters. Both groups 

showed a rise in NEFA for at least one day of the 4-day restriction period. This increment 

was faster and reached higher values in the High MR cluster, with peak contents being 

close to and even exceeding (cf. challenge 1) the threshold of 0.60 mmol/L proposed as 

an indicator of risk of metabolic disease (Ospina et al., 2010). Furthermore, it appears 

that NEFA plasma concentrations responded faster to restriction than BHB in both 

groups, in agreement with Puppel and Kuczyńska (2016), whereas the BHB threshold 

for risk of ketosis (1.2 mmol/L, McArt et al., 2013) was never reached in either group. 

Despite the differences between MR clusters during the restrictions, during the refeeding 
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phases both groups had similar NEFA and BHB plasma concentrations as in the pre-

challenge period. Accordingly, Ferraretto et al. (2014) reported that, after dairy cows 

received 25% or 50% feed restriction, circulating NEFA returned to basal concentrations 

one day after dairy cows returned to normal intake. 

 The plasma concentrations of urea are influenced by the dietary protein intake 

but also by the muscle tissue catabolism under limited energy intake, when glucogenic 

amino acids are mobilized to supply glucose, generating urea in the process (Agenäs et 

al., 2003; Bell, 1995; Burgos et al., 2001). Some studies in dairy cows have reported 

plasma urea to decrease (Bjerre-Harpøth et al., 2012) or remain unchanged under feed 

restriction (Carlson et al., 2006), whereas Horn et al. (2014) described increased urea in 

underfed cows. Here we observed significant increments associated to the mobilization 

of body protein, with full recovery during the refeeding phase. As in the previous 

metabolites, the similar values among challenges indicate that cows showed neither 

metabolic habituation nor sensitization to repeated underfeeding (Blumstein, 2016). In 

the conditions of this experiment, our results show the plasticity of cows of both groups 

to respond to and recover after repeated underfeeding, which can be associated with 

their ability to mobilize and reconstitute body reserves (Blanc et al., 2010).  

5. Conclusions 

Repeated challenges of short-term feed restriction and refeeding caused effects 

of different magnitude on the productive and metabolic traits of lactating beef cows. Cows 

with different metabolic response profiles reacted differently in terms of milk yield and 

plasma NEFA and BHB concentrations, all of which recovered basal values after a short 

refeeding. The milk loss in response to restriction worsened after the first challenge, but 

the indicators of lipid and protein mobilization responded similarly across repetitions, 

showing no under- or over-reaction to repeated underfeeding. It remains to be 

determined whether additional challenges would trigger a different response. 
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Supplemental material 

Supplemental Table 1.  Milk yield curve response variables according to the metabolic 

response (MR) cluster and challenge. 

 Baseline, Peak, days to days to AUCrest, AUCrefeed, 
 mmol/L mmol/L peak regain mmol x d/L mmol x d/L 

MR cluster       
High MR 7.7x -1.8y 2.6y 5.6x -5.7y -1.1y 

Low MR 5.9y -1.3x 3.1x 5.3y -4.0x -0.7x 

Challenge       
1 6.9a -1.3b 3.2a 5.6 -3.7a -0.8 

2 6.9a -1.9a 2.7b 5.5 -5.9b -1.1 

3 6.6b -1.5b 2.7b 5.4 -4.9b -0.8 

RSD 0.4 0.6 0.9 0.5 1.9 0.6 

P-values       
MR cluster <0.001 0.003 0.02 0.004 0.006 0.002 

Challenge 0.002 <0.001 0.03 0.46 <0.001 0.099 

MR cluster x Challenge 0.50 0.54 0.20 0.20 0.82 0.25 

AUC: area under the curve. 
 

Supplemental Table 2. NEFA curve response variables according to the metabolic 

response (MR) cluster and challenge. 

 Baseline, Peak, days to days to AUCrest, AUCrefeed, 
 mmol/L mmol/L peak regain mmol x d/L mmol x d/L 

MR cluster       

High MR 0.12x 0.35x 3.1 5.3 0.77x 0.11 

Low MR 0.09y 0.20y 3.1 5.5 0.47y 0.09 

Challenge       
1 0.08b 0.27ab 2.4b 5.5 0.80a 0.06b 

2 0.12a 0.21b 3.3a 5.4 0.41b 0.08b 

3 0.11a 0.34a 3.6a 5.2 0.64ab 0.15a 

Cluster x Challenge       
High MR 1 0.10 0.39 2.4 5.4 1.12a 0.06 

High MR 2 0.13 0.29 3.3 5.3 0.53b 0.12 

High MR 3 0.13 0.38 3.6 5.1 0.66b 0.16 

Low MR 1 0.06 0.15 2.5 5.6 0.49b 0.07 

Low MR 2 0.11 0.14 3.3 5.4 0.29b 0.05 

Low MR 3 0.09 0.29 3.6 5.4 0.61b 0.15 

RSD 0.04 0.15 0.6 0.7      0.41 0.08 

P-values       
MR cluster 0.001 <0.001 0.97 0.19 <0.001 0.38 

Challenge 0.002 0.006 <0.001 0.26 0.002 <0.001 

MR cluster x Challenge 0.78 0.15 0.92 0.92 0.02 0.16 

AUC: area under the curve.  
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Supplemental Table 3. BHB curve response variables according to the metabolic 

response (MR) cluster and challenge. 

 Baseline, Peak, days to days to AUCrest, AUCrefeed, 
 mmol/L mmol/L peak regain mmol x d/L mmol x d/L 

MR cluster       
High MR 0.25 0.09x 3.1 5.5 0.13x 0.03 

Low MR 0.23 0.04y 2.9 5.4 0.02y 0.02 

Challenge 
 

     
1 0.23b 0.07 3.1ab 5.4 0.13a 0.03 

2 0.23b 0.08 2.6b 5.4 0.11a 0.02 

3 0.25a 0.05 3.3a 5.4 0.002b 0.03 

RSD 0.03 0.04 0.9 0.9 0.13 0.05 

P-values       
MR cluster 0.16 0.001 0.45 0.67 0.004 0.67 

Challenge 0.005 0.07 0.03 0.99 0.001 0.77 

MR cluster x Challenge 0.70 0.46 0.10 0.69 0.248 0.68 

AUC: area under the curve. 
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1. Introduction 

Wide seasonal variations in the availability and quality of feeding resources in 

extensive ruminant systems imply that animals are often subjected to underfeeding-

refeeding cycles (Bocquier and González-García, 2010). When undernutrition occurs in 

lactating cows, both homeostatic and homeorhetic controls bring about adaptations to 

help to maintain balance and to supply nutrients to the mammary gland (Bauman and 

Currie, 1980) to support the high metabolic priority of milk production. Strategies to cope 

with the physiological imbalance caused by feed restriction depend, among other factors, 

on: restriction duration and its severity (Leduc et al., 2021); lactation stage (Orquera-

Arguero et al., 2022); individual variability (Bjerre-Harpøth et al., 2012; Gross et al., 

2011a). In beef cows, the impacts of restriction and refeeding on cow metabolism have 

been well assessed in the long term (Fiems et al., 2015), and only recently with short-

term restrictions (De La Torre et al., 2022; Orquera-Arguero et al., 2022). Furthermore, 

ad libitum or individual feeding strategies are commonly used in dairy cattle, where 

individual concentrate allocation based on milk yield can improve the energy balance 

(EB) and cow performance (Lawrence et al., 2016), while other studies report no milk 

yield differences (Henriksen et al., 2019). On extensive beef cow farms, feeding 

management is often simplified by adopting a flat-rate regime (Manninen et al., 2004), 

which involves all cows receiving the same diet irrespectively of their individual 

requirements. This common feeding can cause disruptive situations under an eventual 

restriction in nutrient intake, with the most sensitive individuals, those with greater 

requirements, being the most affected (Bocquier and González-García, 2010). 

Clustering analyses have been used to group dairy cows according to their performance, 

plasma metabolites, hormones, and milk traits to identify animals with different strategies 

to face metabolic challenges (De Koster et al., 2019; Xu et al., 2019; Orquera-Arguero 

et al., 2022), which could facilitate herd management decisions.  

Major changes occur in adipose tissue in response to a negative EB, which 

results in the mobilization of body reserves and an increase in circulating nonesterified 

fatty acids (NEFA) and ketones to provide energy and precursors for milk synthesis 

(Baumgard et al., 2017). Plasma concentrations of these and other metabolites, such as 

malondialdehyde (MDA), associated with oxidative status (Castillo et al., 2006) or urea 

as an indicator of protein metabolism (Bittante, 2022), have been used as biomarkers of 

cow metabolic load. In the last few years, milk composition traits have been examined 

as non-invasive indicators of dairy cows’ nutritional status (Billa et al., 2020; Gross and 

Bruckmaier, 2019a) because they can be cost-efficiently and routinely measured from 

test-day milk samples (Mäntysaari et al., 2019). Of them, milk fatty acid (FA) contents 
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are promising indicators of energy status in dairy cows (Khiaosa-ard et al., 2020) given 

that FA C4:0 to C14:0 are synthesized de novo in the mammary gland, whereas those 

longer than C18:0 and around 50% of C16:0 originate from diet and lipid mobilization 

(Chilliard et al., 2000b; Palmquist, 2009). In fact C16:0, C18:0, and 18:1 cis-9 are the 

most abundant FA in plasma and body fat stores (Hostens et al., 2012), and their 

concentrations and ratios are closely related to the EB in dairy cows (Dórea et al., 2017), 

but no information on this is available in beef cows. We hypothesized that the response 

to restriction and refeeding would be driven by each cow’s weight, milk yield, and 

nutritional status before the challenge. Therefore, the main objectives of this study were 

to: i) evaluate the effects of a negative EB induced by a short feed restriction on the 

performance, metabolites, and milk FA profile in two groups of beef cows classified 

according to their previous performance; ii) confirm the potential use of milk FA 

composition as a biomarker of metabolic status in beef cows.  

2. Materials and methods 

The Animal Ethics Committee of the Research Centre approved the experimental 

procedures (protocol no. CEEA-03-2018-01), which followed the guidelines of EU 

Directive 2010/63 on the protection of animals used for experimental and other specific 

purposes (EU, 2010). The experiment was conducted in the Pyrenees Mountain area at 

the CITA La Garcipollera Research Station (Spain, 42°37’ N, 0°30’ W, 945 m a.s.l.). 

2.1. Animal management, diets, and experimental design 

The study was conducted with 32 multiparous Parda de Montaña beef cows [at 

calving: body weight (BW): 626 ± 47.7 kg; body condition score (BCS, on a 5-point scale): 

2.8 ± 0.22; age: 7.5 ± 2.91 years)]. One cow was removed from the study due to physical 

injury. After calving, cows were randomly allocated in pens (8 cows/pen, 10x20 m) 

equipped with individual feeders for forage (200-l fiberglass boxes in front of self-locking 

feeding places) and automatic feeding stations (ALPRO Herd Management 7.0, 

DeLaval) for concentrate. Calves were penned in straw-bedded cubicles adjacent to their 

dams. They were allowed to suckle their dams twice daily for 30 min at 06:00h and 

14:00h.  

Cows were fed a flat-rate regime during lactation. They all received the same 

amount of feed. Diets were calculated by considering the net energy (NE) and 

metabolisable protein requirements for the maintenance and lactation of a standard cow 

(615 kg BW; milk yield: 8.5 kg/d) using INRA equations (INRA, 2007). From calving to 

the start of the experiment 2 months later, cows were fed a formulated diet to meet 100% 

standard cow energy requirements (Table 1).  
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Table 1. Chemical composition, fatty acids (FA) composition and nutrition value (mean 

± SD) of the feedstuffs offered to beef cows. 

Parameter Hay Concentrate 

Chemical composition   

Dry matter (DM), g/kg  922 ± 11.7  906 ± 4.0 

Ash, g/kg DM 86.4 ± 24.4 68.3 ± 1.4 

Crude protein, g/kg DM  109 ± 18.3  167 ± 4.7 

Neutral detergent fibre, g/kg DM  570 ± 52.4    256 ± 23.2 

Acid detergent fibre, g/kg DM  324 ± 32.9    114 ± 11.1 

Lignin, g/kg DM 35.2 ± 12.8 29.4 ± 8.8 

FA composition 

C16:0, g/100 g ID FAME1 32.2 ± 2.37 19.2 ± 0.60 

C18:0, g/100 g ID FAME1 14.1 ± 2.02   5.3 ± 0.02 

C18:1 cis-9, g/100 g ID FAME1   4.5 ± 1.15 23.6 ± 0.32 

C18:2 n-6, g/100 g ID FAME1 15.7 ± 3.30 44.4 ± 1.78 

C18:3 n-3, g/100 g ID FAME1   26.6 ± 10.17   1.8 ± 0.31 

Total, mg ID FAME1/g DM  18.5 ± 2.99 65.7 ± 2.15 

Nutritive value   

Net energy, MJ/kg DM    5.5 ± 0.15   7.3 ± 0.41 

Metabolisable protein, g PDI2/kg DM    81 ± 17.9 123 ± 2.4 
1 identified fatty acid methyl esters. 

2 true protein digestible in the small intestine. 

 

The experiment was conducted at the end of the second lactation month and 

involved three consecutive periods, where d 0 was taken as the first day of restriction 

[days in milk (DIM): 58 ± 6.3]. Cows were first fed a diet that met 100% of their energy 

and metabolisable protein requirements (d -2 to -1, basal period), then 55% of those 

requirements for 4 d (d 0 to 3, restriction period) and, finally, 100% again on the following 

4 d (d 4 to 7, refeeding period). Diets consisted of 8.0 kg hay and 3.0 kg of concentrate 

(as-fed basis) during the basal and refeeding periods, and 7.0 kg hay during the 

restriction period. Animals had free access to water and mineral blocks throughout the 

experiment.  

2.2. Measurements 

Samples of feedstuffs were collected daily (d -2 to 8) and lyophilized in a Genesis 

Freeze Dryer 25 (Hucoa Erlöss, SA/Thermo Fisher Scientific) to determine their chemical 

composition and FA profile. Hay was offered daily at 08:00h as a single meal in individual 

troughs, where cows were tied up until they finished their ration, during approximately 2 

h. ALPRO feeding stations were programmed to offer 3 kg of concentrate daily (as-fed 
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basis) to all the cows during the basal and refeeding periods. Individual concentrate 

intake was recorded daily.  

The BCS was recorded upon calving, 30 DIM, and on experimental period d -2 

and 8. It was determined by a trained person on a 1-5 scale, based on estimating the fat 

covering ribs, loin, and tailhead (Lowman et al., 1976). Cows were weighed on an 

electronic scale upon calving and then at 07:00h on 30 and 31 DIM and on experiment 

d -2, 1, 3, 5, 6, and 8. Milk yield was estimated on the same days by the weight-suckle-

weight technique (Le Neindre and Dubroeucq, 1973). Calves were weighed before and 

after the two daily 30-min periods in which they had access to suckle their dams. The 

daily milk yield was estimated as the sum of the milk consumed by the calf in these two 

suckling periods. Milk samples were manually taken from each dam after the morning 

suckling. Five min before the manual extraction, all cows received an intramuscular 

injection of oxytocin (40 UI, Facilpart, Laboratorios Syva, León, Spain) to accelerate the 

letdown of the residual milk. A 100-ml sample was collected to determine milk 

composition, added with sodium azide (PanReac) as a preservative and refrigerated at 

4 °C until the analysis. To determine FA composition, a second 40-ml sample was 

collected, lyophilized, and stored at -20 °C until analyzed. 

Cows were bled on the same experiment days described above to assess their 

metabolic profile. Blood samples were collected from the coccygeal vein at 07:00h after 

suckling and before offering hay. Heparinized tubes (BD Vacutainer Becton-Dickenson 

and Company) were used for the β- hydroxybutyrate (BHB) and MDA determinations, 

and the tubes that contained K2 EDTA (BD Vacutainer Becton-Dickenson and Company) 

were used to analyze glucose, NEFA, and urea concentrations. Immediately after 

collection, blood samples were centrifuged at 3500 rpm for 20 min at 4 °C. Plasma was 

collected and frozen at -20 °C until further analyses.  

2.3. Analyses 

2.3.1. Feedstuffs and milk 

The chemical composition of feedstuffs was analyzed in duplicate as described 

in Orquera-Arguero et al. (2022). Briefly, dry matter (DM) and ash content were 

determined according to AOAC methods (AOAC, 2000). Nitrogen content was 

determined following the Dumas Procedure (index no. 968.06) with a nitrogen analyzer 

(Model NA 2100, CE Instruments, Thermoquest SA., Barcelona, Spain). Neutral 

detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL) 

contents were analyzed following the sequential procedure of Van Soest et al. (1991) 

with an Ankom 200/220 fiber analyzer (Ankom Technology Corporation, Fairport, NY, 
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USA). In milk samples, fat, protein, and urea contents were analyzed by an infrared scan 

(Milkoscan 7 RM, Foss Electric Ltd., Hillerød, Denmark). The FA of the freeze-dried 

feedstuffs were extracted and methylated as proposed by Sukhija and Palmquist (1988). 

The fatty acid methyl esters (FAME) of the freeze-dried milk samples were obtained as 

described by Kramer et al. (1997). Determination was done by gas chromatography with 

a flame ionization detector and Bruker Scion 436-GC (Bruker, Billerica, USA) equipped 

with a CP-8400 Autosampler (Bruker, Billerica, USA), a cyanopropyl capillary column 

SP-2560 (100 m x 0.25 mm ID x 0.20 µm thickness for feedstuffs and 200 m x 0.25 mm 

ID x 0.20 µm thickness for milk) (Sigma-Aldrich, Sant Louis, USA) and the Compass 

CDS software. FAME was ID using the GLC-532, GLC-401, GLC-643, GLC-642, GLC-

463 C18:1 t11, C19:0, C23:0 (Nu-Chek-Prep Inc.), mixture BR1, mixture BR4 (Larodan 

Research Grade Lipids) standard references, and the relative retention times observed 

in the bibliography (Kramer et al., 1997; Shingfield et al., 2003; De La Fuente et al., 

2015). Fatty acid quantification was performed as described in UNE-EN ISO 12966-

4:2015 and expressed as a percentage of the total amount of identified FAME. The 

chemical composition and FA profile of the feedstuffs are presented in Table 1. 

2.3.2. Blood metabolites 

Glucose (enzymatic-colorimetric method, sensitivity: 0.06 mmol/L) and urea 

(kinetic method, sensitivity: 0.056 mmol/L) concentrations were determined in plasma 

with an automatic analyzer (Gernon, RAL S.A, Barcelona, Spain). The mean intra- and 

interassay CV were 1.5% and 1.9% for glucose and 3.2% and 4.8% for urea, 

respectively. Plasma BHB (kinetic enzymatic method, sensitivity: 0.100 mmol/L) and 

NEFA (colorimetric method, sensitivity: 0.072 mmol/L) were determined using Randox 

kits (Randox Laboratories Ltd., Country Antrim, UK). The mean intra- and interassay CV 

were respectively 3.3% and 3.7% for NEFA and 6.2% in both cases for BHB. Oxidative 

status was determined using MDA as a biomarker of lipid peroxidation. This indicator 

was determined by liquid chromatography using an Acquity UPLC H-Class liquid 

chromatograph (Waters, Milford, Massachusetts, USA) equipped with a silica-based 

bonded phase column (Acquity UPLC HSS PFP, 100 mm × 2.1 mm × 1.8 μm, Waters), 

an absorbance detector (Acquity UPLC Photodiode Array PDA eλ detector, Waters) and 

a fluorescence detector (2475 Multi λ Fluorescence Detector, Waters). The quantification 

of MDA was done by fluorescence detection at ʎexcitation = 530 nm and ʎemission = 550 nm 

following the chromatographic conditions described in Bertolín et al. (2019). The mean 

intra- and interassay CV were 4.6% and 7.3%, respectively. 
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2.4 Calculations  

The chemical composition of feedstuffs was employed to calculate their NE 

content using INRA equations (INRA, 2007). Individual EB was estimated by calculating 

the difference between inputs (NE intake) and outputs (NE for maintenance and NE for 

lactation) (INRA, 2007). Net energy intake was estimated from the individual intake and 

energy contents of feedstuffs. Net energy for maintenance was calculated from the 

individual metabolic weight. Net energy for production was obtained using the milk yield, 

fat, and protein contents in milk.  

In milk, FA were grouped according to their degree of saturation as saturated fatty 

acid (SFA), monounsaturated fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) 

according to their origin from de novo synthesis (C4:0 - C15:1), of mixed origin (C16:0 - 

C16:1), and from mobilization (≥ C17:0) (Palmquist, 2009). The C18:1 cis-9 to C15:0 FA 

ratio was calculated to assess its relation with the EB and metabolic profile. 

2.5. Statistical analyses 

All the data were analyzed using the SAS statistical package v 9.4 (SAS Institute 

Inc., Cary, NC, USA). Cows were assigned to clusters according to their resemblance in 

terms of Euclidean distance calculated using data from BW and BCS at calving and BW, 

BCS, milk yield, and EB at 30 and 31 DIM. A non-hierarchical clustering was performed 

using the k-means method (FASTCLUS procedure). The selection of the optimum 

number of clusters was based on cubic conglomerating criteria. Two clusters (hereafter 

referred to as status clusters) were obtained, namely Balanced and Imbalanced. An 

analysis of variance was performed on the classifying variables using a general linear 

model (GLM procedure) and taking the cluster as a fixed effect.  

Cows’ metabolic and production data were studied in two sets of analyses, which 

considered different time effects during the experiment: feeding period (basal, restriction, 

refeeding) and day (d -2 to 8). In both cases, mixed models for repeated measures 

(MIXED procedure) were used by considering the status cluster (Balanced and 

Imbalanced), time (feeding period or d), their interaction as fixed effects and cow as the 

random effect. The model used was Yijk = μ + Sj + Tk + Sj x Tk + Ci + eijk, where Yijk was 

the dependent variable at each time point for the ith cow; μ, the overall mean; Sj, the effect 

of the status cluster; Tk, the effect of time (either feeding period or day); Ci, the random 

effect of cow i and eijk was the experimental error. Degrees of freedom were adjusted 

with the Kenward-Roger correction to take into account missing values. The variance 

components structure was selected on the basis of the lowest Akaike and Bayesian 

information criteria. Least square means and associated standard errors were obtained, 
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and multiple comparisons were adjusted with Tukey correction. Pearson’s relations (r) 

between variables were obtained and presented on heatmaps for cow performance, 

plasma metabolites, and milk FA composition variables using the CORRPLOT package 

of R (R Core Team, 2021). The data set used for the correlation analyses corresponds 

to all traits and samples collected per cow at d -2, 1, 3, 5, 6, and 8 of experiment (n=186 

values per trait). The P-value for significance was set at P < 0.05 and trends were 

discussed when 0.05 ≤ P < 0.10. 

3. Results 

The results of the status cluster and feeding period effects appear in the tables. 

The results of the status cluster and day effects are plotted in the figures. The clustering 

analysis resulted in two cow clusters, which differed in terms of their pre-experimental 

BW, milk yield, and EB (Table 2). Cows in the first cluster were classified as Balanced 

and those in the second cluster as Imbalanced. Balanced cows were lighter, had a lower 

milk yield and a less negative EB than Imbalanced cows in the second cluster (P ≤ 0.03).  

Table 2. Initial cow characteristics (30-31 days in milk) according to the status cluster1. 

Item Balanced Imbalanced SEM P-value 

n 15 16 - - 

Body weight, kg 563 633 4.12 < 0.001 

Body condition score (scale 1 to 5) 2.8 2.9 0.04 0.18 

Milk yield, kg/d 7.5 8.6 0.17 0.03 

Energy balance, MJ NE2/d     -3.5     -10.0 0.77 < 0.001 
1 cows clustered according to the analysis based on pre-challenge cow traits and 

energy status.  

2 Net energy. 

3.1. Cow performance  

Dry matter intake (DMI) was only affected by feeding period (P < 0.001; Table 3). 

According to the experimental design, DMI was lower during the restriction than during 

the basal and refeeding periods (P < 0.001), and so were energy intakes (59.8, 34.9 and 

59.8 MJ NE/d during the basal, restriction, and refeeding periods, respectively, P < 

0.001) and metabolisable protein intakes (859, 471, and 859 g/d, respectively; P < 

0.001). The BCS was affected by the status cluster (2.65 and 2.81 in Balanced and 

Imbalanced cows, respectively, P < 0.001), and tended to decrease between d -2 and d 

8 (2.75 and 2.71, respectively, P = 0.08). Cow BW was affected by the interaction 

between status cluster and feeding period (Table 3) because restriction decreased BW 

in both groups (P < 0.001), but during refeeding BW decreased even more in Imbalanced 
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cows (P = 0.03), whereas it was maintained in Balanced cows (P ≥ 0.23). In any case, 

Balanced cows were lighter than their Imbalanced counterparts throughout the 

experiment (P < 0.001). Regarding daily changes, BW of Imbalanced cows lowered from 

the start (d -2) to the end of the experiment (d 8) (P < 0.05), while that of Balanced cows 

decreased until d 6 (P < 0.01), but then regained basal values on d 8 (Figure 1).  

Table 3. Effect of the status cluster1 and feeding period (FP) on beef cows’ performance. 

 Status cluster  P-value 

Item Balanced Imbalanced RSD2 Status FP Status × FP 

Dry matter intake, kg/d  0.16 0.98 <0.001 0.51 

Basal 10.0a 10.1a     

Restriction 6.4b 6.5b     

Refeeding 10.1a 10.0a     

Body weight, kg   6.55 <0.001 <0.001 0.01 

Basal 553a, y 621a, x     

Restriction 542b, y 611b, x     

Refeeding 543b, y 606c, x     

Milk yield, kg/d   0.70 0.10 <0.001 0.001 

Basal 7.7a 8.2a     

Restriction 6.3c 6.9b     

Refeeding 7.0b 8.3a     

EB3, MJ NE4/d   2.46 <0.001 <0.001 <0.001 

Basal 0.1b, x -5.4a, y     

Restriction -20.3c, x -25.3b, y     

Refeeding 2.8a, x -5.1a, y     

1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  
2 Residual standard deviation. 
3 Energy balance. 
4 Net energy. 
a,b,c Different superscripts indicate differences between feeding periods (P < 0.05). 
x,y Different superscripts indicate differences between status clusters (P < 0.05). 
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Milk yield was affected by the status cluster-feeding period interaction (P < 0.001, 

Table 3). Milk yield lowered similarly during the restriction in both status clusters (-18% 

and -17% for Balanced and Imbalanced cows, respectively). During refeeding, it 

increased again to the basal values for Imbalanced cows but did not fully recover for 

Balanced cows (-9%). Milk yield loss due to the restriction varied between -3% and -37% 

among cows. On average, Imbalanced cows had a numerically, but non significantly 

greater milk yield (7.0 vs. 7.8 kg/d in Balanced vs. Imbalanced cows, respectively, P = 

0.10). In fact, when analyzed by day Imbalanced cows showed faster milk yield regain 

during the refeeding period (Figure 1). 

 

Figure 1. Effect of the status cluster1 and day (d) on beef cows’ body weight, milk 

yield, and energy balance. The grey area represents the 4 d feed restriction at 55% of 

cows’ energy and metabolisable protein requirements. Vertical bars indicate the 

standard error. 

1according to the clustering analysis based on pre-challenge cow traits and energy 

status.2 Net energy.a, b Within a day, different superscripts indicate differences between 

status clusters (P < 0.05). 
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Cow EB was affected by the status cluster and feeding period interaction (P < 

0.001) because the difference between Balanced and Imbalanced cows was greater 

during the refeeding period than during the basal and restriction periods (Table 3). In 

both groups, EB was more negative during the restriction period than in the other periods 

(P < 0.001). This was confirmed when analyzed by day, where the differences between 

status clusters were only significant on d 5, 6, and 8 during the refeeding period (Figure. 

1). Milk fat content only tended to be affected by the status cluster, with a lower content 

in Balanced than in Imbalanced cows (P = 0.09; Table 4). Milk protein and milk urea 

contents were affected only by feeding period (P < 0.001; Table 4). Milk protein content 

was lesser and milk urea content was greater during the restriction compared to the other 

periods (P < 0.001), which was corroborated by the negative correlation between milk 

urea and EB (Figure 2). 

Table 4. Effect of the status cluster1 and feeding period (FP) on beef cows’ milk 

composition. 

 
Status cluster 

 
FP  P-value3 

Item Balanced Imbalanced  Basal Restriction Refeeding RSD2 Status FP 

Fat, g/100g 4.28 4.77 
 

4.58   4.57  4.41 0.80 0.09 0.37 

Protein, g/100g 2.91 2.91 
 

2.93a    2.85b   2.95a 0.01 0.94 <0.001 

Urea, mg/dL  22.8 24.5 
 

22.7b 25.5a 22.8b 2.45 0.29 <0.001 
1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  

2 Residual standard deviation. 
3 The interaction was never significant (P = 0.31 to 0.94). 
a,b Different superscripts indicate differences among feeding periods (P < 0.05). 
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Figure 2. Significant Pearson’s correlations (P < 0.05) among beef cow performance, 

metabolic profile variables and milk fatty acids (FA) composition. 

BW: Body weight; DMI: dry matter intake; NEFA: nonesterified fatty acids; BHB: β- 

hydroxybutyrate; MDA: malondialdehyde; SFA: Saturated FA; MUFA: monounsaturated 

FA; PUFA: polyunsaturated FA; De novo FA (C4:0 - C15:1), mixed origin FA (C16:0 - 

C16:1), and mobilization FA (≥ C17:0). 

3.2. Blood metabolites 

Plasma glucose concentration was affected only by feeding period (P < 0.001; 

Table 5). Glucose concentrations were similar during the basal and restriction periods, 

but rose during the refeeding period (P < 0.001). Plasma NEFA concentration was 

affected by feeding period (P < 0.001, Table 5), and increased during the restriction 

before decreasing during the refeeding period. When NEFA concentration was analyzed 

by day, an immediate response to diet changes was observed, with a rise after only 1 d 

on the restricted diet (d 1) and the basal values recovered after 1 d of refeeding (d 5) 

(Figure 3). Daily NEFA concentration in plasma correlated negatively with energy intake 

and EB (P < 0.001; Figure 2). Plasma BHB concentration was not affected by either the 

status cluster or the feeding period (Table 5). However, when analyzed by day, minor 

fluctuations in BHB concentrations occurred (Figure 3). Daily plasma BHB concentration 

weakly, but positively, correlated with both milk yield and glucose plasma concentration 

(P < 0.001; Figure 2).  
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Table 5. Effect of the status cluster1 and feeding period (FP) on beef cows’ plasma 

metabolite concentrations. 

 
Status cluster 

 
FP  P-value3 

Item Balanced Imbalance  Basal Restriction Refeeding RSD2 Status FP 

Glucose, mmol/L 2.18 2.31 
 

2.10b 2.15b 2.48a 0.35 0.28 <0.001 

NEFA4, mmol/L 0.29 0.23 
 

0.10c 0.49a 0.19b 0.17 0.33 <0.001 

BHB5, mmol/L 0.18 0.22 
 

0.20      0.20     0.20 0.06 0.10 0.78 

Urea, mmol/L 3.35 4.55 
 

4.21a 4.08a 3.56b 0.84 0.03 <0.001 

MDA6, µmol/L 4.18 5.64 
 

4.91     4.83     5.00 0.51 0.07 0.10 

1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  

2 Residual standard deviation.  
3 The interaction was never significant (P = 0.08 to 0.92). 
4 Nonesterified fatty acids.  
5 β- hydroxybutyrate. 
6 Malondialdehyde.  
a,b,c Different superscripts indicate differences between feeding periods (P < 0.05). 

 

Plasma urea concentrations were affected by both the status cluster (P = 0.03), 

with lesser values in Balanced than in Imbalanced cows, and the feeding period (P < 

0.001; Table 5), with lesser concentrations during refeeding than the other periods. When 

plasma urea was analyzed daily (Figure 3), it decreased from d 1 of the restriction to d 6 

of refeeding, and then increased and reached the basal values by the end of the 

experiment (d 8). Plasma urea concentration positively correlated with milk urea and 

plasma glucose and BHB concentrations (P < 0.001; Figure 2).  

 

Plasma MDA concentration tended to be affected by status cluster (P = 0.07; 

Table 5), and Balanced cows tended to have lesser concentrations than Imbalanced 

cows. Despite no clear differences being observed for feeding period, an increase in 

plasma MDA was observed by d 3 of the restriction as compared to previous basal values 

(P < 0.05) when analyzed by day (see Figure 3) and up to the start of the refeeding 

period (d 5 and 6). Basal values had recovered by the end of refeeding (d 8). Plasma 

MDA concentration positively correlated with glucose, BHB, and urea plasma 

concentrations (P < 0.001; Figure 2). 
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Figure 3. Effect of the status cluster1 and the day (d) on the plasma metabolites2 of the 

beef cows. The grey area represents the 4 d feed restriction at 55% of cows’ energy and 

metabolisable protein requirements. Vertical bars indicate the standard error.  
1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.2 NEFA: non-esterified fatty acids; BHB: β- hydroxybutyrate (BHB); MDA: 

malondialdehyde. 
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3.3. Diet fatty acids intake and milk fatty acids content 

Diet FA intake were affected only by feeding period (P < 0.001), decreased during 

the restriction and increased to the basal intakes during refeeding (Table 6). Regarding 

the individual FA in milk, the status cluster tended to affect C16:0 (P = 0.09) and C18:1 

cis-9 (P = 0.002), with greater concentrations in Imbalanced than in Balanced cows. All 

the major milk FA were affected by feeding period (P < 0.001). Restriction lowered the 

milk contents of C14:0 and C16:0 and increased those of C18:1 cis-9. During refeeding, 

C14:0 and C16:0 increased, while C18:0 and C18:1 cis-9 decreased. The time effect 

was confirmed when analyzing C14:0 and C16:0 on a daily basis. Feed restriction elicited 

an immediate response with nadir values on d 1 and 3, and then increased during 

refeeding. With C14:0, a status cluster and day interaction (P = 0.01) took place because 

of the slightly different recovery pattern noted during refeeding (Figure 4). The C18:1 cis-

9 content increased steadily on d 1 and 3 of the restriction, and then decreased on the 

first day of refeeding (Figure 4). Milk contents of C14:0 and C16:0 positively correlated, 

whereas C18:1 cis-9 correlated negatively with EB (P < 0.001; Figure 2). Milk C14:0 

correlated negatively and C18:1 cis-9 positively with NEFA plasma content (P < 0.001, 

Figure 2). 

When FA were analyzed according to their degree of saturation, both SFA and 

MUFA were affected by the status cluster (P < 0.05) and the feeding period (P < 0.001), 

and PUFA only by feeding period (P < 0.01) (Table 6). The milk FA profile of Balanced 

cows had greater SFA and lesser MUFA contents than that Imbalanced cows, whereas 

PUFA contents were similar in both status clusters. During the restriction, SFA content 

lowered, while MUFA and PUFA rose (P < 0.001). During refeeding, SFA increased but 

did not reach the basal values, MUFA decreased to the basal values and PUFA remained 

unchanged. When analyzed by day, the SFA basal values had recovered by d 6 and 

after 2 d on the refeeding diet (Figure 5). For PUFA, a status cluster and day interaction 

was observed (P = 0.01, Figure 5) because Balanced cows had not regained the basal 

values by d 8, whereas Imbalanced cows had. Altogether, milk SFA contents correlated 

highly and positively with total diet FA intake and cow EB (P < 0.001; Figure 2), while 

negative correlations were observed between milk MUFA content and both parameters 

(P < 0.001). SFA negatively and MUFA positively correlated with NEFA plasma contents 

(P < 0.001). 
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Figure 4. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of 

individual milk fatty acids: C14:0, C16:0, C18:0, and C18:1 cis-9. The grey area 

represents the 4 d feed restriction at 55% of cows’ energy and metabolisable protein 

requirements. Vertical bars indicate the standard error. 
1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  
2 identified fatty acid methyl esters. 
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Table 6. Effect of the status cluster1 and feeding period (FP) on beef cows’ dietary intake of fatty acids (FA) and on the major FA in milk, FA 

according to their saturation and origin, and the C18:1 cis-9 to C15:0 ratio. 

 Status cluster  FP  P-value3 

Item Balanced Imbalanced  Basal Restriction Refeeding RSD2 Status FP 

Intake of dietary FA, g/d          

C16:0 64.3 64.1  77.2a 38.1b 77.2a 2.01 0.55 <0.001 

C18:0 24.4 24.4  28.3a 16.6b 28.3a 0.56 0.74 <0.001 

C18:1 cis-9 33.5 33.1  47.4a 5.2b 47.3a 2.47 0.34 <0.001 

C18:2 n-6 72.4 71.6  98.9a 18.3b 98.8a 4.65 0.36 <0.001 

C18:3 n-3 38.2 38.3  40.9a 33.0b 40.9a 0.19 0.12 <0.001 

Total 248 247  312a 119b 312a 10.48 0.45 <0.001 

Milk FA, g/100 g ID FAME 4          

C14:0 8.9 8.4  9.8a 6.2b 9.8a 1.16 0.10 <0.001 

C16:0 26.7 25.9  27.3a 24.1b 27.4a 1.49 0.09 <0.001 

C18:0 10.6 11  11.6a 11.4a 9.4b 1.14 0.31 <0.001 

C18:1 cis-9 24.1 26.1  22.3b 30.2a 22.9b 2.55 0.002 <0.001 

FA according to saturation          

Saturated FA 61.9 60.3  64.7a 55.6c 63.0b 2.95 0.04 <0.001 

Monounsaturated FA 32.9 34.6  30.8b 38.8a 31.7b 2.6 0.01 <0.001 

Polyunsaturated FA 5.2 5.1  4.5b 5.6a 5.4a 0.66 0.46 <0.001 

FA according to origin          

De novo (C4:0 to C15:1) 22.1 20.8  23.4a 16.8b 24.1a 2.41 0.04 <0.001 

Mixed origin (C16:0 + C16:1) 29.1 28.2  29.5a 26.7b 29.8a 1.48 0.09 <0.001 

Mobilization (≥ C17:0) 48.8 51.0  47.2b 56.5a 46.1b 3.52 0.02 <0.001 

C18:1 cis-9 to C15:0 ratio 16.6 19.2  15.5b 21.7a 16.5b 2.18 0.001 <0.001 
1 according to the clustering analysis based on pre-challenge cow traits and energy status. 2 Residual standard deviation. 3 The interactions were 
not significant (P = 0.06 to 0.70). 4  identified fatty acid methyl esters. a,b,c Different superscripts indicate differences among feeding periods (P < 
0.05).
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Figure 5. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of 

grouped fatty acids (FA) according to their saturation: saturated FA (SFA), 

monounsaturated FA (MUFA), and polyunsaturated FA (PUFA). The grey area 

represents the 4 d feed restriction at 55% of cows’ energy and metabolisable protein 

requirements. Vertical bars indicate the standard error. 
1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  
2 identified fatty acid methyl esters.  
a, b Within a day, different superscripts indicate differences between status clusters (P < 

0.05). 
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cluster affected de novo (C4:0 - C15:1) and mobilization FA (P < 0.05), and tended to 

affect mixed origin FA (C16:0 - C16:1) (P = 0.09) with Balanced cows having greater de 

novo FA contents, slightly greater mixed origin FA and lesser mobilization FA than 

Imbalanced cows (Table 6). Feeding period affected the three FA groups (P < 0.001). 

De novo and mixed origin FA decreased, while mobilization FA increased during the 

restriction before returning to the basal values during refeeding. When analyzed by day, 

65.8

57.5
55.5

61.3

65.6
63.4

63.6

55.7
53.8

59.0

65.2
63.2

50

55

60

65

70

S
F

A
,

g
/1

0
0

g
 I

D
 F

A
M

E
2

Balanced Imbalanced

P-value

Status = 0.06

d    < 0.001

Status × d = 0.33

29.7

37.2
38.6

32.7

29.3
31.0

31.8

39.0
40.5

35.3

29.6

32.1

26

30

34

38

42

M
U

F
A

, 

g
/1

0
0

g
 I

D
 F

A
M

E
2

P-value

Status = 0.01

d    < 0.001

Status × d = 0.34

4.5

5.3

5.9 6.0

5.0

5.6a

4.6
5.3

5.7 5.7

5.1

4.7b

3

4

5

6

7

-3 -2 -1 0 1 2 3 4 5 6 7 8

P
U

F
A

,

g
/1

0
0
g
 I

D
 F

A
M

E
2

Time, d from the start of the restriction

P-value

Status = 0.17

d    < 0.001

Status × d = 0.007

Basal Restriction Refeeding



Capítulo IV 

 

116 

 

an immediate effect was noted on de novo FA during the restriction in both status 

clusters, with low and constant values on d 1 and 3 (Figure 6). They thereafter increased 

during refeeding to the basal values on d 5 in both status clusters, but continued to rise 

even beyond the basal values on d 6 and 8 in Imbalanced cows. Similarly, the daily 

values of mixed origin FA lowered immediately with the restriction and increased from 

the start of refeeding irrespectively of the status cluster (Figure 6).  

 

Figure 6. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of 

grouped fatty acids (FA) according to their origin: De novo FA (C4:0 - C15:1), mixed 

origin FA (C16:0 - C16:1), and mobilization FA (≥ C17:0). The grey area represents the 

4 d feed restriction at 55% of cows’ energy and metabolisable protein requirements. 

Vertical bars indicate the standard error.  
1 according to the clustering analysis based on pre-challenge cow traits and energy 

status.  
2 identified fatty acid methyl esters. 
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returned to the baseline values on d 8 (Figure 6). Daily individual EB correlated highly 

and positively with milk contents of de novo and mixed origin FA (P < 0.001) (Figure 2), 

but negatively with mobilization FA (P < 0.001). De novo and mobilization FA obtained 

correlations of a different sign with NEFA plasma concentrations (P < 0.001).  

The C18:1 cis-9 to C15:0 ratio was affected by the status cluster (P = 0.001), with 

greater values in Imbalanced cows than in their Balanced counterparts, and also by the 

feeding period (P < 0.001) with an increment during the restriction and a return to the 

basal values during the refeeding period (Table 6). This ratio correlated negatively with 

EB (P < 0.001) and positively with plasma NEFA concentrations (P < 0.001), but not with 

the other plasma metabolites (Figure 2). 

4. Discussion 

This study investigated the pattern of beef cows’ adaptive responses in different 

energy statuses to a short, but intense, feed restriction, and subsequent refeeding. Their 

pre-challenge performance and energy status were established by retrospective cow 

classification according to their previous BW, milk yield, and EB. We obtained two distinct 

status clusters: Imbalanced cows were heavier, tended to have greater milk yields and 

a more negative EB, whereas Balanced cows fed the same diets were lighter, had lesser 

milk yields and a neutral EB. When subjected to nutrient restriction, and despite wide 

between-cow variability, most of the parameters that describe cows’ performance, 

plasma metabolites, and milk composition were affected by time (feeding period or day). 

A less marked effect was observed for the status cluster (Balanced vs. Imbalanced 

cows). 

4.1. Cow performance 

According to the experimental design, DMI (64%) and both energy (55%) and 

protein (53%) intake lowered during the restriction period, which resulted in lighter BW (-

2%), lower milk yield (-17%), and less milk protein content (-3%) compared to the basal 

values. Milk fat content did not change, and milk urea content increased (+13%). The 

BW loss could be a consequence of the reduced DMI and the concomitant loss of gut 

fill, together with the mobilization of body reserves in response to the restriction (Gross 

et al., 2011a). This mobilization was probably larger for Imbalanced cows, which were 

heavier and had a lower EB throughout the study, which allowed them to cope with the 

metabolic challenge, but resulted in net BW loss at the end of the refeeding period.  

The diminished milk yield during the restriction was associated with reduced 

energy supply, as observed in other studies. The -17% reduction herein observed for 
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beef cows after a 4 d restriction at 55% of their requirements was similar to the -19% to 

-20% reduction after a 4-5 d restriction at 50-60% of previous intake for dairy cows 

(Abdelatty et al., 2017; Carlson et al., 2006). A greater (-30%) reduction was observed 

when dairy cows were restricted more intensely (48% of their requirements) for 4 d 

(Bjerre-Harpøth et al., 2012). In beef cattle, Charolais cows had -12% milk loss under a 

similar restriction condition, which was probably related to a less negative physiological 

imbalance (De La Torre et al., 2022). As observed here, all the aforementioned studies 

report a wide variation in cows’ individual adaptive ability to counterbalance the feed 

restriction, which Orquera-Arguero et al. (2022) associated to the cows milk yield 

potential and capacity of mobilization of fat reserves.  

Despite the fact that the basal milk yield did not differ between status clusters, it 

was not only numerically greater in Imbalanced cows, as observed by De Koster et al. 

(2019) in two groups of cows clustered according to their metabolic profiles, but also 

recovered more quickly when refeeding started. According to Baumgard et al. (2017), 

milk yield would be a major driver of the different partition of nutrients toward milk 

production or fat reserves in cows and would, therefore, condition their response to feed 

restriction. The slower recovery observed in Balanced cows resulted in their EB being 

even better during refeeding than during the basal period because energy intake 

exceeded their requirements for a numerically lesser milk yield. When analyzed by day, 

the basal values had recovered in both status clusters by the end of the refeeding period. 

This finding agrees with other studies in beef (De La Torre et al., 2022) and dairy (Bjerre-

Harpøth et al., 2012; Gross et al., 2011a) cows, which reflects the plasticity of the cow 

response to a short nutritional challenge. 

Several studies report greater milk fat content associated with a negative EB and 

body fat mobilization (Agenäs et al., 2003; Kessel et al., 2008), whereas others report no 

difference between cows with different fat mobilization intensities (Schuh et al., 2019). In 

the present study, no changes were observed in response to a short feed restriction, 

which agrees with the results of Carlson et al. (2006), who worked with dairy cows under 

similar conditions, although they also found increased plasma indicators of lipolysis 

(NEFA and BHB). As pointed out by Schuh et al. (2019), the fact that milk fat did not 

mirror the increase in circulating NEFA could be explained by them being partly diverted 

to other tissues to be used as an energy substrate rather than to the mammary gland to 

be converted into milk FA. Milk fat content tended to be greater in Imbalanced cows, 

which agrees with the observations made by Stoop et al. (2009) when comparing cows 

with different EB, which could reflect a longer term difference in the nutritional status of 

cows with different BW and milk yields fed at a flat rate since lactation onset.  
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The immediate milk protein content reduction during the restriction period 

observed in similar studies with dairy cows (Billa et al., 2020; Gross et al., 2011a) can 

be ascribed to reduced dietary energy and protein intake, which compromise both 

microbial protein synthesis and by-pass protein flux to the intestine. Similarly, Bjerre-

Harpøth et al. (2012) confirmed that milk protein content lowered during the restriction 

and returned to the prerestriction content during refeeding regardless of the lactation 

stage. The rise in milk urea contents during feed restriction agrees with the observations 

made by Broderick (2003), who described that when dietary energy lowers, milk yields, 

and milk protein contents decrease, while milk urea increases, in response to the lower 

amino acid requirements for lesser milk secretion (Bittante, 2022).  

4.2. Blood metabolites 

In the present experiment, the metabolites associated with energy metabolism 

and oxidative status were not affected by the status cluster, except for greater plasma 

urea concentration in Imbalanced cows. Glucose, NEFA, and urea immediately 

responded to diet changes, while a delayed response was noted for BHB and MDA. 

Plasma glucose concentration strongly depended on the current energy and protein 

intake at a given time, and also on diet composition. They were all similar for both status 

clusters and, thus, their glucose concentration did not differ. Plasma glucose did not 

change during the restriction, although it was expected to decrease as a consequence 

of lower feed and energy intake. This lack of response could be due to the lower 

gluconeogenesis associated with lower ruminal propionic acid production (Kessel et al., 

2008) caused by the lower proportion of concentrate in the restriction diet. However, 

circulating glucose also depends on uptake by mammary glands for milk lactose 

production, as observed in other studies (Agenäs et al., 2003; Carlson et al., 2006). The 

increment that occurred in the refeeding phase agrees with the observations made by 

Bjerre-Harpøth et al. (2012), for whom glucose also peaked at the start of refeeding due 

to metabolic readjustment.  

An increase in circulating NEFA concentration is an indicator of adipose tissue 

catabolism in response to a negative EB to supply FA, which can be converted into milk 

triglycerides in the mammary gland or oxidized in the liver as an energy substrate (Bell, 

1995). In the current study, NEFA did not differ among cows in both status clusters, 

probably because the actual difference in EB between them was too narrow to elicit a 

response. However, they responded immediately to the large differences in energy 

intake among feeding periods, with which they correlated. A critical threshold of 0.57 

mmol NEFA/L was set by Ospina et al. (2010) as an early postpartum indicator of 
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increased risk of clinical ketosis in dairy cows, which was only just reached by Balanced 

cows on d 3 in our experiment.  

Excessive NEFA mobilization can impair the liver’s metabolic capacity to 

completely oxidize them, which results in the production of ketone bodies, such as BHB, 

acetoacetate, and acetone (Jorjong et al., 2015; Mann et al., 2016). In our experiment, 

the tendency of a greater BHB concentration for Imbalanced than Balanced cows, plus 

the positive correlation between BHB and milk yield, suggest increased NEFA oxidation 

to provide energy substrates for milk production (Wathes et al., 2007). The BHB 

concentrations did not differ among feeding periods, as observed in dairy and beef cows 

at mid-lactation with a similar feed restriction period lasting 4 d (Bjerre-Harpøth et al., 

2012; Carlson et al., 2006; De La Torre et al., 2022). These results imply that NEFA 

mobilization did not exceed the liver’s metabolizing capacity and provided sufficient 

energy supply for nutrient-restricted cows. However, a peak occurred at the end of the 

restriction phase, with a delayed response to energy intake compared to NEFA, as 

observed by Gross et al. (2011a) in dairy cows at mid-lactation. The extent of this delay 

can be influenced by the lactation stage and restriction duration (Carlson et al., 2006; 

Orquera-Arguero et al., 2022). Apparently, feed restriction length did not suffice here to 

have a prolonged effect on BHB. Plasma BHB can be used as an indirect marker of a 

negative EB in dairy cows, but has been shown to be a poor indicator in beef cattle (De 

La Torre et al., 2022; Orquera-Arguero et al., 2022), as observed here. Hyperketonemia, 

defined when BHB exceeds a critical threshold of 1.2 mmol/L, is associated with 

increased risk of disease, milk yield losses, and impaired reproductive performance in 

dairy cows (Jorjong et al., 2015). In our study, both NEFA and BHB concentrations were 

below the above-mentioned thresholds because our beef cows had a less severe 

negative EB due to their lower milk yields.  

Lack of differences in these metabolites between status clusters was not 

expected. De Koster et al. (2019) observed that plasma glucose was greater and NEFA 

and BHB were lesser in balanced than in imbalanced dairy cows. Vossebeld et al. 

(2022)clustered cows according to their postpartum EB profile. They found that those 

with a more negative EB had greater plasma NEFA and BHB concentrations. However, 

differences in EB between the dairy cow groups in both studies, and associated with their 

different DMI, BW, and milk yield, were much larger than those herein recorded. Our 

similar results for both cow groups in different EB could be partly ascribed to wide 

individual variation in cows’ metabolic adaptive capacity, as pointed out by Kessel et al. 

(2008), or to the lower milk yield and associated metabolic load in beef cows.  
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Circulating urea in lactating ruminants originates from either dietary protein intake 

or the catabolism of body protein reserves when energy intake is restricted and the AA 

stored in skeletal muscle are mobilized (Bell, 1995). Given their similar protein intake, 

the greater plasma urea concentrations in Imbalanced cows indicate greater body protein 

turnover to support gluconeogenesis and to cope with their more negative EB. These 

differences observed in plasma were probably not large enough to be reflected in milk 

urea contents, despite them being significantly correlated, as observed by Kessler et al. 

(2020). The minor differences among d, which decreased at the end of the restriction 

and had risen by the end of the refeeding period, showed a delayed response to diet 

changes, which falls in line with Bjerre-Harpøth et al. (2012). 

Oxidative stress occurs during periods of high metabolic demand, when the 

production of free oxidant radicals cannot be counteracted by the natural anti-oxidant 

system. Castillo et al. (2006) found increased lipid peroxidation only at very early 

postpartum, with wide individual variation. Bernabucci et al. (2005) reported that dairy 

cows with greater BCS loss, and greater BHB and NEFA concentrations, also had 

greater concentration of reactive oxygen metabolites, which agrees with Schuh et al. 

(2019), plus lesser concentrations of antioxidants. In our study, Imbalanced cows tended 

to have greater MDA concentrations, which mirrored the trend observed for BHB 

concentrations. This finding also reflects fat mobilization and oxidation, and is associated 

with hepatic stress. This positive correlation between MDA and BHB agrees with those 

observed by Li et al. (2016) in dairy cows, who also report a positive association with 

NEFA, but it was not observed in our experiment. This supports the lack of differences 

in oxidative status among feeding periods, where the increased NEFA and the decreased 

milk yield allowed cows to cope with metabolic stress without further lipid oxidation. In 

line with our results, Urh et al. (2019) found that diets that included different amounts of 

concentrate affected NEFA concentrations, but neither BHB nor the oxidative status of 

dairy cows, which they associated with relatively small differences in cows’ energy 

intake, as we observed here with a flat-rate feeding regime. 

4.3. Diet fatty acids intake and milk fatty acids content 

The total FA intake decreased by -62% due to the restriction, whereas the extent 

of the decrease in individual FA intake varied, with a greater reduction (-81% to -89%) 

for those that were more abundant in the concentrate (C18:2 n-6 and C18:1 cis-9) than 

for those that were predominant in hay (C16:0 and C18:0). These differences in relative 

individual FA intake reflected both the reduction in DMI and the change in diet among 

periods. Diet composition affects the milk FA profile because short- and medium-chain 
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milk FA derive from de novo synthesis from acetate and the transformations of butyrate 

that occur during the ruminal fermentation of carbohydrates (Bauman and Griinari, 2003), 

both of which increase when the forage proportion in diet increases. However, the milk 

FA profile does not exactly mirror the relative intake of the different FA because they can 

be modified by ruminal biohydrogenation and mammary lipogenic and Δ-9 desaturation 

pathways (Chilliard et al., 2007).  

Research into the relation between energy intake and EB with the milk FA profile 

is extensive in dairy cows, but literature on milk FA composition of beef cows is scarce. 

To the best of our knowledge, this is the first study to report changes in beef cows’ milk 

FA contents in response to feed restriction. As in the case of milk yield and circulating 

metabolites, the response patterns of milk FA in beef cows follow the trends observed in 

dairy cows although the changes are of a lesser magnitude. Here we observed that 

energy status had a marked effect in both the long (differences between status clusters, 

e.g. C14:0 and C16:0 tended to be greater and C18:1 cis-9 lesser in Balanced vs. 

Imbalanced cows) and short terms (differences among feeding periods, e.g., lowest 

C14:0 and C16:0 and highest C18:1 cis-9 during the restriction) on milk contents of major 

FA and different FA proportions according to both their degree of saturation and origin. 

When a negative EB induces body fat mobilization, the major FA in subcutaneous and 

abdominal depots (C16:0, C18:0, and C18:1 cis-9) are released to plasma, where they 

constitute a high proportion of circulating NEFA, and where C18:1 cis-9 is the most 

abundant FA in both dairy (Hostens et al., 2012) and beef (Lake et al., 2007) cows. These 

NEFA are taken up by the mammary gland and directly used for milk fat synthesis 

(Bauman and Griinari, 2003). Consequently, their relative proportions in milk fat should 

reflect this lipid mobilization in response to EB. Furthermore, when these long-chain FA 

are released into plasma, de novo synthesis of short-chain FA by the mammary gland is 

inhibited (Chilliard et al., 2007). Gross et al. (2011b) described how the milk FA profile 

responds quickly to dietary energy changes, with significant reductions in most FA of  

C16:0 and increments of preformed FA of > C16:0 within 1 week of feed restriction, and 

the basal values recover within 1 week of refeeding. This pattern was confirmed in our 

experiment, even on the first day after diet change. As we noted, C14:0 milk contents 

were positively associated with EB, and increased with improved energy status with 

advancing dairy cows’ lactation (Craninx et al., 2008). On C16:0, literature offers 

conflicting results, which are explained by its mixed origin (Chilliard et al., 2000b). C16:0 

contents increased with either a negative EB (Stoop et al., 2009) or feed restriction 

(Abdelatty et al., 2017), but the decrease herein observed during the restriction period 

agrees with the patterns reported by Gross et al. (2011b) and Billa et al. (2020), which 
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suggests that despite its mixed origin, here it reflects the reduced de novo FA synthesis. 

Regarding long-chain FA, milk C18:0 did not increase during the restriction, unlike 

previous reports (Billa et al., 2020; Gross et al., 2011b), but decreased with refeeding as 

a result of less fat mobilization, which agrees with the aforementioned studies. Finally, 

milk oleic acid contents (C18:1 cis-9) have been associated with a negative EB and high 

plasma NEFA concentrations (Dórea et al., 2017; Jorjong et al., 2014; Stoop et al., 2009), 

which agrees with our results. It has even been proposed as an early predictor of 

subclinical ketosis in dairy cows (Van Haelst et al., 2008), and as a better indicator of a 

negative EB than actual plasma NEFA and BHB concentrations (Churakov et al., 2021), 

which can vary diurnally depending on the time that elapses between feeding and blood 

sampling (Mäntysaari et al., 2019). This was confirmed herein by the stronger correlation 

of EB with milk C18:1 cis-9 contents than with these plasma metabolites. This relation 

also explains the greater milk contents of C18:1 cis-9 in Imbalanced cows, and the rise 

that occurred during the restriction period in association with a more negative EB in both 

cases.  

According to their degree of saturation, the differences between status clusters 

and feeding periods followed the differences in major FA and in other less abundant 

ones. During the feed restriction, SFA decreased by -14% whereas MUFA and PUFA 

increased by +26% and +24%, respectively. This agrees with the results of Gross et al. 

(2011b) except for their stable PUFA concentrations, but contrasts with those of Stoop 

et al. (2009), who found greater proportions of SFA, mainly C16:0 and C18:0 from body 

fat, in those cows with a greater energy imbalance. The reduction in SFA during the 

restriction and the lesser concentration in SFA in Balanced cows in our study seemed to 

be driven by the predominant behavior of C16:0 as a de novo synthesized FA, and also 

by the minimal response of C18:0 to EB, as observed by Abdelatty et al. (2017). 

Regarding the origin of milk FA, Grummer (1991) suggests that almost all the C4:0 to 

C14:0, and about half the C16:0 in milk, are synthesized de novo in the mammary gland, 

whereas the rest of the C16:0 and all long-chain FA derive from mammary uptake of 

circulating triacylglycerol and NEFA. Unless diet composition significantly varies 

(Khiaosa-ard et al., 2020), the relative proportions of de novo synthesized and preformed 

FA mainly reflect changes in the EB (Gross et al., 2011b). Accordingly in our study, milk 

de novo FA content was significantly greater and that of mobilization FA was lesser in 

Balanced vs. Imbalanced cows. In dairy cows that underwent a 6 d 50% energy 

restriction, Billa et al. (2020) reported that milk contents C10:0 to C15:0 decreased by -

37%, and those of C16:0 by -23%, while FA > C16:0 rose by almost +60%, and basal 

contents were recovered within a week of refeeding. Here with a similar but shorter feed 
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restriction in beef cows, the relative changes were less intense, i.e. both de novo and 

mixed origin FA decreased (by -28% and -10%), while mobilization FA increased by 

+20%, and the basal values were also regained during the refeeding period in response 

to the improved EB. These changes are consistent with the strong correlations of the FA 

of different origins with EB and NEFA contents, as also described by Khiaosa-ard et al. 

(2020), who also found correlations with BHB contents that were not herein observed.  

Several ratios between milk FA of different origins (mostly long-chain vs. short- 

and medium-chain FA or linear and branched FA) have been proposed as indicators 

related to cow diet or energy status (Craninx et al., 2008; Dórea et al., 2017). Of them, 

Jorjong et al. (2015) established that the C18:1 cis-9 to C15:0 ratio was the most 

discriminating factor for early hyperketonemia diagnosis (BHB ≥ 1.2 mmol/L), for which 

they proposed a threshold of between 34 and 45. Dórea et al. (2017) indicated that it 

could also be used to accurately predict plasma NEFA and that when this ratio exceeded 

62, the cows would be at risk of developing metabolic disorders. In our experiment, the 

C18:1 cis-9 to C15:0 ratio differed between the status clusters and feeding periods by 

following the differences observed in EB and plasma NEFA contents, with which it 

correlated, and could therefore be used as a biomarker of the energy status of cows. 

However, our values were far from the above-mentioned thresholds described for dairy 

cows. 

5. Conclusions 

A short-term feed restriction and refeeding induced a transient negative EB in 

beef cows, to which they responded with lower milk yield and changes in plasma 

metabolites and milk composition, which are associated with the mobilization of body 

reserves. Despite some of these traits differing between Balanced and Imbalanced cows, 

with different BW, milk yields and EB before the challenge, they responded similarly to 

dietary changes by showing a consistent pattern across several individual nutritional 

statuses. The milk FA profile, which has been rarely studied in beef cows for practical 

purposes, also differed between Balanced and Imbalanced cows. In particular, the milk 

C18:1 cis-9 to C15:0 ratio proved to be an accurate indicator of metabolic status, which 

supports its use in experimental models. 
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Las vacas manejadas en sistemas extensivos se ven sometidas durante su ciclo 

productivo a periodos de restricción-realimentación, cuya frecuencia se puede ver 

incrementada según las previsiones relacionadas con el cambio climático. En este 

contexto, la presente tesis doctoral ha abordado los efectos de una restricción nutricional 

de 4 días de duración, al 55% de los requerimientos de energía y proteína, en diferentes 

momentos de la lactación y también de forma consecutiva en vacas de raza Parda de 

Montaña. Se han estudiado los mecanismos de respuesta que se desencadenan, para 

profundizar en el conocimiento sobre la resiliencia y la habituación ante las 

perturbaciones.  

5.1 Modelizado de curvas de respuesta y análisis de agrupamiento 

El estudio de la resiliencia de las vacas se realizó mediante la modelización de 

las curvas de respuesta para cuantificar la diferencia entre la curva potencial y la 

observada durante los retos alimenticios en diferentes momentos de la lactación. El 

modelizado de curvas se ha utilizado para estudiar la producción lechera especialmente 

en el vacuno de leche (Adriaens et al., 2021; Wood, 1967) y en menor medida en vacuno 

de carne (Espasandin et al., 2016; Iewdiukow et al., 2020). La respuesta a una 

perturbación se expresa a través de múltiples parámetros, por lo que utilizar un enfoque 

multivariante resulta interesante para caracterizar mejor la resiliencia (Ben Abdelkrim et 

al., 2023). Por ello, realizamos un análisis multivariante (análisis de componentes 

principales), que permitió identificar aquellas variables de carácter productivo y 

metabólico que explicaban la mayor parte de la variabilidad de respuesta, para luego 

aplicar un análisis de agrupamiento de animales con patrones similares de respuesta 

ante la restricción. En nuestro estudio, dichas variables fueron la producción de leche y 

la concentración plasmática de NEFA y BHB. En otros estudios realizados con vacuno 

de leche se seleccionaron para diferenciar los grupos: la concentración plasmática de 

glucosa, NEFA, BHB, insulina e IGF-1 (de Koster et al., 2019; Heirbaut et al., 2022) o de 

NEFA, BHB y la relación grasa:proteína de la leche (Tremblay et al. (2018).  Nuestro 

enfoque de realizar el agrupamiento en función de la producción de leche y metabolitos 

sanguíneos es más viable en vacuno de carne ya que no es tan sencillo obtener 

muestras de leche como en vacuno de leche. 

Respecto al agrupamiento de las vacas a partir de las variables de las curvas de 

respuesta, las diferencias entre grupos se dieron principalmente en las variables de 

magnitud, siendo las variables de tiempo más similares. Las diferencias se asociaron 

principalmente al periodo de restricción (línea base, pico y área bajo la curva durante la 

restricción), tanto en la producción de leche como en la concentración plasmática de 
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NEFA, pero de manera menos evidente en la de BHB. Además, cabe recalcar que las 

vacas asignadas a cada clúster en el capítulo I y capítulo III son coincidentes en la 

mayoría de los casos. Solamente 4 animales de los 31 utilizados en el estudio cambiaron 

de grupo; el 87% de las vacas se clasificaron en el mismo grupo de acuerdo con su 

respuesta metabólica (alta vs. baja). Esto indica que de forma general los animales 

responden de manera similar independiente de si se trata de un solo reto en distintos 

meses de lactación o si se enfrentan a tres retos consecutivos. Estos hallazgos 

mostrarían que, al igual que en vacuno de leche, en vacuno de carne también existe un 

componente genético en la respuesta adaptativa, que conlleva una partición más o 

menos similar de los nutrientes hacia las diferentes funciones (Friggens y Newbold, 

2007). Por otro lado, en el capítulo IV se utilizó un enfoque diferente, ya que las vacas 

se agruparon en función de semejanza en su estado nutricional previo al inicio del 

ensayo (en equilibrio vs. en desequilibrio). Para este capítulo se usaron datos solamente 

del mes 3 (58 días postparto), y su clasificación se realizó a partir de los datos de peso 

vivo y CC al parto y de peso vivo, CC, producción lechera y BE a los 30 y 31 días 

postparto. Dado que los parámetros para clasificar a las vacas fueron diferentes de los 

usados en el análisis de agrupamiento anterior, esta clasificación de vacas no coincidió 

con la anterior habiendo 6 vacas en equilibrio y 9 en desequilibrio en el grupo de vacas 

de alta respuesta metabólica y 9 vacas en equilibrio y 6 vacas en desequilibrio en el de 

baja respuesta metabólica.  

Agrupar animales que presentan una respuesta metabólica similar podría ser 

interesante para tomar ciertas decisiones de manejo a nivel de explotación. Las vacas 

clasificadas como de alta respuesta metabólica podrían considerarse más resilientes ya 

que, a pesar de las variaciones observadas, fueron capaces de recuperarse de la 

perturbación en menor tiempo cuando el suministro de la dieta se restauró y volvió a sus 

niveles habituales. Para Elgersma et al. (2018) las vacas lecheras con menos 

fluctuaciones en el rendimiento lechero bajo perturbaciones naturales son más 

resilientes, porque la menor varianza en el rendimiento se correlaciona genéticamente 

con una mejor salud y longevidad.  

5.2 Efecto de una restricción-realimentación sobre los parámetros productivos 

Los periodos de restricción-realimentación aplicados en este experimento y el 

momento de la lactación afectaron en diferente magnitud a los parámetros de 

producción analizados. El peso vivo de las vacas sufrió una ligera una disminución a 

causa de la restricción, independientemente de si se trató de retos en diferentes puntos 

de la lactación o retos consecutivos, asociada a la pérdida de contenido digestivo. La 
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medición de la CC como indicador de la movilización de reservas grasas no resultó ser 

un buen indicador a corto plazo, ya que no mostró cambios significativos durante los 

periodos de estudio. Tampoco lo fue el espesor de grasa subcutánea estimada mediante 

ultrasonidos al inicio de cada periodo en los distintos retos (Orquera et al., 2020), aunque 

ambos métodos permitieron detectar diferencias en el largo plazo, entre los meses de 

lactación.  

La producción de leche fue uno de los parámetros más afectados por la 

restricción nutricional, independientemente de que el reto ocurriera en diferentes meses 

de la lactación o fueran retos consecutivos. Sin embargo, hubo un amplio rango de 

variación en los porcentajes de caída de producción de leche durante los periodos de 

restricción (desde -1% hasta -66%). Esta amplia la variabilidad individual en la respuesta 

a la restricción se asocia a diferencias en la partición de nutrientes (Baumgard et al., 

2017), condicionadas por un componente genético (Friggens y Newbold, 2007). 

Adicionalmente, sería interesante medir la repetibilidad individual de la respuesta entre 

los meses, es decir, si con el avance de la lactación los animales presentan la misma 

respuesta. En caso de ser así, la resiliencia ante las perturbaciones sería un carácter 

con una marcada base genética, por lo que la intensidad y repetibilidad de la respuesta 

podría utilizarse como base para la selección de los animales más resilientes. 

Los estudios de los capítulos I y III mostraron las diferencias en la producción de 

leche de las vacas clasificadas como de alta y baja respuesta metabólica, así como el 

efecto de los diversos retos. En ambos estudios, el análisis de curvas de respuesta en 

la leche mostró que las vacas de alta respuesta metabólica tuvieron mayor producción 

inicial y una caída durante la restricción fue más abrupta. Este efecto se observó tanto 

en los retos en diferentes meses de la lactación como en los retos consecutivos. La 

caída en la producción de leche se vio afectada por el mes de lactación, con mayores 

pérdidas porcentuales (-20%) en el mes 3 y 4 de la lactación (58 y 87 días postparto) 

que en el mes 2. Por otro lado, en los retos consecutivos la leche disminuyó en mayor 

proporción en el segundo y tercer reto consecutivo (-26%) que en el primero. Bjerre-

Harpøth et al. (2012) indicaron en vacuno de leche que la producción previa a la 

restricción, y no tanto la fase de la lactación, sería un factor predictivo importante de la 

caída en el rendimiento lechero por causa de la restricción. Es decir, que los animales 

con mayor producción inicial activarían mecanismos adaptativos más intensos para 

mantener su producción. Nuestros resultados demostraron que en vacuno de carne 

tanto el estado de lactación como la producción de leche previa al reto fueron 

determinantes para determinar el ajuste en la partición de nutrientes y tratar de mantener 

la producción de leche.  
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Dado que la resiliencia se define como la capacidad de recuperarse tras una 

perturbación, en este trabajo se evaluaron los rendimientos cuando los animales 

volvieron a su dieta normal tras la restricción. En los retos en diferentes meses de 

lactación, el tiempo propuesto de recuperación (4 días) fue suficiente para que los 

animales pudieran regresar a su producción de leche previa. En los retos consecutivos, 

las vacas de alta respuesta metabólica tuvieron una respuesta más rápida a los cambios 

en la dieta que las vacas de baja repuesta, que necesitaron un día adicional para 

recuperar los rendimientos. En vacuno de carne De La Torre et al. (2022) observaron 

que tras 4 días de restricción al 50%, la producción de leche inicial se recuperaba en 

dos días, pero indicaban que el tiempo de recuperación podría ser mayor con 

restricciones más largas.  

La respuesta de la producción de leche al reto presentó características elásticas, 

ya que la deformación debido a la restricción fue reversible y se recuperó la producción 

inicial tanto en los retos en diferentes meses de la lactación como en los retos 

consecutivos. Adicionalmente, observamos que no hubo una habituación en este 

parámetro a los retos consecutivos, ya que provocaron una disminución de la producción 

de leche que empeoró tras el primer reto y se mantuvo posteriormente.  

En cuanto a los principales componentes de la leche, el contenido de grasa no 

se vio afectado por los retos alimenticios en diferentes meses o en retos consecutivos, 

contrariamente a lo descrito en vacuno de leche (Bjerre-Harpøth et al., 2012; Rico y 

Razzaghi, 2023). Sin embargo, sí observamos un efecto de la subnutrición sobre la 

composición de dicha grasa, aspecto muy novedoso en vacuno de carne ya que no se 

había estudiado hasta el momento. La restricción provocó cambios inmediatos, 

reflejados en una disminución de los ácidos grasos saturados, los ácidos grasos de novo 

(C4:0 al C14:0) y los de origen mixto (C16:0 y C16:1), y un aumento de los ácidos grasos 

mono- y poli-insaturados, y los ácidos grasos de movilización (> C16:0). Al mismo tiempo 

se evaluaron distintos ratios de ácidos grasos empleados en vacas lecheras para 

evaluar el estado energético de los animales (Dórea et al., 2017; Jorjong et al., 2015). 

El ratio C18:1 cis-9/C15:0 se correlacionó con el BE y la concentración plasmática de 

NEFA, por lo que se podría utilizar como indicador del estado nutricional de las vacas 

de carne. En vacuno de leche otros indicadores se han propuesto como candidatos 

atractivos para fenotipar la resiliencia, entre ellos algunos metabolitos de la leche como 

BHB, lactato-deshidrogenasa o glucosa (Ben Abdelkrim et al., 2023), que podría ser 

interesante analizar en vacuno de carne.  
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El contenido de proteína y urea en leche se vieron influenciados por la 

restricción nutricional, reflejando la reducción en el contenido proteico de la dieta. Así el 

contenido de proteína en leche disminuyó durante la restricción en el mes 2 y 3, pero 

fue constante durante los retos consecutivos, lo que indica que estaría más bien 

condicionado por el mes de lactación. En cambio, la restricción incrementó el contenido 

de urea en leche en todos los retos nutricionales independientemente del mes de 

lactación o de retos consecutivos, siendo especialmente llamativo el gran incremento en 

el mes 4. El contenido de urea en leche no solo depende de la ingestión de proteína de 

la dieta, sino también está influenciada por la transferencia de urea del plasma 

sanguíneo a la leche. Durante este periodo final de la lactación, a pesar de la 

movilización de las reservas corporales en forma de grasa, sorprende observar un 

proceso de catabolismo proteico como parece haber sido el caso (Getahun et al., 2019; 

Spek et al., 2016).  

En este estudio ni la lactosa ni el conteo de células somáticas mostraron ser 

buenos indicadores del efecto de una restricción nutricional. La lactosa presentó 

pequeñas variaciones durante la restricción y se recuperó con la realimentación. Este 

metabolito es un importante agente osmótico de la leche el cual influye en el volumen 

producido, pero su contenido generalmente permanece constante durante la lactación 

(Guinard-Flament et al., 2006). Por otro lado el conteo de células somáticas, aunque 

presentó ciertas variaciones, siempre estuvo por debajo del umbral de mastitis 

subclínica (200 × 103 células/mL, Dervishi et al., 2017). 

Además de los parámetros productivos analizados en este estudio, una 

perturbación alimentaria desencadena cambios metabólicos, fisiológicos y de 

comportamiento que pueden repercutir en otros aspectos. De forma complementaria a 

los ensayos descritos en esta tesis, se evaluó el comportamiento de los animales 

mediante acelerómetros, observando que durante los periodos de restricción se reducía 

notablemente el tiempo de ingestión y rumia e incrementaba el descanso, en distinta 

medida según el mes de lactación (Orquera et al., 2021a). Dado que la nutrición es 

también determinante de los rendimientos reproductivos en vacuno de carne (Noya et 

al., 2020), de forma paralela se analizó el efecto de estos cortos periodos de restricción 

sobre la dinámica folicular de las vacas en el mes 3 de lactación (Orquera et al., 2021b). 

Aparentemente, para observarse diferencias a este nivel sería necesaria una restricción 

más prolongada, de al menos dos a tres semanas (Mackey et al., 1999).  
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5.3 Efecto de una restricción-realimentación sobre los indicadores metabólicos 

Los metabolitos plasmáticos utilizados en este trabajo han sido ampliamente 

utilizados como indicadores del estado energético, proteico y oxidativo del ganado 

vacuno. En este trabajo, algunos metabolitos tuvieron una mayor respuesta que otros 

durante los periodos de restricción y algunos no siguieron pautas claras.  

Así, pudimos observar que la glucosa en plasma en vacuno de carne, al igual 

que se ha descrito en vacuno de leche, no resulta ser un buen indicador del estado 

energético del animal ya que no se observaron pautas claras. Su concentración está 

principalmente condicionada por la ingestión de la dieta, pero puede verse influenciada 

por el proceso de la gluconeogénesis. Los rumiantes dependen en gran medida de la 

gluconeogénesis hepática para mantener el metabolismo de la glucosa en todo el 

cuerpo y para el suministro de glucosa para la síntesis de la lactosa. La tasa de 

gluconeogénesis responde al nivel de producción, a la disponibilidad de sustrato y las 

concentraciones relativas de los precursores gluconeogénicos (Velez y Donkin, 2005). 

Las concentraciones de NEFA y BHB en plasma han resultado indicadores 

inmediatos de la movilización de grasa de las reservas corporales, aunque el primero 

ha presentado mayores cambios. Por la inmediatez en la respuesta, la concentración de 

NEFA sería el indicador de elección para evaluar la lipólisis a corto plazo, a diferencia 

de caracteres como la CC o el espesor de grasa subcutánea cuya respuesta es 

detectable a largo plazo (Orquera et al., 2020). La variabilidad individual se evidenció en 

la respuesta a la restricción, en NEFA con incrementos entre +11% y +1138% y en BHB 

con incrementos entre el 2% y +160%. La concentración de NEFA ha reflejado 

diferencias entre grupos de vacas de alta y baja respuesta metabólica, presentando las 

primeras una concentración de NEFA superior, y también se vio fuertemente 

influenciada por el mes de lactación, con mayor aumento durante la restricción de los 

meses 2 y 3 que en lactación más avanzada. Por otro lado, observamos una respuesta 

menos acusada en la concentración de BHB por el efecto de la restricción, y más 

evidente en las vacas de alta respuesta metabólica. De hecho, en los retos consecutivos 

en lactación avanzada (mes 4), el BHB solo se vio modificado por periodos de 

restricción-realimentación en el grupo de alta respuesta metabólica. En cualquier caso, 

al finalizar los retos ambos metabolitos regresaron a sus concentraciones previas a la 

restricción, observándose de nuevo una respuesta elástica. Además, el hecho de que la 

intensidad de la respuesta de ambos metabolitos ante el cambio de dieta no cambiase 

durante los retos consecutivos indica que, en estas condiciones, las vacas nodrizas ni 

aumentaron (sensibilización) ni disminuyeron su respuesta (habituación) ante una 
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exposición repetida. Sería interesante analizar si esto es así en caso de aumentar el 

número de repeticiones, o de producirse en otra fase con mayor demanda metabólica, 

como al inicio de la lactación.  

La concentración de urea en plasma se incrementó durante los periodos de 

restricción, independientemente del grupo de respuesta metabólica, en todos los meses 

de lactación pasando del +11% al 20%. Este parámetro es indicador del catabolismo de 

las reservas proteicas corporales, que en este estudio tendría especialmente a partir del 

mes 4, cuando se observaron los mayores incrementos. Aunque en el vacuno de leche 

no se ha descrito tal efecto más que al inicio de la lactación, nuestros resultados apuntan 

a que la restricción nutricional en esta fase más tardía desencadenaría un catabolismo 

proteico (Chilliard et al., 1998), incrementando la urea en plasma y en leche.  

No se observó un efecto claro a corto plazo de la subnutrición sobre la 

concentración de MDA en plasma, que habitualmente se utiliza como indicador del 

estado oxidativo. Sin embargo, sí podría ser un buen indicador a largo plazo, ya que sus 

concentraciones fueron mayores durante el mes 2 de lactación que en el resto, 

asociadas al mayor contenido de NEFA.  

Como hemos descrito, una restricción nutricional a corto plazo desencadena 

respuestas de diferente magnitud en las vacas de carne según la etapa de la lactación, 

las características individuales de los animales, o la exposición repetida a la 

subnutrición. Se han identificado diversos parámetros asociados a los rendimientos 

productivos y al metabolismo energético y proteico que responden en distinta medida a 

las variaciones en el aporte nutricional, lo que permite recomendarlos o descartarlos 

como indicadores del estado metabólico. Además, se ha detectado una variabilidad 

individual en la respuesta que puede ser la base para la selección eficiente de los 

animales con mayor capacidad de afrontar estos retos y recuperarse de ellos, es decir, 

más resilientes. 
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En las condiciones que se desarrolló el experimento de la presente tesis doctoral, 

se pueden determinar las siguientes conclusiones generales: 

1. El modelizado de curvas de respuesta de tipo “spline” resultó un método adecuado 

para evaluar la resiliencia en vacas de carne que se enfrentaron a retos 

nutricionales en distintos meses de lactación o repetidos de manera consecutiva 

en un mes. La dinámica de reacción permitió identificar nuevas variables, tanto de 

magnitud como de tiempo de respuesta de los animales.  

2. El uso conjunto de los datos de producción de leche y metabolitos plasmáticos 

NEFA y BHB para agrupar las vacas en función de su estado metabólico es más 

recomendable que la utilización de su información individual. Este enfoque nos 

permitió caracterizar mejor su resiliencia ante desafíos nutricionales. 

3. Las vacas presentaron una amplia variabilidad en la respuesta a los desafíos 

nutricionales. La repetibilidad en el agrupamiento de vacas enfrentadas a los retos 

de alimentación en tres meses diferentes o de manera consecutiva indicó una 

componente genética importante para la resiliencia. Agrupar animales con perfiles 

similares de respuesta puede ser una herramienta para facilitar las decisiones de 

manejo en la explotación ganadera, así como para la selección de animales más 

resilientes. 

4. Las restricciones alimenticias de 4 días de duración al 55% de los requerimientos 

de energía y proteína durante el segundo, tercer y cuarto mes de la lactación 

provocaron una caída en la producción de leche (-17,5%), e incrementos en las 

concentraciones plasmáticas de NEFA (+212%), BHB (+18%) y urea (+18%, en el 

cuarto mes). La producción de leche mostró ser un factor determinante para 

desencadenar la activación de ciertos mecanismos fisiológicos de adaptación a la 

subnutrición. La proporción en la que se redujo su producción estuvo condicionada 

por el rendimiento lechero previo al reto y por la fase de la lactación. 

5. La mayoría de los parámetros evaluados se recuperaron rápidamente con la 

realimentación, algunos casi inmediatamente como las concentraciones 

plasmáticas de NEFA y BHB, mientras que otros necesitaron algunos días más, 

como sería el caso de la producción de leche. 

6. Las estrategias de adaptación de las vacas de carne ante una restricción 

nutricional cambiaron a medida que avanzaba la lactación, al disminuir la 

demanda de nutrientes para la producción de leche. Durante las primeras etapas 

de la lactación se produjo mayoritariamente una movilización de reservas 
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corporales en forma de grasa, mientras que en estados más avanzados de la 

lactación pudo tener lugar un proceso de movilización de reservas de origen 

proteico. 

7. Al aplicar una serie de tres retos repetidos de manera consecutiva, la producción 

de leche cayó más a partir del segundo y tercer reto, pero el resto de parámetros 

no mostraron habituación ni sensibilización ante una exposición repetida, 

desencadenándose una respuesta similar en cada uno de los retos. Los intervalos 

de realimentación de 3 días entre retos fueron suficientes para que las vacas 

recuperasen los valores previos al reto de todos los parámetros evaluados, tanto 

productivos como metabólicos. 

8. A nivel plasmático la concentración de NEFA fue el metabolito que reflejó de forma 

más clara la movilización de reservas corporales a corto plazo. Tanto en los retos 

en diferentes meses de lactación como en los retos consecutivos, este proceso de 

lipólisis fue fundamental para que los animales pudieran amortiguar el impacto de 

la subnutrición sobre su producción de leche. La duración y/o la severidad de la 

restricción no fueron suficientes para elevar en la misma proporción la 

concentración de BHB.  

9. El perfil de ácidos grasos de la leche respondió rápidamente a los cambios 

energéticos de la dieta, y el ratio C18:1 cis-9/ C15:0 fue un indicador preciso del 

estado metabólico de los animales. A pesar de que la leche no es una muestra de 

fácil obtención en vacuno de carne en condiciones de granja, estos análisis 

podrían utilizarse con fines experimentales por su relación con el BE y la 

movilización de reservas corporales en forma de grasa. 
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a b s t r a c t

Short-term nutrient restrictions can occur naturally in extensive beef cattle production systems due to low
feed quality or availability. The aims of the study were to (1) model the curves of milk yield, plasma non-
esterified fatty acids (NEFAs) and b-hydroxybutyrate (BHB) contents of beef cows in response to short nutri-
tional challenges throughout lactation; (2) identify clusters of cows with different response profiles; (3)
quantify differences in cows’ response between the clusters and lactation stages. Data of BW, body condition
score (BCS), milk yield, NEFA, and BHB plasma concentration from 31 adult beef cows (626 ± 48 kg at calv-
ing) were used to study the effect of 4-day feed restriction repeated over months 2, 3 and 4 of lactation. On
each month, all cows received a single diet calculated to meet the requirements of the average cow: 100 %
requirements for 4 days (d-4 to d-1, basal period), 55 % requirements on the next 4 days (d0 to d3, restriction
period) and 100 % requirements for 4 days (d4 to d7, refeeding period). Natural cubic splines were used to
model the response of milk yield, NEFA and BHB to restriction and refeeding in the 3 months. The new
response variables [baseline value, peak value, days to peak and to regain baseline, and areas under the curve
(AUC) during restriction and refeeding] were used to cluster cows according to their metabolic response
(MR) into two groups: Low MR and High MR. The month of lactation affected all the traits, and basal values
decreased as lactation advanced. Cows from both clusters had similar BW and BCS values, but those in the
High MR cluster had higher basal milk yield, NEFA and BHB contents, and responded more intensely to
restriction, with more marked peaks and AUCs. Reaction times were similar, and baseline values recovered
during refeeding in both clusters. Our results suggest that the response was driven by cows’ milk potential
rather than size or body reserves, and despite high-responding cattle’s higher milk yield, they were able to
activate metabolic pathways to respond to and recover from the challenge.
� 2022 The Authors. Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Implications

Modelling beef cows’ short-term response to feed restriction
and refeeding for 3 months of lactation allowed us to identify-
two groups of cows with different magnitudes for their responses
(milk loss and fat mobilisation). Their coping strategies changed as
lactation advanced. Identifying cows which, even with a high milk
yield, show a better response is potentially interesting for future
breeding programmes.

Introduction

Beef cattle managed under extensive conditions depend on the
local availability of feed resources, which vary throughout the year
in quality and quantity terms. This results in seasonal mobilisation
patterns and the replenishment of body reserves, which might
limit animal performance in critical physiological stages (Noya
et al., 2019). The fact that cows face perturbations prevents them
from fully expressing their production potential, with wide vari-
ability in individual coping strategies. In temperate climates, beef
herds are housed in the winter (Blanco et al., 2008), and manage-
ment is often simplified by group-feeding cows with a single diet
irrespectively of their individual requirements. In these circum-
stances, animals’ ability to cope with a nutritional challenge is
particularly relevant.

This individual variability has been addressed in cows by test-
ing different models to quantify the gap between the potential
and disturbed performance that natural or induced perturbations
cause (Codrea et al., 2011; Bjerre-Harpøth et al., 2012; Adriaens
et al., 2021; De La Torre et al., 2022) as an indicator of not only ani-
mals’ resilience but also their capacity to be minimally affected by
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perturbations and to rapidly return to the previous state (Berghof
et al., 2019). When disturbances happen during lactation, complex
homeostatic and homeorhetic mechanisms concur to maintain a
physiological equilibrium while redirecting nutrient partitioning
towards milk production (Bauman and Currie, 1980). In dairy cows,
the major source of milk yield variation in animals lies in their abil-
ity to partition nutrients towards the mammary gland (Baumgard
et al., 2017). This process is mediated by the somatotropic axis,
with increased growth hormone and decreased insulin production
in higher-yielding cows, which promotes glucose-sparing mecha-
nisms and the mobilisation of body reserves in peripheral tissue
(Knight et al., 2004). Pareek et al. (2007) found differences in this
endocrine regulation of nutrient partitioning between dairy and
beef breeds in relation to their different milk secretion and body
mass accretion potentials.

To ensure adequate nutrient supply for milk production, lipoly-
sis releases non-esterified fatty acids (NEFAs) from adipose tissue,
which can be oxidised in the liver into ketone bodies like
b-hydroxybutyrate (BHB) (Bell, 1995). Both metabolites have been
proposed to assess the degree and effects of a negative energy bal-
ance (EB) in ruminants (Kessel et al., 2008; Gross et al., 2011),
whereas BW and body condition score (BCS) changes are poor indi-
cators in dairy cattle (Pedernera et al., 2008). With feed restriction,
negative EB is associated with decreased milk yield and higher
NEFA and BHB concentrations, and the magnitude of these effects
depends on the lactation stage, and also on restriction severity
and duration (Leduc et al., 2021).

The joint analyses of milk yield dynamics and other traits are
useful for analysing the drivers of their concomitant changes
(Ben Abdelkrim et al., 2021b). Multitrait clustering in different lac-
tation phases has been used to identify distinct strategies to cope
with metabolic challenges (Friggens et al., 2016; De Koster et al.,
2019). In the long term, this has provided data to characterise dairy
cows according to their ability to prioritise nutrient use among dif-
ferent life functions (Ollion et al., 2016), but this approach has not
been used in beef cows. Therefore, the objectives of this study were
to (1) model beef cows’ response of milk yield and plasma NEFA
and BHB concentrations to short feed restriction and refeeding in
three lactation stages; (2) cluster cows according to their metabolic
response (MR); (3) determine differences between groups of cows
and lactation stages. We hypothesised that beef cows would
respond differently to restriction depending on their potential milk
yield, and eventually on their size and fat reserves, and different
coping strategies would be elicited as lactation advanced.
Material and methods

Experimental design

This experiment was conducted at the CITA La Garcipollera
Research Station (Spain, 42�370N, 0�300W, 945 m a.s.l.). It involved
31 Parda de Montaña lactating beef cows [626 ± 47.7 kg BW,
2.8 ± 0.22 BCS and 7.5 ± 2.91 years at calving]. Cow-calf pairs were
loose-housed in straw-bedded pens (7 or 8 cows/pen, 10 � 20 m)
equipped with individual feeders for forage and ALPRO automatic
concentrate feeding stations (Alfa Laval Agri, Tumba, Sweden).
Calves were penned in cubicles and allowed to suckle twice daily
for 30 min at 0600 h and 1400 h. The study consisted of three feed-
ing periods repeated over the second, third and fourth lactation
months. During each lactation month, cows received a diet that
was calculated to meet 100 % of their requirements for 4 days
(d-4 to d-1, basal period), then, they were restricted for 4 days
(d0 to d3, restriction period) with a diet that met only 55 % of their
requirements and were returned to the 100 % energy diet for 4 days
(d4 to d7, refeeding period). On the first day (d0) of the restriction
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period, cows were in milk for 31, 58 and 87 (±5.5) days (DIM;
months 2, 3, and 4 of lactation, respectively) (Fig. 1).

Cows were fed a flat-rate regime during lactation. Diets were
calculated by considering the net energy and metabolisable protein
requirements for the maintenance and lactation of a standard cow
(BW 615 kg, milk yield 8.5 kg/d) using INRA equations (INRA,
2007). During the basal and refeeding periods, all the cows
received 8.0 kg of hay (as a fed basis) daily, and only 7.0 kg of
hay during the restriction period, offered daily at 0800 h as a single
meal in individual feeders. Cows were tied up for approximately
2 h until they finished their ration. The ALPRO feeding stations
were programmed to offer 3.0 kg (as fed)/day of concentrate to
all the cows during the basal and refeeding periods. The individual
intake was recorded daily. Animals had free access to water and
mineral blocks.

Measurements, sampling and chemical analyses

Samples of the offered feedstuffs were collected daily to deter-
mine their chemical composition and nutritive value (Table 1). All
the analyses of feedstuffs were run in duplicate. Official methods
were used to determine the contents of DM, ash and CP (Nitrogen
analyser, Model NA 2100, CE Instruments, Thermoquest SA, Barce-
lona, Spain) (Association of Official Analytical Chemists (AOAC),
2000). The methods of Van Soest et al. (1991) were followed to
obtain the contents of NDF, ADF and ADL using a fibre analyser
(model Ankom 200/220, Ankom, Macedon, NY, USA). In the forage
samples, NDF was assayed with heat-stable amylase. Lignin was
analysed on ADF residue by the solubilisation of cellulose with sul-
phuric acid. All the values were corrected for ash-free content. The
feed values were calculated from the measured chemical composi-
tion of diets using INRA equations (INRA, 2007).

In the 3 months of lactation, during the basal period (d-4 and d-
2), the BCS was assessed on a scale from 0 to 5 based on the
estimation of fat covering loin, ribs and tailhead. Milk yield was
estimated (d-4, d-2 and daily from d1 to d7) by the weigh-
suckle-weigh technique (Le Neindre and Dubroeucq, 1973),
calculated using the milk consumed by the calf during both daily
sucklings. Cows were weighed and bled on the same days at
0700 h, after suckling and before the hay was offered. Blood sam-
ples were collected from the coccygeal vein using test tubes with
EDTA and heparin (BD Vacutainer, BD, Plymouth, UK) for the NEFA
analysis and the BHB analysis, respectively. They were immedi-
ately centrifuged (3 500 rpm for 20 min at 4 �C). Plasma was col-
lected and frozen at �20 �C until further analyses. Randox kits
(Randox Laboratories ltd, Crumlin, UK) were used to determine
the BHB plasma concentration (kinetic enzymatic method, sensi-
tivity: 0.100 mmol/L) and the NEFA concentration (colorimetric
method, sensitivity: 0.072 mmol/L). The mean intra- and interas-
say CVs were 6.8 % and 6.8 % for BHB and 4.0 % and 4.9 % for NEFA,
respectively.

Calculations and statistical analysis

The statistical analysis involved three steps:
Step 1: Modelling the individual response. The curve predicted for

each trait (milk yield, NEFA, BHB) on the day of the experiment was
modelled using natural cubic splines. A natural cubic spline with K
knots is represented by K basis functions. Each basis function is a
third-degree polynomial specified in the Hermite form. Compared
to other splines, a natural cubic confers additional constraints; i.e.
function is linear beyond boundary knots. This frees up four
degrees of freedom, which can be spent more profitably by sprin-
kling more knots in the interior region (Perperoglou et al., 2019).
Each parameter that defines the natural cubic spline basis with
eight knots was estimated for each cow within each month using



Fig. 1. Schematic representation of the timeline of three short nutritional challenges of the beef cows throughout lactation. DIM: days in milk.

Table 1
Chemical composition and nutritive value (mean ± SD) of the feedstuffs received by
the beef cows during each month of lactation.

Item Month 2 Month 3 Month 4

Hay
Chemical composition
DM, g/kg 919 ± 12.1 922 ± 11.7 918 ± 10.5
Ash, g/kg DM 98 ± 12.7 86 ± 24.4 78 ± 3.9
CP, g/kg DM 97 ± 25.7 109 ± 18.3 85 ± 8.1
NDF, g/kg DM 558 ± 59.2 570 ± 52.4 614 ± 21.2
ADF, g/kg DM 334 ± 33.5 324 ± 32.9 333 ± 15.9
Lignin, g/kg DM 41 ± 4.0 35 ± 12.8 28 ± 4.1

Nutritive Value
Net energy, MJ/kg DM 5.4 ± 0.54 5.5 ± 0.54 5.4 ± 0.54
Metabolisable protein, g PDI/kg

DM
81 ± 17.9 79 ± 12.8 59 ± 5.7

Concentrate
Chemical composition
DM, g/kg 907 ± 2.4 906 ± 4.0 911 ± 11.1
Ash, g/kg DM 68 ± 1.3 68 ± 1.4 69 ± 2.1
CP, g/kg DM 173 ± 3.5 167 ± 4.7 169 ± 4.2
NDF, g/kg DM 246 ± 17.4 256 ± 23.2 254 ± 18.2
ADF, g/kg DM 102 ± 4.5 114 ± 11.1 120 ± 10.5
Lignin, g/kg DM 25 ± 7.5 29 ± 8.8 33 ± 6.6

Nutritive Value
Net energy, MJ/kg DM 7.5 ± 0.34 7.3 ± 0.34 7.5 ± 0.34
Metabolisable protein, g PDI/kg

DM
123 ± 2.4 119 ± 3.3 120 ± 3.0

Fig. 2. Schematic representation of the piecewise model for describing the
variables of the milk yield (2a) and non-esterified fatty acids and b-hydroxybu-
tyrate (2b) beef cows’ response curves to a 4-day restriction and a 4-d refeeding
period. AUC: area under the curve; NEFAs: non-esterified fatty acids; BHB:
b-hydroxybutyrate.
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a non-linear mixed model with the random effect of the cow. The
basal level of each cow within a month was also modelled with a
mixed model, which included only the intercept, the linear random
regression coefficients and the data from the basal and refeeding
periods. Splines were obtained using command ns in the library
splines of R (R Development Core Team, 2014). Mixed models were
solved using command nlme in library lme4 of R.

The new response variables obtained from the fitted curve for
milk yield and plasma metabolites (NEFA and BHB) are depicted
in Fig. 2a and 2b, respectively. These response variables were
1) baseline: estimated values without feed restriction according
to a linear interpolation from the basal to the refeeding period;
2) peak: the maximum difference between the actual daily value
and the baseline value. For milk yield, the peak was the maximum
daily milk loss, whereas it was the maximum daily increment com-
pared to baseline values for NEFA and BHB; 3) days to peak: days
from the start of restriction until the peak values were reached;
4) area under the curve (AUC) during restriction: the estimated
total milk loss or the extra NEFA or BHB contents during restriction
compared to the baseline values; 5) days to regain baseline: days
from the start of restriction until the milk yield, and the NEFA or
BHB contents reached the baseline again. 6) AUC during refeeding:
the estimated total milk loss or extra NEFA or BHB contents during
refeeding until the baseline values were regained.
3

Step 2: Multivariate analysis. The new response variables
obtained in step 1 for each trait, individual cow and month were
employed to perform a multivariate analysis using the Factor Mine
statistical package of the R software. First of all, a principal compo-
nent analysis (PCA function) was used to identify the variables
which accounted for most of the variability in the response among
individuals. Then, hierarchical clustering on these principal com-
ponents (HCPC function) was carried out to group the cows with
a similar response pattern. The optimum number of clusters was
calculated automatically by the algorithm.
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Step 3: Effect of cluster and lactation stage on performance and MR.
The phenotypic values and the new response variables during the
three lactation months were studied according to the clusters
obtained in the previous step using the SAS statistical package v
9.4 (SAS Institute Inc., Cary, NC, USA). Mixed linear models (MIXED
procedure) were employed after taking cluster, month, and their
interaction as fixed effects, and cow as the random effect. The least
square means and associated SE were obtained, and multiple com-
parisons were adjusted with Tukey correction. The Pearson corre-
lations (r) between the response variables were obtained
following the CORR procedure. The results were considered signif-
icant when P < 0.05, and trends were discussed when
0.05 � P < 0.10.
Fig. 3. Variable factor map of the first two Principal Components (3a). Variables
related to milk yield (blue arrows), plasma non-esterified fatty acids (pink arrows)
and plasma b-hydroxybutyrate (red arrows), and months of lactation 2, 3, and 4 for
yellow, green, and blue text labels, respectively. Distribution of the cows into the
two generated metabolic response (MR) clusters (3b).
Results

The first three principal components obtained in the PCA
accounted for 48 % of the total variance. The first one (Dim 1,
25.6 % of variance) was positively associated with the peaks and
AUCs of NEFA, and negatively with the peaks and AUCs of milk
yield during restriction (Fig. 3a). The second principal component
(Dim 2, 12.5 % of variance) was associated positively with the AUCs
of NEFA during both restriction and refeeding, and negatively with
peaks and AUCs of milk yield and BHB during restriction. Finally,
the third principal component was associated positively with the
peak and AUC of milk yield in months 2 and 4, and with days to
regain the baseline values of all the traits in month 2, and nega-
tively with peak and AUC of BHB in month 4 (data not shown).
The clustering analysis generated two clusters which differed in
their MR, named Low MR (n = 16) and High MR (n = 15)
(Fig. 3b). The cows in the Low MR cluster had lower energy
requirements and a less negative EB and showed a poorer response
to restriction in terms of milk yield and plasma NEFA and BHB con-
centrations. The cows in the High MR cluster showed a stronger
response (Fig. 4).

Considering individual DM intake, on average diets met 91 %,
61 % and 93 % of the net energy requirements and 100 %, 58 %
and 103 % of the metabolisable protein requirements during the
basal, restriction and refeeding periods, respectively. Cow BW
and BCS during the basal period did not differ between MR clusters
(591 vs 590 kg in the Low MR and the High MR, respectively,
P = 0.91; 2.80 vs 2.70 BCS points, respectively, P = 0.18). Both traits
were affected by lactation stage and were higher in month 2 than
thereafter (599, 588 and 584 kg in months 2, 3 and 4, respectively,
P < 0.001; 2.81, 2.73 and 2.71, respectively, P < 0.001). The milk
yield response to feed restriction and subsequent refeeding accord-
ing to the MR cluster and the month of lactation is shown in
Table 2. The MR cluster affected the baseline values and the
response to restriction (P � 0.04), but not the recovery pattern in
the refeeding phase. The High MR cows had a higher baseline milk
yield and AUC values during restriction and tended to have greater
peak milk loss. The month of lactation affected all the response
variables during restriction (P � 0.02), but not during refeeding.
A lower baseline yield was observed in month 4, and peak loss
was greater in month 3 than in month 4, with intermediate values
in month 2. The peak was reached more quickly, and total milk loss
(AUC during restriction) was greater in month 3, with similar val-
ues in months 2 and 4.

The response of the plasma NEFA and BHB concentrations is
shown in Table 3. For NEFA, the MR cluster affected the baseline
values, peak and AUC during restriction (P � 0.001), with higher
values obtained by the High MR cows. No differences were
observed in the days to peak or to regain the baseline. All the NEFA
response variables were affected by the month of lactation
(P � 0.04). The baseline values were lower in month 4 compared
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to the other two months. Peak concentrations during restriction
decreased significantly from lactation month 2 to lactation month
4 and were reached more quickly in month 4 than in the others.
The days to regain baseline were also affected by month, with fas-
ter recovery in months 2 and 4 than in month 3. Only the AUC dur-
ing refeeding was affected by the interaction between the MR
cluster and the month of lactation (Fig. 5a). Regarding the BHB
response, the baseline values and the AUC during restriction were
higher in the High MR than in the Low MR cluster (P � 0.02). The
month of lactation affected both parameters and the AUC during
refeeding, which were lower in month 3 (P � 0.03), and tended
to affect the days to regain the baseline (P = 0.06). Finally, the peak
was affected by the interaction between the MR cluster and the
month of lactation (P = 0.03), and the differences between the
MR clusters were only significant in month 2, but not thereafter.
Furthermore, the peak BHB in the Low MR cows remained stable



Fig. 4. Energy requirements (E req), energy balance (EB), milk yield, and plasma non-esterified fatty acid (NEFA) and b-hydroxybutyrate (BHB) concentrations of Low and
High metabolic response (MR) beef cows during the experiment. Means are plotted, and the vertical bars indicate the SE.
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throughout lactation, whereas the values in their High MR counter-
parts were higher in month 2 than later (Fig. 5b).

The significant correlations among the response variables of the
milk yield, NEFA and BHB concentrations, all months considered,
are shown in Fig. 6. Within trait, the AUC during restriction corre-
lated strongly with the peak (P < 0.001), but not with the days to
peak. For milk yield, the baseline values correlated negatively with
the peak and AUC during restriction (P < 0.001). Milk loss (AUC)
during refeeding correlated positively with the peak and AUC dur-
ing restriction, but negatively with days to peak and to regain base-
line (P < 0.001). For NEFA, the baseline values correlated positively
with the peak and AUCs during restriction and refeeding
(P < 0.001). The AUC during refeeding correlated strongly with
the peak and AUC during restriction, and only moderately with
days to peak and regain the baseline (P < 0.001). Regarding BHB,
the AUC during refeeding correlated positively with the peak and
AUC during restriction (P < 0.001). In the three traits, the correla-
tions between days to peak and days to regain baseline were not
significant. Across traits, the milk yield baseline values correlated
moderately with the NEFA peak and AUC during restriction and
the BHB baseline values, and weakly with the NEFA baseline values
and the BHB peak (P � 0.03). The NEFA peak correlated weakly
167



Table 2
Effect of metabolic response (MR) cluster and month of lactation on the milk yield response of beef cows to a 4-day restriction and a 4-day refeeding period.

MR Cluster (Cl) Month (M) P-values1

Item Low MR High MR 2 3 4 RSD Cl M

Baseline, kg/d 6.94y 8.27x 8.10a 7.80a 6.92b 0.584 0.002 0.001
Peak*, kg/d �1.32 �1.56 �1.45ab �1.61b �1.27a 0.463 0.068 0.020
Days to peak, d 2.57 2.63 2.80a 1.78b 3.22a 0.990 0.813 0.001
AUCy

restriction*, kg �3.80y �4.81x �4.01a �5.21b �3.70a 1.656 0.036 0.002
Days to regain baseline, d 5.93 5.74 5.65 5.98 5.87 0.935 0.326 0.376
AUCy

refeeding*, kg �0.83 �0.74 �0.68 �0.82 �0.86 0.798 0.644 0.647

Within a variable, least square means with different superscripts (x, y) differ between MR clusters with P < 0.05; least square means with different superscripts (a, b) differ
among months with P < 0.05.
y area under the curve; *deviation from baseline.

1 the interaction was not significant for any variable (P > 0.05).

Table 3
Effect of metabolic response (MR) cluster and month of lactation on plasma non-esterified fatty acid (NEFA) and b-hydroxybutyrate (BHB) response of beef cows to a 4-day
restriction and a 4-day refeeding period.

MR Cluster (Cl) Month (M) P-values1

Item Low MR High MR 2 3 4 RSD Cl M

NEFA
Baseline, mmol/l 0.09y 0.15x 0.13a 0.15a 0.08b 0.049 0.001 0.001
Peak*, mmol/l 0.26y 0.51x 0.54a 0.38b 0.24c 0.129 0.001 0.001
Days to peak, d 2.94 3.05 3.38a 3.09a 2.51b 0.583 0.453 0.001
AUCy

restriction*, mmol � d/l 0.68y 1.42x 1.36a 1.17a 0.62b 0.396 0.001 0.001
Days to regain baseline, d 5.74 5.74 5.55b 6.08a 5.59b 0.869 0.991 0.036
AUCy

refeeding*, mmol � d/l 0.13y 0.21x 0.24a 0.23a 0.04b 0.094 0.001 0.001
BHB
Baseline, mmol/l 0.220y 0.248x 0.238ab 0.222b 0.243a 0.031 0.024 0.026
Peak, mmol/l 0.07y 0.11x 0.12a 0.07b 0.08b 0.068 0.002 0.003
Days to peak, d 3.20 3.11 3.29 3.08 3.09 0.815 0.574 0.540
AUCy

restriction*, mmol � d/l 0.04y 0.13x 0.10a 0.02b 0.13a 0.135 0.011 0.006
Days to regain baseline, d 5.30 5.21 4.91 5.29 5.56 1.064 0.662 0.062
AUCy

refeeding*, mmol � d/l �0.003 0.01 0.01a �0.02b 0.02a 0.045 0.175 0.001

Within a variable, least square means with different superscripts (x, y) differ between MR clusters with P < 0.05; least square means with different superscripts (a, b, c) differ
among months with P < 0.05.
y area under the curve; *deviation from baseline.

1 the interaction was significant for NEFA AUCrefeeding (P = 0.01) and BHB Peak (P = 0.03).

Fig. 5. Effect of the metabolic rate (MR) cluster and month of lactation on non-esterified fatty acids (NEFAs) AUCrefeeding (5a) and b-hydroxybutyrate (BHB) peak (5b) in beef
cows in response to a 4-d restriction and a 4-d refeeding period. For each response variable, means with different superscripts (x, y) differ between MR clusters within month
(P < 0.05) and with different superscripts (a, b) differ among months within MR clusters with (P < 0.05). AUCrefeeding: area under the curve during the refeeding period.
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with the BHB peak and negatively with the milk yield peak
(P � 0.03), but the milk yield and BHB peaks did not correlate.
The AUCs of milk yield and NEFA during restriction were nega-
tively correlated (P � 0.003), but not with those of BHB.
Discussion

Response curves

Different mathematical models have been used to characterise
milk yield in dairy cows, from traditional models describing the
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shape of the lactation curve to individually adjusted polynomial
curves based on well-established statistical models (Harder et al.,
2019). Fewer modelling studies have been conducted on beef cattle
because it is not routinely measured in common practice (Cortés-
Lacruz et al., 2017; Sepchat et al., 2017; Sapkota et al., 2020). Ani-
mal performance can be affected by perturbations caused by cli-
mate, management or diseases, which can compromise both
animal nutrition and welfare. Several studies have evaluated the
response of ruminant females to natural (Poppe et al., 2020;
Adriaens et al., 2021) or induced (Codrea et al., 2011; Friggens
et al., 2016; Barreto-Mendes et al., 2022) perturbations, and found
wide interindividual variations. They have analysed deviations



Fig. 6. Significant Pearson correlations between the response variables of milk yield (MY) and the plasma non-esterified fatty acid (NEFA) and b-hydroxybutyrate (BHB)
concentrations in beef cows. AUC: area under the curve.
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from a theoretical unperturbed lactation curve (Ben Abdelkrim
et al., 2021a), which corresponds to the baseline in our study,
and they have described the response while conducting challenges
and in the recovery phase. Although most studies have modelled
milk yield, this methodology could be extrapolated to other biolog-
ical time-series data (Codrea et al., 2011), which are increasingly
available with the rise of in-line measurement technologies. Ben
Abdelkrim et al. (2021b) used a similar model to simultaneously
predict the dynamics of milk yield and BW response over time,
and to explore the relation between them, as we do herein with
plasma NEFA and BHB.

Effect of the metabolic response cluster

The clustering analysis identified two distinct groups of cows
that differed mainly in terms of their milk yield and NEFA
response, and less markedly in their BHB response to nutritional
challenges. Both BW and the BCS were similar in the two clusters
throughout lactation, which implies that body size or fat reserves
did not affect the response, which would be driven mainly by milk
yield and the concomitant metabolic effort to sustain it. These find-
ings are similar to those reported by Pedernera et al. (2008), who
found that BW and BCS changes did not accurately reflect the
extent of mobilisation of dairy cows’ body reserves in early lacta-
tion. Schuh et al. (2019) reported that the BCS affected reserve
mobilisation intensity, with higher NEFA and BHB serum concen-
trations in the cows with a high BCS, but this was not the case in
our study. Breed or parity (Adriaens et al., 2021; Ben Abdelkrim
et al., 2021a) can also influence individual responses to perturba-
tions, but they did not differ between the MR clusters.

The size of the response was related to basal performance. All
the basal values were higher in the High MR than in the Low MR
profile, which coincides with Friggens et al. (2016). At the individ-
ual level, significant correlations were observed between the basal
values and the response during restriction (peaks and AUCs) for
milk yield and NEFA, but not for BHB. Berghof et al. (2019) have
also indicated that high-performing animals can be more sensitive
to perturbations. Interestingly, these differences were only
observed in the magnitude of the response, but not in the time
taken to react and recover, which reflects the plasticity of cows’
response.

The impact of feed restriction on milk yield can widely range
(from �7% to �71 %) depending on restriction severity and dura-
tion, and also on the lactation stage (Leduc et al., 2021). Here,
the absolute milk loss was higher in the High MR than in the
Low MR cows, but peak milk loss in relative terms was 19 % of
the basal milk yield for both groups. When comparing Holstein
and Montbéliarde cows, with different prechallenge milk yields,
Billa et al. (2020) also observed a similar relative response to a 6-
day 50 %-feed restriction between them. The MR cluster did not
affect the time taken to reach the peak here (mean 2.6 days) or
to regain the baseline (5.8 days), which implies that responses
were larger, but not faster, in the High MR than in the Low MR
cows. Both reaction times were shorter than those observed in
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natural (Adriaens et al., 2021) or induced (Bjerre-Harpøth et al.,
2012) perturbations in dairy cows, which is likely due to the lower
milk yield and the associated metabolic load of beef cows.

Homeorhetic controls regulate different metabolic adaptations
to support lactation. Of them, growth hormone and insulin are
key mediating factors responsible for the partition of nutrients
away from body storage and towards the mammary gland
(Knight et al., 2004; Baumgard et al., 2017). Although the hor-
mones involved in this partitioning were not herein investigated,
we observed significant effects of feed restriction on the plasma
metabolites that result from their action, which were more evident
in NEFA than in BHB. With poor nutrient supply, cows mobilise
adipose tissue by releasing circulating NEFA so they are either con-
verted into milk triglycerides in the udder or oxidised in the liver
as an energetic substrate (Bell, 1995). All the NEFA response vari-
ables had almost doubled in the High MR than in the Low MR clus-
ter, which denotes that the cows with higher milk yields had
greater basal fat mobilisation and were able to further increase
lipolysis during the nutritional challenge. Excessive lipid mobilisa-
tion can surpass the liver’s metabolic capacity to oxidise NEFA, and
ketone bodies such as BHB are produced (Mann et al., 2016). Thus,
the High MR cows also had a higher BHB peak and AUC during
restriction than the Low MR cows. Threshold values of 0.60 mmol
NEFA/l (Jorjong et al., 2014) and 1.2 mmol BHB/L (Li et al., 2012)
are associated with the risk of clinical ketosis in dairy cows.
Regarding NEFA, they were reached only by the High MR cows dur-
ing the peaks of months 2 and 3, but not by the Low MR cows, and
never for BHB, which suggests that circulating NEFA supplied
enough energy to meet the metabolic demands induced by nutri-
ent restriction.

The response profiles observed herein suggest that the High MR
cows had a higher potential milk yield and were able to efficiently
partition more nutrients towards milk synthesis than the Low MR
cows. Elgersma et al. (2018) considered that dairy cows with fewer
milk yield fluctuations under natural perturbations were more
resilient because the minor variance in performance genetically
correlated with better health and longevity. Conversely, we can
conclude that the High MR cows were able to establish home-
orhetic mechanisms in the short term (Bauman and Currie, 1980)
with sufficient intensity to ensure that, despite their more negative
EB, they continued to display better lactation performance and
recovered after the challenge. Ollion et al. (2016) have described
different profiles in dairy cows depending on their lactation perfor-
mance, reproduction and ability to maintain their reserves, the
most determinant life functions among which trade-offs have often
been identified. They found that milk yield was an important driver
of these profiles, as we observed in the present work, but not the
only one given the wide individual variability in the strategies to
prioritise nutrient allocation to these life functions.

Effect of the lactation stage

Previous studies have analysed the adaptations of lactating
ruminants to feed restriction in different phases. Within-animal
responses are repeatable between early- and mid-lactation in dairy
cows (Gross and Bruckmaier, 2015), between consecutive lacta-
tions in dairy goats (Friggens et al., 2016) and between two consec-
utive feeding challenges of different duration in beef cattle (De la
Torre et al., 2022), which indicate that variability may be geneti-
cally driven. Here, we clustered cows according to their response
throughout lactation and analysed the month of lactation sepa-
rately, finding a strong effect on most response variables. The gen-
eral lack of interactions between MR cluster and month confirmed
the validity of our approach.

To the best of our knowledge, no comparable studies are avail-
able on beef cows in different lactation stages. As stated above, the
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lactation curves of beef breeds are less well-known than those of
dairy cattle. Sepchat et al. (2017) have described slow increases
in milk production after calving, which peaked between the first
and third lactation months. The curve was flatter than in dairy
cows due to the balance between a calf’s ability to drink milk
and the dam’s production potential. A recent meta-analysis by
Sapkota et al. (2020) described earlier peak milk yields dairy-beef
crosses (4–6 weeks) compared to pure beef cows (5–8 weeks), the
latter showing a better persistency. The basal milk yield here was
similar in months 2 and 3, which suggests that the peak was
reached before week 8, and then decreased in month 4. The basal
values agreed with previous observations in multiparous Parda
de Montaña cows, as in Blanco et al. (2008), regardless of suckling
management, calf sex or supplementation (Cortés-Lacruz et al.,
2017).

The impact of feed restriction on milk yield was higher in
month 3 than in months 2 and 4, as shown by the greater peak loss
(in both absolute and relative terms, 21 % vs 18 %), which was
attained more quickly, and the total milk loss. With an induced
short-term feed restriction, Bjerre-Harpøth et al. (2012) found a
similar milk loss in relation to prechallenge values (30 %) in
early-, mid- and late lactation with dairy cows, unlike our results.
In response to natural perturbations, effects were severer, devel-
oped more quickly and recovered more slowly in early- to mid-
lactation than in later stages (Adriaens et al., 2021). Conversely,
we found that the lactation stage did not affect the recovery rate
during refeeding, as observed by Codrea et al. (2011).

Whereas the milder effect of nutrient restriction in later stages
(i.e. in month 4) was supported by the above-mentioned literature,
the stronger impact in month 3 than in month 2 was not expected
given the similar energy and protein intake. We hypothesise that,
as the basal milk yield was similar, but both BW and the BCS were
lower in month 3, these beef cows’ coping strategies in month 3
were not sufficient to buffer the effect of feed restriction on milk
production. The basal NEFA concentrations were similar in months
2 and 3, and were higher than those of month 4, but the peak val-
ues of NEFA and BHB decreased steadily, and were reached more
quickly for NEFA, as lactation progressed. All this indicates
decreasing lipid mobilisation. Apparently, despite the metabolic
demand for milk yield still being high in month 3, these beef cows’
response to homeorhetic controls was not sufficient to ensure ade-
quate nutrient supply to support milk synthesis under the feed
restriction. Baumgard et al. (2017) indicated that when a negative
EB occurs, the dairy cows selected for higher milk yield are able to
partition more nutrients away from storage and towards mam-
mary utilisation. The opposite would be the case in our study,
where that response would be less intense in beef cows with a
lower genetic capacity for milk production. This is supported by
the findings of Pareek et al. (2007), who compared the response
to a metabolic challenge between breeds of different genetic merits
for milk yield, and found that dairy cows had lower insulin levels, a
lower EB, but greater milk production efficiency than beef cows
which, in turn, had a higher potential for body energy and protein
accretion.

Regarding the BHB peak, the interaction between month and
the MR cluster implied that lipid mobilisation was insufficient only
in month 2 for the High MR cows, and the ketogenesis from NEFA
resulted in a greater BHB peak in response to feed restriction in
early lactation. The higher metabolic load in earlier lactation stages
has been described in dairy cows, with natural NEFA peaks
1–2 weeks postpartum and a delayed response in BHB peaks at
2–3 weeks (Kessel et al., 2008; Gross et al., 2011), which decrease
thereafter. In Parda de Montaña beef cows fed at 75 % (Alvarez-
Rodríguez et al., 2009) or 100 % (Noya et al., 2019) of their require-
ments, NEFA peaked at 0.27–0.35 mmol/l up to week 5 postpartum
and then decreased to reach 0.08 mmol/l in month 4, whereas BHB
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contents remained constant (approx. 0.20 mmol/l) throughout lac-
tation (Rodríguez-Sánchez et al., 2018).

This effect of month on the basal values could condition the
coping strategies which cows apply to face undernutrition in dif-
ferent stages. Bjerre-Harpøth et al. (2012) found decreasing basal
NEFA concentrations from early to late lactation, and high BHB
contents only in early lactation. When short-term energy deficit
was induced, the relative changes in NEFA during restriction
increased throughout lactation, while BHB only responded in early
lactation. Other studies report that plasma NEFA concentrations
are less responsive to feed restriction in late lactation (Carlson
et al., 2006; Gross et al., 2011), when even a drastic energy restric-
tion may not increase the BHB concentration if there are not suffi-
cient NEFAs for ketogenesis. According to our results, in a recent
review on the effects of feed restriction on dairy cows, Leduc
et al. (2021) found that NEFA increased (+14 % to + 3475 %) in most
studies, while the effect on BHB was less consistent (+26 %
to + 721 % in only 14 of the 23 studies).
Conclusion

Changes in the performance and plasmatic indicators of lipoly-
sis and ketogenesis of beef cows in response to short-term feed
restriction can be modelled using spline curves, which allows dif-
ferent MR profiles to be established. The extent, but not the speed,
of the individual response was driven primarily by basal milk yield,
but adaptation strategies changed as lactation advanced, and as the
nutrient demand for milk production and concomitant fat mobili-
sation decreased. Although long-term performance should also be
evaluated, identifying animals that can respond to a nutritional
challenge by establishing mechanisms to minimise the impact on
their performance is key to develop breeding programmes for
enhanced beef cows’ resilience.
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Beef cows' performance and metabolic response to short nutritional 
challenges in different months of lactation 
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A B S T R A C T

Lactating cows can react to changes in nutrient availability with a range of behavioural and physiological 
mechanisms, which may differ among lactation stages. We investigated the effects of short feed restriction and 
refeeding periods on beef cows' performance and metabolic status in different months of lactation. For this, Parda 
de Montaña beef cows [n = 31; 626 ± 47.7 kg body weight (BW)] were subjected to short nutritional restriction 
and refeeding cycles, which were repeated in months 2, 3 and 4 of lactation. Each month, cows were consec-
utively fed a diet to meet 100% of their energy and protein requirements during a 4-day basal period, 55% during 
a 4-day restriction period, and again 100% during a 4-day refeeding period. The performance (energy balance, 
BW, milk yield and composition) and plasma metabolite concentrations (glucose, non-esterified fatty acids 
(NEFA), β-hydroxybutyrate (BHB), urea and malondialdehyde) were measured daily. Most of the traits were 
significantly affected by the interaction between feeding period and lactation month. Feed restriction induced 
milk yield loss, decreased milk protein and increased milk urea contents to different extents. The plasma NEFA 
concentrations rose with restriction in months 2, 3 and 4 but BHB and urea concentrations increased only in 
month 4. Most of these metabolites lowered to basal values during refeeding. These results suggest that beef cows 
use different adaptation strategies to cope with nutritional challenges as lactation advances, body fat mobi-
lisation predominates in early lactation and protein catabolism prevails at later stages.   

1. Introduction

Beef cows managed in temperate grassland systems depend very
much on forage availability and quality during the grazing season, and 
also in the winter when they are usually group-fed preserved forages. 
Under these conditions, they face a dynamically changing nutrient 
supply, which can be inadequate to meet their requirements during 
some key physiological periods (Mulliniks and Beard, 2019). Projected 
climate changes, including more frequent extreme weather events, will 
further affect the quantity and nutritive value of the feed available 
throughout the production cycle (Henry et al., 2018). To successfully 
cope with these challenges, effective strategies need to be developed at 
both the animal and farm levels (Blanc et al., 2006). 

Lactating cows respond to limiting nutritional environments with the 
mobilisation of body tissues and a range of behavioural and physiolog-
ical mechanisms that involve modifications in nutrient allocation to-
wards the different metabolic functions, whose priority differs 

depending on lactation stage (Bjerre-Harpøth et al., 2012; Murrieta 
et al., 2010). In order to disentangle the mechanisms that determine this 
metabolic flexibility in response to environmental change, the nutri-
tional perturbations involving both short- and long-term feed 
restriction-refeeding cycles have been widely studied in dairy cows 
(Abdelatty et al., 2017; Gross et al., 2011a; Pires et al., 2019). In beef 
cattle, several papers have assessed cows' performance and metabolic 
response to long-term underfeeding (Alvarez-Rodríguez et al., 2009; 
Fiems et al., 2015), but adaptation to short-term nutrient restrictions has 
only been recently considered (De La Torre et al., 2022; Orquera- 
Arguero et al., 2022). Animals' ability to respond to and recover after 
short-term disturbances, defined as resilience (Friggens et al., 2022), is 
key for their performance in variable environments. 

In dairy cows, the adaptive response to underfeeding usually implies 
reduced milk yield, and milk composition may, or may not, be affected 
depending on the length and intensity of restriction, among other factors 
(Boutinaud et al., 2019; Kvidera et al., 2017; Leduc et al., 2021). In order 
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50059 Zaragoza, Spain. 

E-mail address: mblanco@cita-aragon.es (M. Blanco).

Contents lists available at ScienceDirect 

Research in Veterinary Science 

journal homepage: www.elsevier.com/locate/rvsc 

https://doi.org/10.1016/j.rvsc.2023.04.002 
Received 22 February 2023; Received in revised form 21 March 2023; Accepted 6 April 2023   

173

mailto:mblanco@cita-aragon.es
www.sciencedirect.com/science/journal/00345288
https://www.elsevier.com/locate/rvsc
https://doi.org/10.1016/j.rvsc.2023.04.002
https://doi.org/10.1016/j.rvsc.2023.04.002
https://doi.org/10.1016/j.rvsc.2023.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rvsc.2023.04.002&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Research in Veterinary Science 159 (2023) 26–34

to overcome the negative energy balance (EB), cows will mobilise their 
body reserves, including both fat and protein. The mobilisation of body 
fat releases non-esterified fatty acids (NEFA) into the blood stream, 
which can be oxidised in the liver into ketone bodies, such as 
β-hydroxybutyrate (BHB), as energy fuel (Bell, 1995). Complementary, 
NEFA can be esterified to triglycerides and accumulate in the liver, or 
taken up by the mammary gland, where they account for a significant 
fraction of milk fat synthesis. When the oxidative metabolism is altered, 
excessive reactive oxygen species (ROS) production leads to oxidative 
stress (Abuelo et al., 2015), for which malondialdehyde (MDA), a 
degradation product of lipid peroxidation, has been proposed as a 
biomarker (Castillo et al., 2006). The catabolism of the protein mainly 
from the skeletal muscle yields glucogenic amino acids, and affects 
plasma glucose and urea concentrations (Ingvartsen et al., 2003). In ad 
libitum-fed dairy cows, body protein catabolism starts in the transition 
period (from 3 weeks before calving) and extends up to 5 weeks after 
calving, while fat reserves are mobilised up to 12 weeks postpartum, 
when feed intake matches milk yield requirements and endocrine status 
limits mobilisation (Sadri et al., 2023). This period can be shorter in 
lower milk-yielding breeds (Jorge-Smeding et al., 2021). When faced 
with temporary nutrient restriction, lactation stage plays a key role in 
the physiological adaptive response because the priority and re-
quirements of the mammary gland change as lactation evolves by 
modifying the allocation of nutrients to milk synthesis (Boutinaud et al., 
2019; Gross and Bruckmaier, 2019). Furthermore when cows are refed, 
the post-challenge recovery rate can be faster in later lactation stages 
(Bjerre-Harpøth et al., 2012). This information is not available in beef 
cows, where the influence of lactation stage on nutrient allocation may 
differ from that of dairy cows due to their lower milk yield and different 
feeding management because they are rarely fed to appetite and are 
often placed in limited nutrient environments (Mulliniks and Beard, 
2019). 

The aim of this experiment was to determine lactating beef cows' 
response to short-term feed restriction and refeeding periods in three 
different months of lactation both on the productive and physiological 
levels. We hypothesised that cows would respond to nutritional per-
turbations by reducing their milk yield and modifying their lipid and 
protein metabolism differently as lactation progressed. 

2. Material and methods

The Animal Ethics Committee of the research centre approved all the
experimental procedures (protocol no CEEA-03-2018-01), which fol-
lowed the EU Directive 2010/63 guidelines on the protection of animals 
used for experimental and other specific purposes. 

2.1. Animal management, experimental and diet design 

The experiment was conducted at CITA La Garcipollera Research 
Station in the Pyrenees mountain area (Spain, 42◦37′ N, 0◦30′ W, 945 m 
a.s.l.) using 31 lactating Parda de Montaña beef cows [body weight (BW)
(mean ± SD): 626 ± 47.7 kg; body condition score (BCS): 2.8 ± 0.22
(0–5 scale); age: 7.5 ± 2.91 yr]. Cows were randomly allocated in pens
(7 or 8 cows/pen, 10 × 20 m) equipped with individual feeders for
forage and automatic feeding stations (ALPRO, Alfa Laval Agri, Tumba,
Sweden) for concentrate. Calves were stocked in straw-bedded cubicles
adjacent to their dams. They were allowed to suckle their dams daily for
two 30-min periods at 06:00 h and 14:00 h. All the cows received the
same ration, which was composed of different quantities of hay and
concentrate. The chemical composition and nutritive value of feedstuffs
are presented in Table 1 (for detailed information see Orquera-Arguero
et al., 2022). Diets were calculated by considering the net energy and
metabolisable protein requirements for the maintenance and lactation
(INRA, 2007) of a standard cow with a BW of 615 kg and a milk yield of
8.5 kg/d. From calving to the end of the experiment all the cows were
fed a diet that met 100% standard cow energy and protein requirements,

except for 3 restriction periods when they were fed a diet to meet 55% 
standard cow energy and protein requirements. The experiment con-
sisted of three consecutive 4-day feeding periods, which were repeated 
over months 2, 3 and 4. Every month, the trial started with 4 days on 
which cows had access to the abovementioned diet, which met 100% of 
their requirements (basal period). For the next 4 days, they were fed a 
diet that met 55% requirements (restriction period). On the last 4 days, 
once again they received the formulated diet to meet their 100% re-
quirements (refeeding period). On the first day of restriction periods, 
cows were in milk for 31 (month 2), 58 (month 3), and 87 (month 4) 
days. 

The diet fed to meet 100% energy and protein requirements was 
composed of 7.4 kg dry matter (DM) hay and 2.7 kg DM concentrate. 
During restriction, cows received 6.4 kg DM hay to meet 55% of their 
energy and protein requirements. Throughout the experiment, water 
and mineral blocks were supplied ad libitum. Hay was offered daily as a 
single meal at 08:00 h in individual feeders with cows tied up for 
approximately 2 h until they had finished their ration. The ALPRO 
feeding stations were programmed to offer concentrate to all the cows 
during the basal and refeeding periods. The individual hay and 
concentrate intakes were recorded daily. 

2.2. Measurements and samplings 

All the cow measurements were taken daily in the morning before 
hay-feeding, and during each feeding period (basal, restriction, refeed-
ing) in experiment months 2, 3 and 4. Cows were weighed on an elec-
tronic scale. Milk yield was estimated by the weight-suckle-weight 
technique of the calf (Le Neindre and Dubroeucq, 1973) as the sum of 
the milk consumed in both sucklings. After the morning suckling, a 
composite 50-mL milk sample was manually collected per cow from all 
four teats, after discarding 3 streams of milk per teat. After calf removal, 
cows were administered an intramuscular injection of oxytocin (40 UI, 
Facilpart, Laboratorios Syva, León, Spain) 5 min before the manual 
extraction to facilitate the letdown of residual milk. Milk samples were 
preserved with sodium azide (PanReac, Barcelona, Spain) and refriger-
ated at 4 ◦C until further analyses. Cow blood samples were collected 
from the coccygeal vein in heparinised tubes (BD Vacutainer Becton- 
Dickenson and Company, Plymouth, UK) to determine BHB and MDA, 
and in tubes containing EDTA (BD Vacutainer Becton-Dickenson and 
Company) to analyse glucose, NEFA and urea concentrations. Immedi-
ately after collection, blood samples were centrifuged at 3500 rpm for 
20 min at 4 ◦C, and plasma was frozen at − 20 ◦C until further analyses. 

2.3. Chemical analyses 

In milk samples, lactose, fat, protein and urea contents, and somatic 
cell count, were determined with an infrared scan (Milkoscan 7 RM, Foss 
Electric Ltd., Hillerød, Denmark). Randox kits (Randox Laboratories 
Ltd., Country Antrim, UK) were employed to determine the plasma 

Table 1 
Chemical composition and nutritive value (mean ± standard deviation) of the 
feedstuffs offered to the beef cows.   

Hay Concentrate 

Chemical composition   
Dry matter (DM), g/kg 920 ± 10.9 908 ± 6.7 
Ash, g/kg DM 87.5 ± 17.3 68.3 ± 1.6 
Crude protein, g/kg DM 97.1 ± 20.5 170 ± 4.7 
Neutral detergent fibre, g/kg DM 581 ± 51.0 252 ± 19.2 
Acid detergent fibre, g/kg DM 330 ± 27.3 112 ± 11.5 
Lignin, g/kg DM 34.9 ± 9.30 29.3 ± 8.10 

Nutritive Value   
Net energy, MJ/kg DM 5.4 ± 0.13 7.4 ± 0.36 
Metabolizable protein, g PDI1 /kg DM 73 ± 12.1 121 ± 2.9  

1 true protein digestible in the small intestine. 
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concentrations of NEFA (colorimetric method, sensitivity: 0.072 mmol/ 
L) and BHB (kinetic enzymatic method, sensitivity: 0.100 mmol/L). An
automatic analyser (Gernon, RAL S.A., Barcelona, Spain) was used to
measure the plasma concentrations of glucose (enzymatic-colorimetric
method, sensitivity: 0.06 mmol/L) and urea (kinetic method, sensitivity:
0.056 mmol/L). The mean intra- and interassay coefficients were for
NEFA: 4.0% and 4.9%, BHB: 6.8% and 6.8%; glucose: 2.2% and 2.4%;
urea: 4.4% and 5.5%.

The plasma concentration of MDA, used as an indicator of oxidative 
status, was determined by liquid chromatography as described in Ber-
tolín et al. (2019). An Acquity UPLC H-Class liquid chromatograph 
(Waters, Milford, Massachusetts, USA), equipped with a silica-based 
bonded phase column (Acquity UPLC HSS PFP, 100 mm × 2.1 mm ×
1.8 μm, Waters), an absorbance detector (Acquity UPLC Photodiode 
Array PDA eλ detector, Waters) and a fluorescence detector (2475 Multi 
λ Fluorescence Detector, Waters), were utilised. The intra- and inter-
assay coefficients of variation were 4.6% and 7.3% for MDA, 
respectively. 

2.4. Calculations and statistical analyses 

The INRA system (INRA, 2007) was used to estimate the individual 
EB as the difference between inputs (net energy (NE) intake) and outputs 
(NE for maintenance and NE for lactation). The NE intake was estimated 
from the individual DM intake (DMI) and feedstuffs' energy contents. 
The NE for maintenance was calculated from the individual metabolic 
BW, and the NE for production was obtained using the milk yield, fat, 
and protein contents in milk. 

Statistical analyses were performed by the SAS statistical package v 
9.4 (SAS Institute Inc., Cary, NC, USA) and the R software. Normal data 
distribution was assessed with the Shapiro-Wilk test (P > 0.05). 
Normality could not be confirmed for the somatic cell count values. 
Therefore, analyses were run on the log-transformed data. Parameters 
were analysed with mixed models by taking feeding period (basal, re-
striction, refeeding), lactation month (months 2, 3 and 4), and their 
interaction, as fixed effects, and cow as the random effect. Degrees of 
freedom were adjusted with the Kenward-Roger correction. The least 
square means and associated standard errors were obtained and multiple 
comparisons were adjusted with Tukey correction. The Pearson's cor-
relations between variables were obtained and presented on heatmaps 
for all the data and separately per feeding period using the CORRPLOT 
package of R (R Development Core Team, 2021). The level of signifi-
cance for all the tests was P < 0.05 and trends were discussed when 0.05 
≤ P < 0.10. 

3. Results

The interaction between feeding period and lactation month affected
all the parameters (P < 0.05 to P < 0.001), except milk yield, which only 
tended to be affected by this interaction (P < 0.10) and somatic cell 
count (P > 0.05). For each parameter, the basal values during the three 
lactation months, and then the effects of restriction and refeeding during 
the three lactation months are presented. 

3.1. Cow performance 

On average, 91%, 61% and 93% of the net energy requirements and 
100%, 58% and 103% of the metabolisable protein requirements were 
met during the basal, restriction and refeeding periods, respectively. 
Cows' EB, BW, milk yield and milk composition are depicted in Fig. 1 
according to feeding period and lactation month. The calculated basal 
EB improved progressively from month 2 to month 4 (P < 0.01). Ac-
cording to the experimental design, cows' EB was more negative during 
restriction than during the basal period in the three lactation months (P 
< 0.001). During refeeding, the EB returned to basal values in lactation 
months 2 and 3, but went even higher, close to a neutral EB, in lactation 

month 4 (P < 0.001). Basal BW decreased between months 2 and 4 (P <
0.001). BW diminished with restriction in the three lactation months (by 
− 2.3%, − 2.0% and − 1.7% in months 2, 3 and 4, respectively). During 
refeeding, BW lowered by a further 1% in month 2 (P < 0.001), but 
remained unchanged in months 3 and 4 (P > 0.05). 

The basal milk yield was higher in months 2 and 3 than in month 4 (P 
< 0.05 to P < 0.001). Milk yield decreased with restriction in the three 
lactation months by − 14%, − 19% and − 20% in months 2, 3 and 4, 
respectively (P < 0.001). Milk yield increased during refeeding and 
reached the basal values in months 2 and 3, but stayed below the basal 
values in lactation month 4 (by − 8%; P = 0.03). Regarding milk 
composition in the basal phase, lactose, fat and urea contents were not 
affected by lactation month (P > 0.05), whereas protein content was 
higher in month 2 than in the subsequent months (P < 0.001), and so-
matic cell counts were lower in month 2 than thereafter (99, 135 and 
131 × 103 cells/mL in months 2, 3 and 4, respectively, P < 0.05). 

Feed restriction did not affect milk lactose in month 2, but lowered in 
months 3 and 4 (by − 1.9 and − 1.5%, respectively) and then increased 
during refeeding in the three lactation months (P < 0.001). Milk fat 
content was similar regardless of feeding periods (P > 0.05). Protein 
content lowered with restriction in months 2 and 3 (by − 5% and − 4%, 
respectively; P < 0.001), but was not affected in month 4 (P > 0.05). It 
remained stable during refeeding in months 2 and 4, but increased to 
reach the basal values in month 3. Milk urea content increased during 
restriction in the three months by +8%, +21%, and + 37% in months 2, 
3 and 4, respectively (P < 0.05), and decreased during refeeding, even 
below the basal values in month 2 and to the basal values in months 3 
and 4 (P < 0.001). The highest somatic cell counts were obtained during 
refeeding (128, 159 and 186 × 103 cells/mL in the basal, restriction and 
refeeding period, respectively, P < 0.05). 

3.2. Plasma metabolic profile 

The plasma concentrations of NEFA, BHB, glucose, urea and MDA are 
presented in Fig. 2. Lactation month did not affect the basal concen-
trations of BHB and urea (P > 0.05), but affected those of NEFA, glucose 
and MDA (P < 0.001). The basal NEFA concentrations were higher in 
month 2 than in month 4 (P < 0.001). The basal glucose concentrations 
were lower in month 3 than in months 2 and 4 (P ≤ 0.001). The basal 
MDA concentrations were higher in month 2 than in the subsequent 
months (P < 0.001). 

Regarding the effect of feeding period, NEFA concentrations 
increased to different extents due to restriction in the three months (by 
+157%, +269% and + 212% in months 2, 3 and 4, respectively; P <
0.001), whereas refeeding lowered NEFA concentrations to below the
basal value in month 2 (P < 0.001) and to basal values in months 3 and
4. The BHB concentration rose with restriction in the three months, but
only significantly in month 4, by +14% (P = 0.11), +17% (P = 0.11)
and + 23% (P < 0.001) in months 2, 3 and 4, respectively. During 
refeeding, BHB decreased and reached basal values in months 2 and 4. 
Glucose concentration dropped during restriction in month 2 (P = 0.01), 
with no changes thereafter (P > 0.05). During refeeding, it decreased in 
month 2 (P < 0.001), increased in month 3 (P < 0.001) and remained 
unchanged in month 4 (P > 0.05). The urea concentration rose signifi-
cantly during restriction, but only in lactation month 4 (by +18%; P <
0.001), and lowered during refeeding below the basal values in months 2 
and 4 (P < 0.01). The MDA concentration did not change with restriction 
and was only affected by refeeding in month 4, with higher values than 
during the basal period (P = 0.03). 

The significant overall correlations with r ≥ 0.25 between the per-
formance parameters and plasma metabolites are shown in Fig. 3, 
whereas the correlations during each feeding period are depicted in 
Suppl. Fig. 1. The overall correlations were weak (r = 0.25 to 0.39) or 
moderate (r = 0.40 to 0.59), but were strong within feeding periods (r =
0.60 to 0.79) and very strong (r ≥ 0.80) (P < 0.001). BW correlated 
positively with milk yield and negatively with the EB. Milk urea content 
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Fig. 1. Effect of feeding period (F: Basal, Restriction, Refeeding) and lactation month (M: 2, 3, 4) on energy balance (EB), BW, milk yield and milk composition. 
Within a parameter and month, the means with a different letter (a,b,c) indicate differences due to feeding period (P < 0.05). Within a parameter and feeding period, 
the means with a different letter (x,y,z) denote differences due to lactation month (P < 0.05). 
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correlated negatively with milk yield and the EB (P < 0.001). Within the 
basal, restriction and refeeding periods, correlations were moderate 
between BW and the EB (r = − 0.52 to − 0.64), and were very strong 
between milk yield and the EB (r = − 0.87 to − 0.93). The plasma NEFA 
concentration correlated negatively with the EB and milk protein con-
tent, and positively with milk urea content (P < 0.001). The BHB con-
centration correlated negatively with the EB and positively with milk 
urea and the plasma concentrations of glucose, urea and MDA (P <
0.001). The plasma urea concentration correlated negatively with the EB 
and positively with milk urea content and plasma glucose concentration 
(P < 0.001). Within feeding periods, the plasma urea concentration 
correlated positively with BW, milk yield and milk protein during the 
basal period and with milk protein during the refeeding period (P <
0.001). The plasma MDA concentration correlated positively with BW, 
milk yield, milk protein content and plasma urea concentration, and 
negatively with the EB (P < 0.001). 

4. Discussion

In the present experiment, restriction implied reductions of − 36% in
DMI, − 42% in net energy intake and − 47% in protein intake on 
average. The restriction herein applied could be considered moderate 
according to the review by Leduc et al. (2021) because the reduction in 
DMI was <50%. Basal cow performance and some plasma metabolites 
differed among the three lactation months, as did their patterns of 
response to restriction and refeeding. This scenario suggests a change in 
the metabolic priority of different biological functions as lactation 
advanced. 

4.1. Cow performance 

BW loss between months 2 and 4 agrees with previous experiments 
with lactating Parda de Montaña cows (Blanco et al., 2009). Beef cows 
are rarely fed according to their theoretical requirements (Blanc et al., 
2006). During lactation, they have to rely on the mobilisation of their 
body reserves to produce milk. In the present experiment, BW was only 

P

P

P

P

P

Fig. 2. Effect of feeding period (F: Basal, Restriction, Refeeding) and lactation month (M: 2, 3, 4) on plasma concentrations of non-esterified fatty acids (NEFA), 
β-hydroxybutyrate (BHB), glucose, urea and malondialdehyde (MDA). 
Within a parameter and month, the means with a different letter (a,b,c) indicate differences due to feeding period (P < 0.05). Within a parameter and feeding period, 
the means with a different letters (x,y,z) denote differences due to lactation month (P < 0.05). 
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mildly affected by a short feed restriction, similarly to the − 4 to − 5% 
BW loss reported after a 4-day 50% DMI restriction in beef cows (De La 
Torre et al., 2022) and dairy cows (Ferraretto et al., 2014; Kvidera et al., 
2017). This BW loss could be linked with the decrease in DMI, gut fill 
loss and mobilisation of body reserves (Gross et al., 2011a; Laeger et al., 
2012). Incomplete BW recovery in the 4-day refeeding phase implies 
that a longer recovery period is needed; e.g. 10 days in beef cows after a 
similar restriction to that herein applied (De La Torre et al., 2022) or at 
least 1 to 2 weeks in dairy cows with severer restrictions that cause 
greater BW loss (− 10%; Billa et al., 2020; Pires et al., 2019). 

The lower basal milk yield values with progressing lactation agree 
with previous data on Parda de Montaña cows (Casasús et al., 2004; 
Dervishi et al., 2017), and suggest that the peak milk yield had already 
been reached at the start of the experiment, in month 2, as described by 
Sapkota et al. (2020) for beef cows. In the present study, the reduced 
milk yield caused by feed restriction falls in line with those reported by 
other studies of comparable lengths and restriction severities in beef 
cows (− 12%; De La Torre et al., 2022) and dairy cows (− 13 to − 20% in 
Abdelatty et al., 2017; Laeger et al., 2012; Nielsen et al., 2003). The milk 
loss magnitude was lower in month 2, when cows displayed the most 
negative EB, than thereafter. Several homeorhetic mechanisms involved 
in nutrient partitioning regulation concur to maintain milk yield during 
feed restriction periods or metabolic imbalance, e.g. decreased glucose 
use, increased body lipids use and the mobilisation of protein reserves as 
energy sources (Bauman and Currie, 1980; Ingvartsen et al., 2003). 
However, these regulation processes are stage-dependent and the 
adaptive response diminishes with advancing lactation (Blanc et al., 
2006). Our results indicate that the metabolic priority of the mammary 
gland in feed-restricted beef cows decreased after month 2. This would 
be supported by the shift in nutrient partitioning away from the udder 
towards subcutaneous adipose tissue, as observed on 60 d postpartum in 
beef cows by Murrieta et al. (2010). The milk yield response to refeeding 
was fast, with full recovery occurring within 4 days in months 2 and 3, 
but not in month 4. The lower milk synthesis priority in this later stage 
may increase the necessary recovery time. A quick response to refeeding 
has also been reported in low-producing beef cows (2 days for full re-
covery; De La Torre et al., 2022), but more days are required for full 
recovery with high-producing dairy cows in early lactation (7 to 8 days; 
Bjerre-Harpøth et al., 2012; Pires et al., 2019). 

Concerning milk composition, the basal milk protein and lactose 
contents were similar, but fat content was higher than those previously 
reported in Parda de Montaña cows with a similar milk yield (Casasús 
et al., 2004; Dervishi et al., 2017). This difference was probably related 
to the sampling method. In this study, milk samples were manually 
obtained after calves had suckled (alveolar milk). In the above- 
mentioned studies, they were collected by machine milking before 
calves had access to their dam (cisternal milk). The fat concentration in 
cisternal milk is lower than in alveolar milk, whereas milk protein 
content is minimally affected (Sarikaya et al., 2005). The basal milk 
composition was similar in the three months, except for the higher 
protein content in early lactation. In dairy cows, lactose regulates milk 
osmolality and generally remains constant throughout lactation, while 
milk fat and protein tend to decrease from peak lactation in response to 
improved nutritional status and lower milk yield (Gross and Bruckmaier, 
2019). All this was confirmed in our experiment for lactose and protein, 
but not for fat. This was probably due to the smaller differences in the EB 
and milk yield among months here than those observed in high- 
producing dairy cows. Furthermore, the stable basal milk urea 
throughout lactation agrees with the results reported in beef cows in the 
first three months of lactation (Wiseman et al., 2019) and in early-, mid- 
and late-lactating dairy cows (Bjerre-Harpøth et al., 2012). 

Milk composition was affected by nutritional perturbation to 
different extents. Lactose content lowered with restriction and increased 
during refeeding, which agrees with previous reports in dairy cows that 
only needed 2 days to recover basal values after restriction had ended 
(Bjerre-Harpøth et al., 2012; Hervé et al., 2019; Sigl et al., 2013). The 
negative correlation herein observed between lactose content and so-
matic cell count has been associated with inflammatory reactions in milk 
secretory cells (Cinar et al., 2015). However in our study, somatic cell 
count was always below the threshold for subclinical mastitis (200 × 103 

cells/mL; Dervishi et al., 2017). 
Milk fat originates from either dietary or mobilisation fatty acids, 

which are taken up from the bloodstream, or by de novo synthesis in the 
mammary gland (Chilliard et al., 2000). Here milk fat content was not 
affected by feed restriction, which is consistent with previous results in 
dairy cows restricted at 50–60% during 4–5 days with 10–22% milk 
yield loss (Abdelatty et al., 2017; Carlson et al., 2006; Gross et al., 
2011a). Other experiments with 30–50% milk loss report increases in 
milk fat content during feed restriction (Agenäs et al., 2003; Bjerre- 
Harpøth et al., 2012), which are associated with an increment in the 
long-chain fatty acids that arise from body fat mobilisation (Gross et al., 
2011b). Apparently fat mobilisation and the concurrent rise in circu-
lating NEFA would not have been enough to increase milk fat content in 
our study, but could have made the proportion of long vs. short- and 
medium-chain fatty acids higher, as observed by Orquera-Arguero et al. 
(2023). 

Milk protein may decrease with feed restriction, but changes in milk 
urea depend on the nature of restriction (Leduc et al., 2021) given the 
influence by feed intake, but also by urea transfer from blood to milk, 
and vice versa (Spek et al., 2016). Here we observed reductions in milk 
protein (in months 2 and 3) and increments in milk urea contents in 
response to simultaneous reduction in dietary energy and protein sup-
ply. These findings agree with other experiments with 50% nutritional 
restriction, e.g. -7% milk protein and + 21% milk urea content in Carlson 
et al. (2006), − 5.6% milk protein in Gross et al. (2011a). The higher 
milk urea content during restriction, especially in month 4, and its 
negative correlation with the EB suggests that protein catabolism took 
place in this phase to compensate for reduced energy intake, and this 
adaptation mechanism was more intense in later lactation stages. Body 
protein mobilisation to obtain glucose as an energy substrate increases 
circulating urea, which can be diffused from the blood stream to 
mammary glands (Spek et al., 2016). When restriction ended, basal 
values were regained after four refeeding days in most cases, except for 
milk protein in month 2. This suggests quicker recovery than that 
observed in high-producing dairy cows (Billa et al., 2020; Bjerre- 
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esterified fatty acids; BHB: β-hydroxybutyrate; MDA: malondialdehyde. 
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Harpøth et al., 2012; Pires et al., 2019). 

4.2. Plasma metabolic profile 

Plasma metabolites have commonly been used as indicators of en-
ergy, protein and oxidative status (Castillo et al., 2006; van Knegsel 
et al., 2007). The basal values herein observed were similar to those 
reported in lactating Parda de Montaña cows fed their 100% re-
quirements in the case of NEFA, BHB and urea (Alvarez-Rodríguez et al., 
2009), but were lower than those of glucose (Rodríguez-Sánchez et al., 
2018). The fact that basal NEFA decreased from month 2 to month 4 
indicates that the lipid mobilisation needed to support the energy de-
mand for milk yield decreased throughout lactation, as shown in dairy 
cattle (Gross et al., 2011a; Jorge-Smeding et al., 2021). Basal BHB 
remained stable, as noted by Rodríguez-Sánchez et al. (2018) in beef 
cows, but were unlike the results of Bruckmaier and Gross (2017) in 
Holstein cows, where BHB peaked between 2 and 3 weeks postpartum 
and decreased thereafter, which suggest more metabolic stress for dairy 
cows in early lactation. 

Feed restriction in months 2 and 3 increased the plasma NEFA con-
centrations to >2-fold their basal values, which came close to the 
compromised metabolic status threshold in dairy cows (0.57–0.60 
mmol/L; Ospina et al., 2010), but induced a milder response in month 4. 
This supports the high priority of nutrient partitioning towards the 
mammary gland in response to reduced energy supply in earlier lacta-
tion stages, when body fat is largely mobilised and NEFA are released to 
provide energy for milk synthesis. Orquera-Arguero et al. (2022) 
observed wide variability in this response among beef cows, with more 
marked increments in cows' BW and milk yield. Plasma BHB responded 
to reduced nutrient intake to a much lesser degree (+15 to 20%), and 
only significantly so in month 4, and remained far below the risk 
threshold for subclinical ketosis (>1.2 mmol/L) (Benedet et al., 2019). 
The greater increments in NEFA than in BHB concentrations in response 
to reduced feed supply agree with previous studies with similar re-
strictions in dairy cows (Kvidera et al., 2017; Moyes et al., 2009; Pires 
et al., 2019), but they did not even change in Charolais cows with lower 
milk yield BHB (De La Torre et al., 2022). Both metabolites reacted 
quickly to refeeding, and basal values had recovered within 4 days, 
which agrees with other studies in beef (De La Torre et al., 2022) and 
dairy cattle (Abdelatty et al., 2017; Gross et al., 2011a), regardless of 
lactation stage (Billa et al., 2020; Bjerre-Harpøth et al., 2012). 

The response of plasma glucose to diet changes was not consistent 
across lactation stages in the present study because it only decreased 
with restriction in month 2. The stronger effect on early lactation has 
been ascribed by Bjerre-Harpøth et al. (2012) to greater physiological 
imbalance, and could be driven by higher mammary glucose uptake for 
lactose synthesis (Gross et al., 2011a). In beef cows, no relevant changes 
were observed when feed was reduced at 54 or 75 days from calving (De 
La Torre et al., 2022). The literature reports conflicting results on the 
effect of moderate feed restrictions on glycaemia, which may decrease or 
remain stable, and has been considered a poor indicator of energy status 
in cows because gluconeogenesis can balance its concentration (Leduc 
et al., 2021). 

Plasma urea is influenced by a wide variety of interrelated factors, 
such as dietary protein intake and muscle tissue breakdown when en-
ergy supply is insufficient (Puppel and Kuczyńska, 2016). Protein 
mobilisation from skeletal muscle releases glucogenic amino acids, 
which are used to supply glucose (Ingvartsen et al., 2003) and to 
generate urea during the process (Agenäs et al., 2006). The concentra-
tions herein noted fell within the range reported for adequately nour-
ished cows (1.8 to 7 mmol/L; Agenäs et al., 2006), and basal values 
remained stable throughout lactation, as observed by Bjerre-Harpøth 
et al. (2012) in early-, mid- and late-lactating cows. The lack of effect of 
feed restriction in months 2 and 3 agrees with previous reports in beef 
(De La Torre et al., 2015) or dairy cows (Hervé et al., 2019; Laeger et al., 
2012), although other authors have found reduced blood urea in feed- 

restricted cows (Kvidera et al., 2017). The fact that restriction elicited 
a rise in the plasma urea concentration in month 4, when protein intake 
did not differ from previous months, implies that a certain degree of 
protein catabolism took place during restriction. This resulted in stable 
glycaemia in this month, as observed by Fiems et al. (2007) in energy- 
restricted beef cows. Apparently in late lactation, cows rely less on the 
mobilisation of fat reserves and more on the mobilisation of lean mass as 
a strategy to cope with a short-term nutritional challenge. 

The metabolic adaptation to a negative EB can intensify the NEFA 
oxidation processes in the liver, and can result in both increased ROS 
production and oxidative stress developing (Turk et al., 2008), which 
occur with an imbalance between ROS production and antioxidant 
availability (van Knegsel et al., 2014). The values obtained in the pre-
sent experiment are far below the concentrations reported by Castillo 
et al. (2006) for Holstein cows, which lowered from 69 to 29 μmol/L in 
the 8 first weeks of lactation. In our case, the higher MDA concentrations 
in early lactation (month 2) than thereafter, as observed by Castillo et al. 
(2006) in dairy cows, are likely the consequence of the higher plasma 
NEFA concentrations available for oxidation (Abuelo et al., 2015; Shi 
et al., 2015), with which they correlated. 

5. Conclusions

Short-term restriction-refeeding periods resulted in both productive
and metabolic adaptations in lactating beef cows. The most relevant 
responses to feed restriction were a drop in milk yield and an increase in 
the plasma NEFA concentrations, although their magnitude of change 
decreased as lactation advanced. In early postpartum, the mobilisation 
of fat reserves partially buffered the impact of a moderate feed restric-
tion on milk yield. In later stages, when priority for milk production 
decreased, body protein reserves were also mobilised and longer re-
covery times were needed to compensate for a less effective response. 
Our results show that beef cows use different metabolic strategies to face 
nutritional perturbations depending on lactation stage. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.rvsc.2023.04.002. 
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Abstract 
Our study objective was to determine the effect of a short feed restriction (4 d) and subsequent refeeding (4 d) on the performance and metab-
olism of beef cows with a different nutritional status by particularly focusing on their milk fatty acid (FA) profile, to consider its potential use as 
biomarker of metabolic status. Thirty-two Parda de Montaña multiparous lactating beef cows were individually fed a diet based on the average 
cow’s net energy (NE) and metabolizable protein requirements. At 58 d in milk (DIM, day 0), cows underwent a 4 d feed restriction (55% 
requirements, restriction period). Before and after the restriction, diets met 100% of their requirements (basal and refeeding periods). Cow 
performance, milk yield and composition, and plasma metabolites, were determined on day −2, 1, 3, 5, 6, and 8. Cows were classified into two 
status clusters according to their pre-challenge performance and energy balance (EB) (Balanced vs. Imbalanced). All traits were statistically ana-
lyzed considering the fixed effect of status cluster and feeding period or day, with cow as a random effect. Imbalanced cows were heavier and 
had a more negative EB (P < 0.001), but similar milk yield, milk composition, and circulating metabolites (except for greater urea) than Balanced 
cows (P > 0.10). Milk contents of C18:1 cis-9, monounsaturated FA (MUFA), and mobilization FA were greater (P < 0.05), whereas saturated FA 
(SFA) and de novo FA were lesser in Imbalanced than Balanced cows (P < 0.05). Restriction decreased body weight (BW), milk yield, and milk 
protein compared to the basal period, but increased milk urea and plasma nonesterified fatty acids (NEFA) (P < 0.001). Milk contents of SFA, de 
novo, and mixed FA decreased immediately during the restriction, while MUFA, polyunsaturated FA and mobilization FA increased (P < 0.001). 
Basal milk FA contents were recovered on day 2 of refeeding, and all their changes strongly correlated with differences in EB and NEFA (P < 
0.05). The general lack of interactions between status clusters and feeding periods implied that the response mechanisms to diet changes did 
not differ between cows with a different pre-challenge nutritional status.

Lay Summary 
Lactating cows can undergo periods with a negative energy balance due to feed shortages, which trigger metabolic adaptations to support cow 
maintenance and milk yield. We explored beef cows’ response to a short feed restriction (4 d, 55% of their energy and protein requirements) 
and subsequent refeeding (4 d, 100% of their energy and protein requirements) in the second month of lactation. We analyzed the effect on their 
performance and metabolism by placing special emphasis on milk production and milk fatty acid composition in two beef cow groups with a dif-
ferent nutritional status before the challenge. When cows faced a food restriction, both groups had similar changes in productive and metabolic 
traits. These changes are similar to those occurring in restricted dairy cows, but of lesser magnitude due to the lower milk yield and associated 
metabolic load of beef cows. The milk fatty acid profile, rarely analyzed in beef cows, proved to be an accurate indicator of their metabolic status.
Key words: beef cows, induced feed restriction, metabolites, milk fatty acid profile, refeeding
Abbreviations: BCS, body condition score; BHB, β- hydroxybutyrate; BW, body weight; DIM, days in milk; DM, dry matter; DMI, dry matter intake; EB, energy 
balance; FA, fatty acids; FAME, fatty acid methyl esters; MDA, malondialdehyde; MUFA, monounsaturated fatty acids; NE, net energy; NEFA, nonesterified fatty 
acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids.

Introduction
Wide seasonal variations in the availability and quality of 
feeding resources in extensive ruminant systems imply that 
animals are often subjected to underfeeding-refeeding cycles 
(Bocquier and González-García, 2010). When undernutrition 
occurs in lactating cows, both homeostatic and homeorhetic 
controls bring about adaptations to help to maintain balance 
and to supply nutrients to the mammary gland (Bauman and 
Currie, 1980) to support the high metabolic priority of milk 

production. Strategies to cope with the physiological imbal-
ance caused by feed restriction depend, among other factors, 
on: restriction duration and its severity (Leduc et al., 2021); 
lactation stage (Orquera-Arguero et al., 2022); individual 
variability (Gross et al., 2011a; Bjerre-Harpøth et al., 2012). 
In beef cows, the impacts of restriction and refeeding on cow 
metabolism have been well assessed in the long term (Fiems 
et al., 2015), and only recently with short-term restrictions 
(De La Torre et al., 2022; Orquera-Arguero et al., 2022). 
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Furthermore, ad libitum or individual feeding strategies are 
commonly used in dairy cattle, where individual concen-
trate allocation based on milk yield can improve the energy 
balance (EB) and cow performance (Lawrence et al., 2016), 
while other studies report no milk yield differences (Henrik-
sen et al., 2019). On extensive beef cow farms, feeding man-
agement is often simplified by adopting a flat-rate regime 
(Manninen et al., 2004), which involves all cows receiving 
the same diet irrespectively of their individual requirements. 
This common feeding can cause disruptive situations under 
an eventual restriction in nutrient intake, with the most sen-
sitive individuals, those with greater requirements, being the 
most affected (Bocquier and González-García, 2010). Clus-
tering analyses have been used to group dairy cows accord-
ing to their performance, plasma metabolites, hormones, and 
milk traits to identify animals with different strategies to face 
metabolic challenges (De Koster et al., 2019; Xu et al., 2019; 
Orquera-Arguero et al., 2022), which could facilitate herd 
management decisions.

Major changes occur in adipose tissue in response to a neg-
ative EB, which results in the mobilization of body reserves 
and an increase in circulating nonesterified fatty acids (NEFA) 
and ketones to provide energy and precursors for milk syn-
thesis (Baumgard et al., 2017). Plasma concentrations of these 
and other metabolites, such as malondialdehyde (MDA), 
associated with oxidative status (Castillo et al., 2006) or 
urea as an indicator of protein metabolism (Bittante, 2022), 
have been used as biomarkers of cow metabolic load. In the 
last few years, milk composition traits have been examined 
as non-invasive indicators of dairy cows’ nutritional status 
(Gross and Bruckmaier, 2019; Billa et al., 2020) because they 
can be cost-efficiently and routinely measured from test-day 
milk samples (Mäntysaari et al., 2019). Of them, milk fatty 
acid (FA) contents are promising indicators of energy status 
in dairy cows (Khiaosa-ard et al., 2020) given that FA C4:0 
to C14:0 are synthesized de novo in the mammary gland, 
whereas those longer than C18:0 and around 50% of C16:0 
originate from diet and lipid mobilization (Chilliard et al., 
2000; Palmquist, 2009). In fact C16:0, C18:0, and 18:1 cis-9 
are the most abundant FA in plasma and body fat stores 
(Hostens et al., 2012), and their concentrations and ratios are 
closely related to the EB in dairy cows (Dórea et al., 2017), 
but no information on this is available in beef cows. We 
hypothesized that the response to restriction and refeeding 
would be driven by each cow’s weight, milk yield, and nutri-
tional status before the challenge. Therefore, the main objec-
tives of this study were to: 1) evaluate the effects of a negative 
EB induced by a short feed restriction on the performance, 
metabolites, and milk FA profile in two groups of beef cows 
classified according to their previous performance; 2) confirm 
the potential use of milk FA composition as a biomarker of 
metabolic status in beef cows.

Materials and Methods
The Animal Ethics Committee of the Research Centre 
approved the experimental procedures (protocol no. CEEA-
03-2018-01), which followed the guidelines of EU Directive
2010/63 on the protection of animals used for experimen-
tal and other specific purposes (EU, 2010). The experiment
was conducted in the Pyrenees Mountain area at the CITA
La Garcipollera Research Station (Spain, 42°37ʹ N, 0°30ʹ W,
945 m a.s.l.).

Animal management, diets, and experimental 
design
The study was conducted with 32 multiparous Parda 
de Montaña beef cows (at calving: body weight [BW]: 
626  ±  47.7  kg; body condition score [BCS, on a 5-point 
scale]: 2.8 ± 0.22; age: 7.5 ± 2.91 yr). One cow was removed 
from the study due to physical injury. After calving, cows 
were randomly allocated in pens (eight cows/pen, 10 × 20 
m) equipped with individual feeders for forage (200-l fiber-
glass boxes in front of self-locking feeding places) and
automatic feeding stations (ALPRO Herd Management 7.0,
DeLaval) for concentrate. Calves were penned in straw-bed-
ded cubicles adjacent to their dams. They were allowed to
suckle their dams twice daily for 30  min at 06:00  h and
14:00 h.

Cows were fed a flat-rate regime during lactation. They all 
received the same amount of feed. Diets were calculated by 
considering the net energy (NE) and metabolizable protein 
requirements for the maintenance and lactation of a standard 
cow (615 kg BW; milk yield: 8.5 kg/d) using INRA equations 
(INRA, 2007). From calving to the start of the experiment 
2 mo later, cows were fed a formulated diet to meet 100% 
standard cow energy requirements (Table 1).

The experiment was conducted at the end of the second lac-
tation month and involved three consecutive periods, where 
day 0 was taken as the first day of restriction (days in milk 
[DIM]: 58 ± 6.3). Cows were first fed a diet that met 100% 
of their energy and metabolizable protein requirements (day 
−2 to −1, basal period), then 55% of those requirements for
4 d (day 0 to 3, restriction period) and, finally, 100% again
on the following 4 d (day 4 to 7, refeeding period). Diets
consisted of 8.0  kg hay and 3.0  kg of concentrate (as-fed
basis) during the basal and refeeding periods, and 7.0  kg

Table 1. Chemical composition, fatty acids (FA) composition and nutrition 
value (mean ± SD) of the feedstuffs offered to beef cows

Parameter Hay Concentrate 

Chemical composition

  DM3, g/kg  922 ± 11.7  906 ± 4.0

 Ash, g/kg DM 86.4 ± 24.4 68.3 ± 1.4

 Crude protein, g/kg DM  109 ± 18.3  167 ± 4.7

 Neutral detergent fiber, g/kg DM  570 ± 52.4  256 ± 23.2

 Acid detergent fiber, g/kg DM  324 ± 32.9  114 ± 11.1

 Lignin, g/kg DM 35.2 ± 12.8 29.4 ± 8.8

FA composition

 C16:0, g/100 g ID FAME1 32.2 ± 2.37 19.2 ± 0.60

 C18:0, g/100 g ID FAME1 14.1 ± 2.02  5.3 ± 0.02

 C18:1 cis-9, g/100 g ID FAME1  4.5 ± 1.15 23.6 ± 0.32

 C18:2 n-6, g/100 g ID FAME1 15.7 ± 3.30 44.4 ± 1.78

 C18:3 n-3, g/100 g ID FAME1  26.6 ± 10.17  1.8 ± 0.31

 Total, mg ID FAME1/g DM 18.5 ± 2.99 65.7 ± 2.15

Nutritive value

 Net energy, MJ/kg DM  5.5 ± 0.15  7.3 ± 0.41

 Metabolizable protein, g PDI2/kg DM  81 ± 17.9 123 ± 2.4

1Identified fatty acid methyl esters.
2True protein digestible in the small intestine.
3DM, dry matter.
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hay during the restriction period.  Animals had free access to 
water and mineral blocks throughout the experiment.

Measurements
Samples of feedstuffs were collected daily (day −2 to 8) and 
lyophilized in a Genesis Freeze Dryer 25 (Hucoa Erlöss, SA/
Thermo Fisher Scientific) to determine their chemical com-
position and FA profile. Hay was offered daily at 08:00 h as 
a single meal in individual troughs, where cows were tied up 
until they finished their ration, during approximately 2  h. 
ALPRO feeding stations were programmed to offer 3 kg of 
concentrate daily (as-fed basis) to all the cows during the 
basal and refeeding periods. Individual concentrate intake 
was recorded daily.

The BCS was recorded upon calving, 30 DIM, and on 
experimental period day −2 and 8. It was determined by a 
trained person on a 1–5 scale, based on estimating the fat 
covering ribs, loin, and tailhead (Lowman et al., 1976). Cows 
were weighed on an electronic scale upon calving and then at 
07:00 h on 30 and 31 DIM and on experiment day −2, 1, 3, 
5, 6, and 8. Milk yield was estimated on the same days by the 
weight-suckle-weight technique (Le Neindre and Dubroeucq, 
1973). Calves were weighed before and after the two daily 
30-min periods in which they had access to suckle their dams. 
The daily milk yield was estimated as the sum of the milk
consumed by the calf in these two suckling periods. Milk
samples were manually taken from each dam after the morn-
ing suckling. Five minutes before the manual extraction, all
cows received an intramuscular injection of oxytocin (40 UI,
Facilpart, Laboratorios Syva, León, Spain) to accelerate the
letdown of the residual milk. A 100-mL sample was collected
to determine milk composition, added with sodium azide
(PanReac) as a preservative and refrigerated at 4 °C until
the analysis. To determine FA composition, a second 40-mL
sample was collected, lyophilized, and stored at −20 °C until
analyzed.

Cows were bled on the same experiment days described 
above to assess their metabolic profile. Blood samples were 
collected from the coccygeal vein at 07:00 h after suckling and 
before offering hay. Heparinized tubes (BD Vacutainer Bec-
ton-Dickenson and Company) were used for the β-hydroxy-
butyrate (BHB) and MDA determinations, and the tubes that 
contained K2 EDTA (BD Vacutainer Becton-Dickenson and 
Company) were used to analyze glucose, NEFA, and urea 
concentrations. Immediately after collection, blood samples 
were centrifuged at 3,500 rpm for 20 min at 4 °C. Plasma was 
collected and frozen at −20 °C until further analyses.

Analyses
Feedstuffs and milk
The chemical composition of feedstuffs was analyzed in 
duplicate as described in Orquera-Arguero et al. (2022). 
Briefly, dry matter (DM) and ash content were determined 
according to AOAC methods (AOAC, 2000). Nitrogen con-
tent was determined following the Dumas Procedure (index 
no. 968.06) with a nitrogen analyzer (Model NA 2100, CE 
Instruments, Thermoquest SA., Barcelona, Spain). Neu-
tral detergent fiber, acid detergent fiber, and acid detergent 
lignin contents were analyzed following the sequential pro-
cedure of Van Soest et al. (1991) with an Ankom 200/220 
fiber analyzer (Ankom Technology Corporation, Fairport, 
NY, USA). In milk samples, fat, protein, and urea contents 

were analyzed by an infrared scan (Milkoscan 7 RM, Foss 
Electric Ltd., Hillerød, Denmark). The FA of the freeze-dried 
feedstuffs were extracted and methylated as proposed by 
Sukhija and Palmquist (1988). The fatty acid methyl esters 
(FAME) of the freeze-dried milk samples were obtained as 
described by Kramer et al. (1997). Determination was done 
by gas chromatography with a flame ionization detector and 
Bruker Scion 436-GC (Bruker, Billerica, USA) equipped with 
a CP-8400 Autosampler (Bruker), a cyanopropyl capillary 
column SP-2560 (100 m × 0.25 mm ID × 0.20 µm thickness 
for feedstuffs and 200 m × 0.25 mm ID × 0.20 µm thickness 
for milk) (Sigma-Aldrich, Sant Louis, USA) and the Compass 
CDS software. FAME was ID using the GLC-532, GLC-401, 
GLC-643, GLC-642, GLC-463 C18:1 t11, C19:0, C23:0 
(Nu-Chek-Prep Inc.), mixture BR1, mixture BR4 (Larodan 
Research Grade Lipids) standard references, and the relative 
retention times observed in the bibliography (Kramer et al., 
1997; Shingfield et al., 2003; De La Fuente et al., 2015). Fatty 
acid quantification was performed as described in UNE-EN 
ISO 12966-4:2015 and expressed as a percentage of the total 
amount of identified FAME. The chemical composition and 
FA profile of the feedstuffs are presented in Table 1.

Blood metabolites
Glucose (enzymatic-colorimetric method, sensitivity: 0.06 
mmol/L) and urea (kinetic method, sensitivity: 0.056 mmol/L) 
concentrations were determined in plasma with an auto-
matic analyzer (Gernon, RAL S.A, Barcelona, Spain). The 
mean intra- and interassay CV were 1.5% and 1.9% for 
glucose and 3.2% and 4.8% for urea, respectively. Plasma 
BHB (kinetic enzymatic method, sensitivity: 0.100 mmol/L) 
and NEFA (colorimetric method, sensitivity: 0.072 mmol/L) 
were determined using Randox kits (Randox Laboratories 
Ltd., Country Antrim, UK). The mean intra- and interassay 
CV were respectively 3.3% and 3.7% for NEFA and 6.2% in 
both cases for BHB. Oxidative status was determined using 
MDA as a biomarker of lipid peroxidation. This indicator 
was determined by liquid chromatography using an Acquity 
UPLC H-Class liquid chromatograph (Waters, Milford, 
MA, USA) equipped with a silica-based bonded phase col-
umn (Acquity UPLC HSS PFP, 100 mm × 2.1 mm × 1.8 μm, 
Waters), an absorbance detector (Acquity UPLC Photodiode 
Array PDA eλ detector, Waters) and a fluorescence detector 
(2475 Multi λ Fluorescence Detector, Waters). The quantifica-
tion of MDA was done by fluorescence detection at ʎexcitation = 
530 nm and ʎemission = 550 nm following the chromatographic 
conditions described in Bertolín et al. (2019). The mean intra- 
and interassay CV were 4.6% and 7.3%, respectively.

Calculations
The chemical composition of feedstuffs was employed to cal-
culate their NE content using INRA equations (INRA, 2007). 
Individual EB was estimated by calculating the difference 
between inputs (NE intake) and outputs (NE for maintenance 
and NE for lactation) (INRA, 2007). Net energy intake was 
estimated from the individual intake and energy contents of 
feedstuffs. Net energy for maintenance was calculated from 
the individual metabolic weight. Net energy for production 
was obtained using the milk yield, fat, and protein contents 
in milk.

In milk, FA were grouped according to their degree of 
saturation as saturated fatty acid (SFA), monounsaturated 
fatty acid (MUFA), and polyunsaturated fatty acid (PUFA) 
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 according to their origin from de novo synthesis (C4:0–
C15:1), of mixed origin (C16:0–C16:1), and from mobiliza-
tion (≥C17:0) (Palmquist, 2009). The C18:1 cis-9 to C15:0 
FA ratio was calculated to assess its relation with the EB and 
metabolic profile.

Statistical analyses
All the data were analyzed using the SAS statistical package v 
9.4 (SAS Institute, Inc., Cary, NC, USA). Cows were assigned 
to clusters according to their resemblance in terms of Euclid-
ean distance calculated using data from BW and BCS at calv-
ing and BW, BCS, milk yield, and EB at 30 and 31 DIM. A 
non-hierarchical clustering was performed using the k-means 
method (FASTCLUS procedure). The selection of the opti-
mum number of clusters was based on cubic conglomerating 
criteria. Two clusters (hereafter referred to as status clusters) 
were obtained, namely Balanced and Imbalanced. An analysis 
of variance was performed on the classifying variables using a 
general linear model (GLM procedure) and taking the cluster 
as a fixed effect.

Cows’ metabolic and production data were studied in 
two sets of analyses, which considered different time effects 
during the experiment: feeding period (basal, restriction, 
refeeding) and day (day −2 to 8). In both cases, mixed models 
for repeated measures (MIXED procedure) were used by con-
sidering the status cluster (Balanced and Imbalanced), time 
(feeding period or day), their interaction as fixed effects and 
cow as the random effect. The model used was Yijk = μ + Sj + 
Tk + Sj x Tk + Ci + eijk, where Yijk was the dependent variable 
at each time point for the ith cow; μ, the overall mean; Sj, the 
effect of the status cluster; Tk, the effect of time (either feeding 
period or day); Ci, the random effect of cow i and eijk was the 
experimental error. Degrees of freedom were adjusted with 
the Kenward–Roger correction to take into account miss-
ing values. The variance components structure was selected 
on the basis of the lowest Akaike and Bayesian information 
criteria. Least square means and associated standard errors 
were obtained, and multiple comparisons were adjusted with 
Tukey correction. Pearson’s relations (r) between variables 
were obtained and presented on heatmaps for cow perfor-
mance, plasma metabolites, and milk FA composition vari-
ables using the CORRPLOT package of R (R Core Team, 
2021). The data set used for the correlation analyses corre-
sponds to all traits and samples collected per cow at day −2, 
1, 3, 5, 6, and 8 of experiment (n = 186 values per trait). The 
P-value for significance was set at P < 0.05 and trends were
discussed when 0.05 ≤ P < 0.10.

Results
The results of the status cluster and feeding period effects 
appear in the tables. The results of the status cluster and 
day effects are plotted in the figures. The clustering analysis 
resulted in two cow clusters, which differed in terms of their 
pre-experimental BW, milk yield, and EB (Table 2). Cows in 
the first cluster were classified as Balanced and those in the 
second cluster as Imbalanced. Balanced cows were lighter, 
had a lower milk yield and a less negative EB than Imbal-
anced cows in the second cluster (P ≤ 0.03).

Cow performance
Dry matter intake (DMI) was only affected by feeding 
period (P < 0.001; Table 3). According to the experimental 

design, DMI was lower during the restriction than during 
the basal and refeeding periods (P < 0.001), and so were 
energy intakes (59.8, 34.9, and 59.8 MJ NE/d during the 
basal, restriction, and refeeding periods, respectively, P < 
0.001) and metabolizable protein intakes (859, 471, and 
859 g/d, respectively; P < 0.001). The BCS was affected by 
the status cluster (2.65 and 2.81 in Balanced and Imbal-
anced cows, respectively, P < 0.001), and tended to decrease 
between day −2 and day 8 (2.75 and 2.71, respectively, P 
= 0.08). Cow BW was affected by the interaction between 
status cluster and feeding period (Table 3) because restric-
tion decreased BW in both groups (P < 0.001), but during 
refeeding BW decreased even more in Imbalanced cows (P 
= 0.03), whereas it was maintained in Balanced cows (P ≥ 
0.23). In any case, Balanced cows were lighter than their 
Imbalanced counterparts throughout the experiment (P < 
0.001). Regarding daily changes, BW of Imbalanced cows 
lowered from the start (day −2) to the end of the experiment 
(day 8) (P < 0.05), while that of Balanced cows decreased 
until day 6 (P < 0.01), but then regained basal values on 
day 8 (Figure 1).

Milk yield was affected by the status cluster-feeding period 
interaction (P < 0.001, Table 3). Milk yield lowered sim-
ilarly during the restriction in both status clusters (−18% 
and −17% for Balanced and Imbalanced cows, respectively). 
During refeeding, it increased again to the basal values for 
Imbalanced cows but did not fully recover for Balanced cows 
(−9%). Milk yield loss due to the restriction varied between 
−3% and −37% among cows. On average, Imbalanced cows
had a numerically, but nonsignificantly greater milk yield (7.0
vs. 7.8 kg/d in Balanced vs. Imbalanced cows, respectively, P =
0.10). In fact, when analyzed by day Imbalanced cows showed 
faster milk yield regain during the refeeding period (Figure 1).
Cow EB was affected by the status cluster and feeding period
interaction (P < 0.001) because the difference between Bal-
anced and Imbalanced cows was greater during the refeeding
period than during the basal and restriction periods (Table 3).
In both groups, EB was more negative during the restriction
period than in the other periods (P < 0.001). This was con-
firmed when analyzed by day, where the differences between
status clusters were only significant on day 5, 6, and 8 during
the refeeding period (Figure 1). Milk fat content only tended
to be affected by the status cluster, with a lower content in
Balanced than in Imbalanced cows (P = 0.09; Table 4). Milk
protein and milk urea contents were affected only by feeding
period (P < 0.001; Table 4). Milk protein content was lesser

Table 2. Initial cow characteristics (30–31 d in milk) according to the 
status cluster1

Item Balanced Imbalanced SEM P-value

n 15 16 - -

Body weight, kg 563 633 4.12 <0.001

Body condition 
score (scale 1 to 5)

2.8 2.9 0.04 0.18

Milk yield, kg/d 7.5 8.6 0.17 0.03

Energy balance, 
MJ NE2/d

−3.5 −10.0 0.77 <0.001

1Cows clustered according to the analysis based on pre-challenge cow 
traits and energy status.
2Net energy.
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and milk urea content was greater during the restriction com-
pared to the other periods (P < 0.001), which was corrobo-
rated by the negative correlation between milk urea and EB 
(Figure 2).

Blood metabolites
Plasma glucose concentration was affected only by feeding 
period (P < 0.001; Table 5). Glucose concentrations were sim-
ilar during the basal and restriction periods, but rose during 
the refeeding period (P < 0.001). Plasma NEFA concentra-
tion was affected by feeding period (P < 0.001, Table 5), and 
increased during the restriction before decreasing during the 
refeeding period. When NEFA concentration was analyzed 
by day, an immediate response to diet changes was observed, 
with a rise after only 1 d on the restricted diet (day 1) and the 
basal values recovered after 1 d of refeeding (day 5) (Figure 
3). Daily NEFA concentration in plasma correlated negatively 
with energy intake and EB (P < 0.001; Figure 2). Plasma BHB 
concentration was not affected by either the status cluster or 
the feeding period (Table 5). However, when analyzed by day, 
minor fluctuations in BHB concentrations occurred (Figure 
3). Daily plasma BHB concentration weakly, but positively, 
correlated with both milk yield and glucose plasma concen-
tration (P < 0.001; Figure 2).

Plasma urea concentrations were affected by both the sta-
tus cluster (P = 0.03), with lesser values in Balanced than in 
Imbalanced cows, and the feeding period (P < 0.001; Table 
5), with lesser concentrations during refeeding than the other 
periods. When plasma urea was analyzed daily (Figure 3), it 
decreased from day 1 of the restriction to day 6 of refeeding, 
and then increased and reached the basal values by the end of 
the experiment (day 8). Plasma urea concentration positively 

correlated with milk urea and plasma glucose and BHB con-
centrations (P < 0.001; Figure 2). Plasma MDA concentration 
tended to be affected by status cluster (P = 0.07; Table 5), 
and Balanced cows tended to have lesser concentrations than 
Imbalanced cows. Despite no clear differences being observed 
for feeding period, an increase in plasma MDA was observed 
by day 3 of the restriction as compared to previous basal val-
ues (P < 0.05) when analyzed by day (see Figure 3) and up to 
the start of the refeeding period (day 5 and 6). Basal values 
had recovered by the end of refeeding (day 8). Plasma MDA 
concentration positively correlated with glucose, BHB, and 
urea plasma concentrations (P < 0.001; Figure 2).

Diet FA intake and milk FA content
Diet FA intake were affected only by feeding period (P < 
0.001), decreased during the restriction and increased to the 
basal intakes during refeeding (Table 6). Regarding the indi-
vidual FA in milk, the status cluster tended to affect C16:0 
(P = 0.09) and C18:1 cis-9 (P = 0.002), with greater con-
centrations in Imbalanced than in Balanced cows. All the 
major milk FA were affected by feeding period (P < 0.001). 
Restriction lowered the milk contents of C14:0 and C16:0 
and increased those of C18:1 cis-9. During refeeding, C14:0 
and C16:0 increased, while C18:0 and C18:1 cis-9 decreased. 
The time effect was confirmed when analyzing C14:0 and 
C16:0 on a daily basis. Feed restriction elicited an immediate 
response with nadir values on day 1 and 3, and then increased 
during refeeding. With C14:0, a status cluster and day inter-
action (P = 0.01) took place because of the slightly different 
recovery pattern noted during refeeding (Figure 4). The C18:1 
cis-9 content increased steadily on d 1 and 3 of the restric-
tion, and then decreased on the first day of refeeding (Figure 

Table 3. Effect of the status cluster1 and FP2 on beef cows’ performance

Status cluster P-value

Item Balanced Imbalanced RSD3 Status FP Status × FP 

Dry matter intake, kg/d 0.16 0.98 <0.001 0.51

 Basal 10.0a 10.1a

 Restriction 6.4b 6.5b

 Refeeding 10.1a 10.0a

Body weight, kg 6.55 <0.001 <0.001 0.01

 Basal 553a, y 621a, x

 Restriction 542b, y 611b, x

 Refeeding 543b, y 606c, x

Milk yield, kg/d 0.70 0.10 <0.001 0.001

 Basal 7.7a 8.2a

 Restriction 6.3c 6.9b

 Refeeding 7.0b 8.3a

EB4, MJ NE5/d 2.46 <0.001 <0.001 <0.001

 Basal 0.1b, x −5.4a, y

 Restriction −20.3c, x −25.3b, y

 Refeeding 2.8a, x −5.1a, y

1According to the clustering analysis based on pre-challenge cow traits and energy status.
2FP, feeding period.
3Residual standard deviation.
4Energy balance.
5Net energy.
a,b,cDifferent superscripts indicate differences between feeding periods (P < 0.05).
x,yDifferent superscripts indicate differences between status clusters (P < 0.05).
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4). Milk contents of C14:0 and C16:0 positively correlated, 
whereas C18:1 cis-9 correlated negatively with EB (P < 0.001; 
Figure 2). Milk C14:0 correlated negatively and C18:1 cis-9 
positively with NEFA plasma content (P < 0.001, Figure 2).

When FA were analyzed according to their degree of sat-
uration, both SFA and MUFA were affected by the status 
cluster (P < 0.05) and the feeding period (P < 0.001), and 
PUFA only by feeding period (P < 0.01; Table 6). The milk 
FA profile of Balanced cows had greater SFA and lesser 
MUFA contents than that Imbalanced cows, whereas PUFA 
contents were similar in both status clusters. During the 
restriction, SFA content lowered, while MUFA and PUFA 

rose (P < 0.001). During refeeding, SFA increased but did 
not reach the basal values, MUFA decreased to the basal 
values and PUFA remained unchanged. When analyzed by 
day, the SFA basal values had recovered by day 6 and after 
2 d on the refeeding diet (Figure 5). For PUFA, a status 
cluster and day interaction was observed (P = 0.01, Figure 
5) because Balanced cows had not regained the basal values
by day 8, whereas Imbalanced cows had. Altogether, milk
SFA contents correlated highly and positively with total
diet FA intake and cow EB (P < 0.001; Figure 2), while
negative correlations were observed between milk MUFA
content and both parameters (P < 0.001). SFA  negatively

Figure 1. Effect of the status cluster1 and day (d) on beef cows’ body weight, milk yield, and energy balance. The gray area represents the 4 d feed 
restriction at 55% of cows’ energy and metabolizable protein requirements. Vertical bars indicate the standard error. 1According to the clustering 
analysis based on pre-challenge cow traits and energy status. 2 Net energy. a, b Within a day, different superscripts indicate differences between status 
clusters (P < 0.05).

Table 4. Effect of the status cluster1 and FP2 on beef cows’ milk composition

Status cluster FP P-value4

Item Balanced Imbalanced Basal Restriction Refeeding RSD3 Status FP 

Fat, g/100 g 4.28 4.77 4.58  4.57  4.41 0.80 0.09 0.37

Protein, g/100 g 2.91 2.91 2.93a  2.85b  2.95a 0.01 0.94 <0.001

Urea, mg/dL  22.8  24.5 22.7b 25.5a 22.8b 2.45 0.29 <0.001

1According to the clustering analysis based on pre-challenge cow traits and energy status.
2FP, feeding period.
3Residual standard deviation.
4The interaction was never significant (P = 0.31–0.94).
a,b Different superscripts indicate differences among feeding periods (P < 0.05).
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and MUFA positively correlated with NEFA plasma con-
tents (P < 0.001).

Regarding the effect on the FA grouped according to their 
origin, the status cluster affected de novo (C4:0–C15:1) 
and mobilization FA (P < 0.05), and tended to affect mixed 
origin FA (C16:0–C16:1) (P = 0.09) with Balanced cows 
having greater de novo FA contents, slightly greater mixed 
origin FA and lesser mobilization FA than Imbalanced 
cows (Table 6). Feeding period affected the three FA groups 
(P < 0.001). De novo and mixed origin FA decreased, while 
mobilization FA increased during the restriction before 
returning to the basal values during refeeding. When ana-
lyzed by day, an immediate effect was noted on de novo FA 
during the restriction in both status clusters, with low and 

constant values on day 1 and 3 (Figure 6). They thereafter 
increased during refeeding to the basal values on day 5 in 
both status clusters, but continued to rise even beyond the 
basal values on day 6 and 8 in Imbalanced cows. Similarly, 
the daily values of mixed origin FA lowered immediately 
with the restriction and increased from the start of refeed-
ing irrespectively of the status cluster (Figure 6). Mobili-
zation FA of both Balanced and Imbalanced cows sharply 
rose on the first day of restriction (day 1), decreased with 
refeeding below the basal values on day 6 and returned to 
the baseline values on day 8 (Figure 6). Daily individual 
EB correlated highly and positively with milk contents of 
de novo and mixed origin FA (P < 0.001; Figure 2), but 
negatively with mobilization FA (P < 0.001). De novo and 

Figure 2. Significant Pearson’s correlations (P < 0.05) among beef cow performance, metabolic profile variables and milk fatty acids (FA) composition. 
BHB, β- hydroxybutyrate; BW, body weight; DMI, dry matter intake; MDA, malondialdehyde; MUFA, monounsaturated FA; NEFA, nonesterified fatty
acids; PUFA, polyunsaturated FA; SFA, saturated FA; de novo FA (C4:0 - C15:1), mixed origin FA (C16:0 - C16:1), and mobilization FA (≥ C17:0).

Table 5. Effect of the status cluster1 and FP2 on beef cows’ plasma metabolite concentrations.

Status cluster FP P-value4

Item Balanced Imbalance Basal Restriction Refeeding RSD3 Status FP 

Glucose, mmol/L 2.18 2.31 2.10b 2.15b 2.48a 0.35 0.28 <0.001

NEFA5, mmol/L 0.29 0.23 0.10c 0.49a 0.19b 0.17 0.33 <0.001

BHB6, mmol/L 0.18 0.22 0.20  0.20  0.20 0.06 0.10 0.78

Urea, mmol/L 3.35 4.55 4.21a 4.08a 3.56b 0.84 0.03 <0.001

MDA7, µmol/L 4.18 5.64 4.91  4.83  5.00 0.51 0.07 0.10

1According to the clustering analysis based on pre-challenge cow traits and energy status.
2FP, feeding period.
3 Residual standard deviation.
4 The interaction was never significant (P = 0.08–0.92).
5 Nonesterified fatty acids.
6 β- hydroxybutyrate.
7 Malondialdehyde.
a,b,c Different superscripts indicate differences between feeding periods (P < 0.05).
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mobilization FA obtained correlations of a different sign 
with NEFA plasma concentrations (P < 0.001).

The C18:1 cis-9 to C15:0 ratio was affected by the status 
cluster (P = 0.001), with greater values in Imbalanced cows 
than in their Balanced counterparts, and also by the feed-
ing period (P < 0.001) with an increment during the restric-
tion and a return to the basal values during the refeeding 
period (Table 6). This ratio correlated negatively with EB 
(P < 0.001) and positively with plasma NEFA concentra-
tions (P < 0.001), but not with the other plasma metabo-
lites (Figure 2).

Discussion
This study investigated the pattern of beef cows’ adaptive 
responses in different energy statuses to a short, but intense, feed 
restriction, and subsequent refeeding. Their pre-challenge perfor-
mance and energy status were established by retrospective cow 
classification according to their previous BW, milk yield, and EB. 
We obtained two distinct status clusters: Imbalanced cows were 
heavier, tended to have greater milk yields and a more negative 
EB, whereas Balanced cows fed the same diets were lighter, had 
lesser milk yields and a neutral EB. When subjected to nutrient 
restriction, and despite wide between-cow variability, most of 

Figure 3. Effect of the status cluster1 and the day (d) on the plasma metabolites2 of the beef cows. The gray area represents the 4 d feed restriction at 
55% of cows’ energy and metabolizable protein requirements. Vertical bars indicate the standard error. 1According to the clustering analysis based on 
pre-challenge cow traits and energy status. 2NEFA: nonesterified fatty acids; BHB: β- hydroxybutyrate (BHB); MDA: malondialdehyde.
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the parameters that describe cows’ performance, plasma metab-
olites, and milk composition were affected by time (feeding 
period or day). A less marked effect was observed for the status 
cluster (Balanced vs. Imbalanced cows).

Cow performance
According to the experimental design, DMI (64%) and both 
energy (55%) and protein (53%) intake lowered during the 
restriction period, which resulted in lighter BW (−2%), lower 
milk yield (−17%), and less milk protein content (−3%) com-
pared to the basal values. Milk fat content did not change, 
and milk urea content increased (+13%). The BW loss could 
be a consequence of the reduced DMI and the concomi-
tant loss of gut fill, together with the mobilization of body 
reserves in response to the restriction (Gross et al., 2011a). 
This mobilization was probably larger for Imbalanced cows, 
which were heavier and had a lower EB throughout the study, 
which allowed them to cope with the metabolic challenge, 
but resulted in net BW loss at the end of the refeeding period.

The diminished milk yield during the restriction was associ-
ated with reduced energy supply, as observed in other studies. 
The −17% reduction herein observed for beef cows after a 4 
d restriction at 55% of their requirements was similar to the 
−19% to −20% reduction after a 4–5 d restriction at 50–60%
of previous intake for dairy cows (Carlson et al., 2006; Abde-

latty et al., 2017). A greater (−30%) reduction was observed 
when dairy cows were restricted more intensely (48% of their 
requirements) for 4 d (Bjerre-Harpøth et al., 2012). In beef 
cattle, Charolais cows had −12% milk loss under a similar 
restriction condition, which was probably related to a less 
negative physiological imbalance (De La Torre et al., 2022). 
As observed here, all the aforementioned studies report a 
wide variation in cows’ individual adaptive ability to coun-
terbalance the feed restriction, which Orquera-Arguero et al. 
(2022) associated to the cows milk yield potential and capac-
ity of mobilization of fat reserves.

Despite the fact that the basal milk yield did not differ 
between status clusters, it was not only numerically greater 
in Imbalanced cows, as observed by De Koster et al. (2019) 
in two groups of cows clustered according to their meta-
bolic profiles, but also recovered more quickly when refeed-
ing started. According to Baumgard et al. (2017), milk yield 
would be a major driver of the different partition of nutrients 
toward milk production or fat reserves in cows and would, 
therefore, condition their response to feed restriction. The 
slower recovery observed in Balanced cows resulted in their 
EB being even better during refeeding than during the basal 
period because energy intake exceeded their requirements for 
a numerically lesser milk yield. When analyzed by day, the 
basal values had recovered in both status clusters by the end 

Table 6. Effect of the status cluster1 and FP2 on beef cows’ dietary intake of FA3 and on the major FA in milk, FA according to their saturation and origin, 
and the C18:1 cis-9 to C15:0 ratio

Status cluster FP P-value5

Item Balanced Imbalanced Basal Restriction Refeeding RSD4 Status FP 

Intake of dietary FA, g/d

 C16:0 64.3 64.1 77.2a 38.1b 77.2a 2.01 0.55 <0.001

 C18:0 24.4 24.4 28.3a 16.6b 28.3a 0.56 0.74 <0.001

 C18:1 cis-9 33.5 33.1 47.4a  5.2b 47.3a 2.47 0.34 <0.001

 C18:2 n-6 72.4 71.6 98.9a 18.3b 98.8a 4.65 0.36 <0.001

 C18:3 n-3 38.2 38.3 40.9a 33.0b 40.9a 0.19 0.12 <0.001

 Total 248 247 312a 119b 312a 10.48 0.45 <0.001

Milk FA, g/100 g ID FAME 6

Individual FA

 C14:0  8.9  8.4  9.8a  6.2b  9.8a 1.16 0.10 <0.001

 C16:0 26.7 25.9 27.3a 24.1b 27.4a 1.49 0.09 <0.001

 C18:0 10.6 11 11.6a 11.4a 9.4b 1.14 0.31 <0.001

 C18:1 cis-9 24.1 26.1 22.3b 30.2a 22.9b 2.55 0.002 <0.001

FA according to saturation

 Saturated FA 61.9 60.3 64.7a 55.6c 63.0b 2.95 0.04 <0.001

 Monounsaturated FA 32.9 34.6 30.8b 38.8a 31.7b 2.6 0.01 <0.001

 Polyunsaturated FA  5.2  5.1  4.5b  5.6a  5.4a 0.66 0.46 <0.001

FA according to origin

 De novo (C4:0 to C15:1) 22.1 20.8 23.4a 16.8b 24.1a 2.41 0.04 <0.001

 Mixed origin (C16:0 + C16:1) 29.1 28.2 29.5a 26.7b 29.8a 1.48 0.09 <0.001

 Mobilization (≥ C17:0) 48.8 51.0 47.2b 56.5a 46.1b 3.52 0.02 <0.001

C18:1 cis-9 to C15:0 ratio 16.6 19.2 15.5b 21.7a 16.5b 2.18 0.001 <0.001

1According to the clustering analysis based on pre-challenge cow traits and energy status.
2FP, feeding period.
3FA, fatty acid.
4 Residual standard deviation.
5 The interactions were not significant (P = 0.06–0.70).
6 Identified fatty acid methyl esters.
a,b,c Different superscripts indicate differences among feeding periods (P < 0.05).
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of the refeeding period. This finding agrees with other stud-
ies in beef (De La Torre et al., 2022) and dairy (Gross et al., 
2011a; Bjerre-Harpøth et al., 2012) cows, which reflects the 
plasticity of the cow response to a short nutritional challenge.

Several studies report greater milk fat content associated 
with a negative EB and body fat mobilization (Agenäs et al., 
2003; Kessel et al., 2008), whereas others report no difference 
between cows with different fat mobilization intensities (Schuh 
et al., 2019). In the present study, no changes were observed in 
response to a short feed restriction, which agrees with the results 
of Carlson et al. (2006), who worked with dairy cows under sim-
ilar conditions, although they also found increased plasma indi-
cators of lipolysis (NEFA and BHB). As pointed out by Schuh et 
al. (2019), the fact that milk fat did not mirror the increase in cir-

culating NEFA could be explained by them being partly diverted 
to other tissues to be used as an energy substrate rather than to 
the mammary gland to be converted into milk FA. Milk fat con-
tent tended to be greater in Imbalanced cows, which agrees with 
the observations made by Stoop et al. (2009) when comparing 
cows with different EB, which could reflect a longer-term differ-
ence in the nutritional status of cows with different BW and milk 
yields fed at a flat rate since lactation onset.

The immediate milk protein content reduction during the 
restriction period observed in similar studies with dairy cows 
(Gross et al., 2011a; Billa et al., 2020) can be ascribed to 
reduced dietary energy and protein intake, which compromise 
both microbial protein synthesis and by-pass protein flux to 
the intestine. Similarly, Bjerre-Harpøth et al. (2012) confirmed 

Figure 4. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of individual milk fatty acids: C14:0, C16:0, C18:0, and C18:1 cis-9. 
The gray area represents the 4 d feed restriction at 55% of cows’ energy and metabolizable protein requirements. Vertical bars indicate the standard 
error. 1 according to the clustering analysis based on pre-challenge cow traits and energy status. 2 identified fatty acid methyl esters.
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that milk protein content lowered during the restriction and 
returned to the prerestriction content during refeeding regard-
less of the lactation stage. The rise in milk urea contents during 
feed restriction agrees with the observations made by Brod-
erick (2003), who described that when dietary energy lowers, 
milk yields, and milk protein contents decrease, while milk urea 
increases, in response to the lower amino acid requirements for 
lesser milk secretion (Bittante, 2022).

Blood metabolites
In the present experiment, the metabolites associated with 
energy metabolism and oxidative status were not affected by 
the status cluster, except for greater plasma urea concentra-
tion in Imbalanced cows. Glucose, NEFA, and urea imme-
diately responded to diet changes, while a delayed response 
was noted for BHB and MDA. Plasma glucose concentration 
strongly depended on the current energy and protein intake 
at a given time, and also on diet composition. They were 
all similar for both status clusters and, thus, their glucose 
concentration did not differ. Plasma glucose did not change 
during the restriction, although it was expected to decrease 
as a consequence of lower feed and energy intake. This lack 
of response could be due to the lower gluconeogenesis asso-
ciated with lower ruminal propionic acid production (Kessel 
et al., 2008) caused by the lower proportion of concentrate in 

the restriction diet. However, circulating glucose also depends 
on uptake by mammary glands for milk lactose production, 
as observed in other studies (Agenäs et al., 2003; Carlson et 
al., 2006). The increment that occurred in the refeeding phase 
agrees with the observations made by Bjerre-Harpøth et al. 
(2012), for whom glucose also peaked at the start of refeeding 
due to metabolic readjustment.

An increase in circulating NEFA concentration is an indica-
tor of adipose tissue catabolism in response to a negative EB 
to supply FA, which can be converted into milk triglycerides 
in the mammary gland or oxidized in the liver as an energy 
substrate (Bell, 1995). In the current study, NEFA did not 
differ among cows in both status clusters, probably because 
the actual difference in EB between them was too narrow to 
elicit a response. However, they responded immediately to 
the large differences in energy intake among feeding periods, 
with which they correlated. A critical threshold of 0.57 mmol 
NEFA/L was set by Ospina et al. (2010) as an early post-
partum indicator of increased risk of clinical ketosis in dairy 
cows, which was only just reached by Balanced cows on day 
3 in our experiment.

Excessive NEFA mobilization can impair the liver’s meta-
bolic capacity to completely oxidize them, which results in 
the production of ketone bodies, such as BHB, acetoacetate, 
and acetone (Jorjong et al., 2015; Mann et al., 2016). In our 
experiment, the tendency of a greater BHB concentration for 

Figure 5. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of grouped fatty acids (FA) according to their saturation: saturated 
FA (SFA), monounsaturated FA (MUFA), and polyunsaturated FA (PUFA). The gray area represents the 4 d feed restriction at 55% of cows’ energy and 
metabolizable protein requirements. Vertical bars indicate the standard error. 1 according to the clustering analysis based on pre-challenge cow traits and 
energy status. 2 identified fatty acid methyl esters. a, b Within a day, different superscripts indicate differences between status clusters (P < 0.05).
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Imbalanced than Balanced cows, plus the positive correla-
tion between BHB and milk yield, suggest increased NEFA 
oxidation to provide energy substrates for milk production 
(Wathes et al., 2007). The BHB concentrations did not differ 
among feeding periods, as observed in dairy and beef cows 
at mid-lactation with a similar feed restriction period last-
ing 4 d (Carlson et al., 2006; Bjerre-Harpøth et al., 2012; 
De La Torre et al., 2022). These results imply that NEFA 
mobilization did not exceed the liver’s metabolizing capacity 
and provided sufficient energy supply for nutrient-restricted 
cows. However, a peak occurred at the end of the restriction 
phase, with a delayed response to energy intake compared 
to NEFA, as observed by Gross et al. (2011a) in dairy cows 
at mid-lactation. The extent of this delay can be influenced 
by the lactation stage and restriction duration (Carlson et 
al., 2006; Orquera-Arguero et al., 2022). Apparently, feed 
restriction length did not suffice here to have a prolonged 
effect on BHB. Plasma BHB can be used as an indirect 
marker of a negative EB in dairy cows, but has been shown 
to be a poor indicator in beef cattle (De La Torre et al., 2022; 
Orquera-Arguero et al., 2022), as observed here. Hyperke-
tonemia, defined when BHB exceeds a critical threshold of 
1.2 mmol/L, is associated with increased risk of disease, 
milk yield losses, and impaired reproductive performance in 

dairy cows (Jorjong et al., 2015). In our study, both NEFA 
and BHB concentrations were below the above-mentioned 
thresholds because our beef cows had a less severe negative 
EB due to their lower milk yields.

Lack of differences in these metabolites between status 
clusters was not expected. De Koster et al. (2019) observed 
that plasma glucose was greater and NEFA and BHB were 
lesser in balanced than in imbalanced dairy cows. Vossebeld 
et al. (2022) clustered cows according to their postpartum 
EB profile. They found that those with a more negative EB 
had greater plasma NEFA and BHB concentrations. How-
ever, differences in EB between the dairy cow groups in both 
studies, and associated with their different DMI, BW, and 
milk yield, were much larger than those herein recorded. Our 
similar results for both cow groups in different EB could be 
partly ascribed to wide individual variation in cows’ meta-
bolic adaptive capacity, as pointed out by Kessel et al. (2008), 
or to the lower milk yield and associated metabolic load in 
beef cows.

Circulating urea in lactating ruminants originates from 
either dietary protein intake or the catabolism of body protein 
reserves when energy intake is restricted and the AA stored in 
skeletal muscle are mobilized (Bell, 1995). Given their simi-
lar protein intake, the greater plasma urea  concentrations in 

Figure 6. Effect of the status cluster1 and day (d) on beef cows’ milk concentrations of grouped fatty acids (FA) according to their origin: De novo FA 
(C4:0–C15:1), mixed origin FA (C16:0–C16:1), and mobilization FA (≥ C17:0). The gray area represents the 4 d feed restriction at 55% of cows’ energy 
and metabolizable protein requirements. Vertical bars indicate the standard error. 1 according to the clustering analysis based on pre-challenge cow traits 
and energy status. 2 identified fatty acid methyl esters.
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Imbalanced cows indicate greater body protein turnover to 
support gluconeogenesis and to cope with their more nega-
tive EB. These differences observed in plasma were probably 
not large enough to be reflected in milk urea contents, despite 
them being significantly correlated, as observed by Kes-
sler et al. (2020). The minor differences among days, which 
decreased at the end of the restriction and had risen by the 
end of the refeeding period, showed a delayed response to diet 
changes, which falls in line with Bjerre-Harpøth et al. (2012).

Oxidative stress occurs during periods of high metabolic 
demand, when the production of free oxidant radicals cannot 
be counteracted by the natural anti-oxidant system. Castillo 
et al. (2006) found increased lipid peroxidation only at very 
early postpartum, with wide individual variation. Bernabucci 
et al. (2005) reported that dairy cows with greater BCS loss, 
and greater BHB and NEFA concentrations, also had greater 
concentration of reactive oxygen metabolites, which agrees 
with Schuh et al. (2019), plus lesser concentrations of antiox-
idants. In our study, Imbalanced cows tended to have greater 
MDA concentrations, which mirrored the trend observed 
for BHB concentrations. This finding also reflects fat mobi-
lization and oxidation, and is associated with hepatic stress. 
This positive correlation between MDA and BHB agrees 
with those observed by Li et al. (2016) in dairy cows, who 
also report a positive association with NEFA, but it was not 
observed in our experiment. This supports the lack of differ-
ences in oxidative status among feeding periods, where the 
increased NEFA and the decreased milk yield allowed cows 
to cope with metabolic stress without further lipid oxidation. 
In line with our results, Urh et al. (2019) found that diets 
that included different amounts of concentrate affected NEFA 
concentrations, but neither BHB nor the oxidative status of 
dairy cows, which they associated with relatively small dif-
ferences in cows’ energy intake, as we observed here with a 
flat-rate feeding regime.

Diet FA intake and milk FA content
The total FA intake decreased by −62% due to the restriction, 
whereas the extent of the decrease in individual FA intake 
varied, with a greater reduction (−81% to −89%) for those 
that were more abundant in the concentrate (C18:2 n-6 and 
C18:1 cis-9) than for those that were predominant in hay 
(C16:0 and C18:0). These differences in relative individual FA 
intake reflected both the reduction in DMI and the change in 
diet among periods. Diet composition affects the milk FA pro-
file because short- and medium-chain milk FA derive from de 
novo synthesis from acetate and the transformations of butyr-
ate that occur during the ruminal fermentation of carbohy-
drates (Bauman and Griinari, 2003), both of which increase 
when the forage proportion in diet increases. However, the 
milk FA profile does not exactly mirror the relative intake of 
the different FA because they can be modified by ruminal bio-
hydrogenation and mammary lipogenic and Δ-9 desaturation 
pathways (Chilliard et al., 2007).

Research into the relation between energy intake and EB 
with the milk FA profile is extensive in dairy cows, but liter-
ature on milk FA composition of beef cows is scarce. To the 
best of our knowledge, this is the first study to report changes 
in beef cows’ milk FA contents in response to feed restriction. 
As in the case of milk yield and circulating metabolites, the 
response patterns of milk FA in beef cows follow the trends 
observed in dairy cows although the changes are of a lesser 
magnitude. Here, we observed that energy status had a marked 

effect in both the long (differences between status clusters, e.g. 
C14:0 and C16:0 tended to be greater and C18:1 cis-9 lesser 
in Balanced vs. Imbalanced cows) and short terms (differences 
among feeding periods, e.g., lowest C14:0 and C16:0 and high-
est C18:1 cis-9 during the restriction) on milk contents of major 
FA and different FA proportions according to both their degree 
of saturation and origin. When a negative EB induces body fat 
mobilization, the major FA in subcutaneous and abdominal 
depots (C16:0, C18:0, and C18:1 cis-9) are released to plasma, 
where they constitute a high proportion of circulating NEFA, 
and where C18:1 cis-9 is the most abundant FA in both dairy 
(Hostens et al., 2012) and beef (Lake et al., 2007) cows. These 
NEFA are taken up by the mammary gland and directly used 
for milk fat synthesis (Bauman and Griinari, 2003). Conse-
quently, their relative proportions in milk fat should reflect this 
lipid mobilization in response to EB. Furthermore, when these 
long-chain FA are released into plasma, de novo synthesis of 
short-chain FA by the mammary gland is inhibited (Chilliard 
et al., 2007). Gross et al. (2011b) described how the milk FA 
profile responds quickly to dietary energy changes, with sig-
nificant reductions in most FA of ≤C16:0 and increments of 
preformed FA of > C16:0 within 1 wk of feed restriction, and 
the basal values recover within 1 wk of refeeding. This pattern 
was confirmed in our experiment, even on the first day after 
diet change. As we noted, C14:0 milk contents were positively 
associated with EB, and increased with improved energy status 
with advancing dairy cows’ lactation (Craninx et al., 2008). On 
C16:0, literature offers conflicting results, which are explained 
by its mixed origin (Chilliard et al., 2000). C16:0 contents 
increased with either a negative EB (Stoop et al., 2009) or feed 
restriction (Abdelatty et al., 2017), but the decrease herein 
observed during the restriction period agrees with the pat-
terns reported by Gross et al. (2011b) and Billa et al. (2020), 
which suggests that despite its mixed origin, here it reflects the 
reduced de novo FA synthesis. Regarding long-chain FA, milk 
C18:0 did not increase during the restriction, unlike previous 
reports (Gross et al., 2011b; Billa et al., 2020), but decreased 
with refeeding as a result of less fat mobilization, which agrees 
with the aforementioned studies. Finally, milk oleic acid con-
tents (C18:1 cis-9) have been associated with a negative EB and 
high plasma NEFA concentrations (Stoop et al., 2009; Jorjong 
et al., 2014; Dórea et al., 2017), which agrees with our results. 
It has even been proposed as an early predictor of subclinical 
ketosis in dairy cows (Van Haelst et al., 2008), and as a better 
indicator of a negative EB than actual plasma NEFA and BHB 
concentrations (Churakov et al., 2021), which can vary diur-
nally depending on the time that elapses between feeding and 
blood sampling (Mäntysaari et al., 2019). This was confirmed 
herein by the stronger correlation of EB with milk C18:1 cis-9 
contents than with these plasma metabolites. This relation also 
explains the greater milk contents of C18:1 cis-9 in Imbalanced 
cows, and the rise that occurred during the restriction period in 
association with a more negative EB in both cases.

According to their degree of saturation, the differences 
between status clusters and feeding periods followed the dif-
ferences in major FA and in other less abundant ones. During 
the feed restriction, SFA decreased by −14% whereas MUFA 
and PUFA increased by +26% and +24%, respectively. This 
agrees with the results of Gross et al. (2011b) except for 
their stable PUFA concentrations, but contrasts with those of 
Stoop et al. (2009), who found greater proportions of SFA, 
mainly C16:0 and C18:0 from body fat, in those cows with 
a greater energy imbalance. The reduction in SFA during the 
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restriction and the lesser concentration in SFA in Balanced 
cows in our study seemed to be driven by the predominant 
behavior of C16:0 as a de novo synthesized FA, and also by 
the minimal response of C18:0 to EB, as observed by Abde-
latty et al. (2017). Regarding the origin of milk FA, Grummer 
(1991) suggests that almost all the C4:0 to C14:0, and about 
half the C16:0 in milk, are synthesized de novo in the mam-
mary gland, whereas the rest of the C16:0 and all long-chain 
FA derive from mammary uptake of circulating triacylglyc-
erol and NEFA. Unless diet composition significantly varies 
(Khiaosa-ard et al., 2020), the relative proportions of de novo 
synthesized and preformed FA mainly reflect changes in the 
EB (Gross et al., 2011b). Accordingly in our study, milk de 
novo FA content was significantly greater and that of mobili-
zation FA was lesser in Balanced vs. Imbalanced cows. In dairy 
cows that underwent a 6 d 50% energy restriction, Billa et al. 
(2020) reported that milk contents C10:0 to C15:0 decreased 
by −37%, and those of C16:0 by −23%, while FA > C16:0 
rose by almost +60%, and basal contents were recovered 
within a week of refeeding. Here with a similar but shorter 
feed restriction in beef cows, the relative changes were less 
intense, i.e., both de novo and mixed origin FA decreased (by 
−28% and −10%), while mobilization FA increased by +20%, 
and the basal values were also regained during the refeed-
ing period in response to the improved EB. These changes are
consistent with the strong correlations of the FA of differ-
ent origins with EB and NEFA contents, as also described by
Khiaosa-ard et al. (2020), who also found correlations with
BHB contents that were not herein observed.

Several ratios between milk FA of different origins (mostly 
long-chain vs. short- and medium-chain FA or linear and 
branched FA) have been proposed as indicators related to 
cow diet or energy status (Craninx et al., 2008; Dórea et al., 
2017). Of them, Jorjong et al. (2015) established that the 
C18:1 cis-9 to C15:0 ratio was the most discriminating factor 
for early hyperketonemia diagnosis (BHB ≥ 1.2 mmol/L), for 
which they proposed a threshold of between 34 and 45. Dórea 
et al. (2017) indicated that it could also be used to accurately 
predict plasma NEFA and that when this ratio exceeded 62, 
the cows would be at risk of developing metabolic disorders. 
In our experiment, the C18:1 cis-9 to C15:0 ratio differed 
between the status clusters and feeding periods by following 
the differences observed in EB and plasma NEFA contents, 
with which it correlated, and could therefore be used as a 
biomarker of the energy status of cows. However, our values 
were far from the above-mentioned thresholds described for 
dairy cows.

Conclusions
A short-term feed restriction and refeeding induced a tran-
sient negative EB in beef cows, to which they responded 
with lower milk yield and changes in plasma metabo-
lites and milk composition, which are associated with 
the mobilization of body reserves. Despite some of these 
traits differing between Balanced and Imbalanced cows, 
with different BW, milk yields and EB before the challenge, 
they responded similarly to dietary changes by showing a 
consistent pattern across several individual nutritional sta-
tuses. The milk FA profile, which has been rarely studied in 
beef cows for practical purposes, also differed between Bal-
anced and Imbalanced cows. In particular, the milk C18:1 
cis-9 to C15:0 ratio proved to be an accurate indicator of 

metabolic status, which supports its use in experimental 
models.
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