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Resumen 

La intensificación sostenible (IS) de los sistemas de producción busca el 

incremento de los rendimientos sin comprometer la salud de los ecosistemas. 

Como alternativa de IS se han propuesto los sistemas integrados agrícola-

ganaderos. Las rotaciones de cultivo-pastura son parte de estos sistemas e 

implican una fase de pastura incluida en la secuencia de cultivos. Las 

principales razones para incluir pasturas en los sistemas de cultivo son la baja 

productividad de los pastizales naturales y el aumento del rendimiento de los 

cultivos después de una fase de pastura. El objetivo fue evaluar de forma 

multidimensional alternativas de intensificación de sistemas agrícolas 

ganaderos para el período desde mayo 2019 a abril 2022, utilizando para el 

análisis la información obtenida en el experimento de largo plazo Palo a Pique, 

de INIA Treinta y Tres. Los sistemas evaluados fueron RA (cultivo continuo), 

RC (dos años igual a RA, dos años de pasturas), RL (dos años igual a RA, 

cuatro años de pasturas) y RF (pastura continua con festuca). La producción 

de peso vivo (PV) fue mayor en RA y RC (426 y 418 kg PV/ha) que en RL (369 

kg PV/ha) y RF (310 kg PV/ha). La producción de grano fue 10 %, 16 % y 9 % 

menor en soja, trigo y sorgo en RA. Las estimaciones de emisiones de gases 

de efecto invernadero (GEI) fueron 11,3, 11,8, 11,8 y 16,4 kg CO2-eq/kg de 

PV producido para RA, RC, RL y RF. Los promedios de emisiones de los 

cultivos fueron 1,23, 0,53 y 0,52 kg CO2 eq/kg para soja, trigo y avena. La 

NUE (eficiencia de uso de nitrógeno) del sistema fue de 43,4 %, 28,1 %, 

29,3 % y 5,5 % para CC, SR, LR y FR. El balance de N en el sistema fue de 

4,9 ± 1,52, 41 ± 3,1, 29 ± 2,2 y 64 ± 3,5 para RA, RC, RL y RF. En promedio 

el margen bruto fue 285, 200, 181 y 197 US$/ha para RL, RC, RA y RF. Los 

sistemas agrícola-ganaderos con una fase de pastura (corta o larga) en la 

rotación permiten mejorar diversos indicadores de sostenibilidad. 

Palabras clave: sostenibilidad, rotaciones cultivo-pastura, análisis de ciclo 

de vida, eficiencia de uso de nitrógeno 
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Sustainable intensification alternatives for agricultural-livestock 
systems based on rotations and contrasting livestock strategies 

Summary 

Sustainable intensification (SI) of production systems aims to increase yields 

without compromising the health of ecosystems. Integrated crop-livestock 

systems have been proposed as an SI alternative. Crop-pasture rotations are 

part of these systems and involve a pasture phase included in the crop 

sequence. The main reasons for including pastures in cropping systems are 

the low productivity of natural pastures and the increased crop yields after a 

pasture phase. The objective was to evaluate multidimensionally alternatives 

for intensifying crop-livestock systems for the period from May 2019 to April 

2022, using information obtained from the long-term Palo a Pique experiment 

by INIA Treinta y Tres. The evaluated systems were RA (continuous cropping), 

RC (two years of RA, two years of pastures), RL (two years of RA, four years 

of pastures) and RF (continuous pasture with fescue). Liveweight (LW) 

production was higher in RA and RC (426 and 418 kg LW/ha) than in RL (369 

kg LW/ha) and RF (310 kg LW/ha). Grain production was 10%, 16% and 9% 

lower in soybean, wheat and sorghum in RA. The greenhouse gas (GHG) 

emission estimates were 11.3, 11.8, 11.8 and 16.4 kg CO2 eq/kg of LW 

produced for RA, RC, RL and RF. The average emissions of crops were 1.23, 

0.53 and 0.52 kg CO2 eq/kg for soybean, wheat and oat. The NUE (nutrient 

use efficiency) of the system was 43.4%, 28.1%, 29.3% and 5.5% for RA, RC, 

RL and RF. The N balance at the system level was 4.9±1.52, 41±3.1, 29±2.2 

and 64±3.5 for RA, RC, RL and RF. On average, the gross margin was 285, 

200, 181 and 197 US$/ha for RL, RC, RA and RF. Crop-livestock systems with 

a pasture phase (short or long) in the rotation can improve various 

sustainability indicators. 

 

Keywords: sustainability, pasture crop rotations, life cycle assessment, 

nitrogen use efficiency
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1. Introducción 

1.1. Contexto mundial y regional 

De acuerdo con lo reportado por United Nations (2022), se estima que 

durante la próxima década la población mundial crecerá a una tasa anual de 

0,9 % y la demanda mundial por productos de origen agrícola se incrementará 

un 1,1 % anual (Organisation for economic co-operation and 

development/Food and Agriculture Organisation, 2022), esta última impulsada 

en mayor proporción por cambios en la demografía más que por aumentos en 

el consumo per cápita. En este contexto, asegurar el suministro de alimentos 

se plantea como una oportunidad para los países productores, al tiempo que 

surgen desafíos asociados con incrementar la productividad (Eisler et al., 

2014). A esto se suma un escenario de variabilidad en los precios tanto de 

insumos como de productos (Organisation for economic co-operation and 

development/Food and Agriculture Organisation, 2022), así como también la 

incidencia de la recuperación pospandemia COVID-19 y los actuales 

conflictos bélicos entre Rusia y Ucrania (Rawtani et al., 2022). 

Según lo reportado por Uruguay XXI (2022), durante 2022, carne, soja, 

lácteos y arroz representaron el 47 % de las exportaciones en dólares 

americanos. Estos productos tuvieron un incremento en el total exportado de 

un 30 % en los últimos diez años, en US$ totales. Para el mismo período, se 

observaron cambios en la composición del stock ganadero a faena, con mayor 

proporción de faena de machos y hembras jóvenes (Dirección Estadísticas 

Agropecuarias-Ministerio de Ganadería, Agricultura y Pesca, 2022), sumado 

a un incremento en el área de pasturas sembradas de 17% para el período 

2013-2021, lo cual evidencia un proceso de intensificación de la producción 

ganadera. Sin embargo, escenarios de volatilidad de precios en el mundo, 

variabilidad en la demanda, sumado a la ocurrencia de fenómenos climáticos 

extremos, agregan mayor incertidumbre al proceso productivo (Ran et al., 

2013). 
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1.2. Intensificación sostenible de los sistemas de producción 

La intensificación sostenible (IS) de los sistemas de producción se define 

como un enfoque que busca el incremento de los rendimientos sin 

comprometer la salud de los ecosistemas o aumentar el área agrícola 

(Campanhola y Pandey, 2019); es decir, producir más sin incorporar nuevas 

tierras, conservar los recursos utilizados y reducir impactos negativos sobre el 

ambiente (Ajibade et al., 2023). La IS se considera un componente clave para 

lograr la seguridad alimentaria y la reducción de los impactos ambientales en 

la agricultura (Semmartin et al., 2023), enfocándose en un uso más eficiente 

de los recursos, uso de insumos alternativos o rediseño de los sistemas de 

producción (Haughey et al., 2023). 

A través de la IS se busca alcanzar el agregado de valor ambiental a los 

productos de la región, reducir la dependencia actual de la agricultura de 

insumos externos y recursos no renovables, aumentar la eficiencia productiva 

a fin de reducir el impacto ambiental e incrementar la rentabilidad de la 

producción, lo cual genera condiciones favorables de vida en el campo, y 

propender a la resiliencia y adaptabilidad de los sistemas agropecuarios frente 

a los cambios climáticos globales y de otra índole (Arístide et al., 2020). 

Se han propuesto como formas de intensificación sostenible la 

agricultura orgánica, la intensificación ecológica, la agricultura de 

conservación, así como también los sistemas integrados agrícola-ganaderos 

(Cortner et al., 2019). En Uruguay, los sistemas mixtos que combinan 

agricultura con ganadería a través de la rotación de cultivos con pasturas son 

ampliamente utilizados, lo que se asocia con la utilización de siembra directa 

(Garcı́a-Préchac et al., 2004) y con las limitaciones impuestas en los niveles 

de tolerancia de pérdida de suelos en sistemas agrícolas (MGAP, 2020). 

Diversos autores reportan las ventajas de la rotación cultivo-pasturas en 

la evolución del contenido de carbono en el suelo (Terra et al., 2006) en los 

rendimientos de cultivo posteriores a la fase de pastura (Diaz Zorita et al., 

2002), en la reducción en la incidencia de pestes, enfermedades y malezas 
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(Martin et al., 2020), en el contenido de biomasa microbiana en el suelo (De 

Faccio Carvalho et al., 2010), en la eficiencia del uso de nutrientes (Ward et 

al., 2016; Denardin et al., 2020), en la diversificación de ingresos (Peyraud et 

al., 2014), así como también en la productividad global del sistema, dado el 

potencial de producción de carne que estos sistemas tienen sobre pasturas 

de alta calidad (De Faccio Carvalho et al., 2021). 

Teniendo en cuenta el contexto actual de demanda por productos de 

origen animal y vegetal, en mayor cantidad y calidad (Flachowsky et al., 2017), 

y la presión que esto genera en los sistemas. Asociado al interés por conocer 

cómo se llevan adelante los procesos de producción (Xue et al., 2010), 

sumado a las preocupaciones por los impactos ambientales derivados de la 

producción de alimentos (Thornton, 2010), resulta crítico analizar la 

sostenibilidad de los sistemas agrícola ganaderos. Al mismo tiempo, dada la 

complejidad que estos sistemas presentan en términos de uso de la tierra, uso 

de insumos y productos obtenidos, resulta relevante contar con nuevos 

enfoques metodológicos, así como también desarrollar métricas o indicadores 

que permitan evaluar la sostenibilidad de las diferentes estrategias de 

intensificación (Paruelo y Sierra, 2023). En este sentido, Garrett et al. (2017) 

reportó que existe escaso conocimiento sobre comportamiento animal, 

compensaciones (trade-offs) entre indicadores de biodiversidad, emisiones de 

gases de efecto invernadero (GEI), control de pestes y resultado económico 

en sistemas integrados agrícola-ganaderos. 

Por lo tanto, resulta fundamental analizar de manera multidimensional 

los sistemas de producción, evitando el foco en una única dimensión. De 

acuerdo con Lee et al. (2021), un enfoque que involucre el componente 

productivo, económico, social y ambiental de la sostenibilidad sería más 

beneficioso que un enfoque exclusivamente ambiental, donde los resultados 

obtenidos pueden llevar al desarrollo de políticas o análisis inadecuados. 
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1.3. Indicadores asociados a la evaluación de la sostenibilidad de los 

sistemas de producción 

Arístide et al. (2020) propone una clasificación de las variables claves 

para la evaluación de la sustentabilidad de los sistemas agropecuarios en las 

dimensiones ambiental (estado del ambiente e impactos), productiva, social, 

económica y bienestar humano. Además, sugiere que al momento de 

seleccionar las variables deben considerarse las compensaciones que 

puedan existir. 

La selección de indicadores adecuados para analizar la sostenibilidad de 

los sistemas de producción resulta clave, aunque no es una tarea sencilla 

dado las discrepancias que pueden existir en torno a la representatividad de 

los indicadores seleccionados, así como también la metodología de cálculo 

empleada (Mahon et al., 2017). Sin embargo, estos proveen información y 

permiten tomar decisiones, siendo un reflejo de la presión ejercida sobre los 

sistemas (Cazzulli y Paruelo, 2023). Conocer los valores para realizar 

comparaciones entre sistemas puede ser de gran utilidad, aunque también 

resulta relevante conocer las trayectorias de estos indicadores a lo largo del 

tiempo. En este sentido, es necesario considerar diferentes indicadores, 

individuales o agrupados en un índice, dado que la sostenibilidad de un 

sistema involucra diversas dimensiones o áreas de estudio en su evaluación. 

1.4. Experimentos de largo plazo como plataformas de evaluación de 

la sostenibilidad de los sistemas de producción 

Los experimentos de largo plazo (ELP) son cruciales para entender la 

sustentabilidad de los sistemas de producción, especialmente en un contexto 

de cambio climático y modificaciones en el uso del suelo (Sanderson et al., 

2016), ya que actúan como réplicas de los sistemas comerciales de 

producción (Scott et al., 2013). Al mismo tiempo, dada la escala espacial y 

temporal, funcionan como base para la comprensión de procesos complejos, 

que no es posible entender en experimentos convencionales (Sayre et al., 

2012). Los ELP, además, proveen información relevante para el desarrollo de 
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políticas públicas (Poulton, 1996). Sin embargo, este tipo de experimentos 

presenta desafíos en su funcionamiento, tales como necesidad de superficies 

amplias, recursos económicos suficientes, equipos multidisciplinarios para 

abordar los diferentes componentes, así como también dificultad para realizar 

análisis estadísticos convencionales (Scott et al., 2013). 

En Uruguay existen ELP ubicados en diferentes regiones que intentan 

responder diferentes preguntas de investigación (Terra, 2017), abarcando los 

diferentes sistemas de producción presentes en el país. Tal es el caso de INIA 

La Estanzuela (iniciado en 1963), EEMAC (1993) o INIA Palo a Pique (1995), 

donde se evalúan diferentes rotaciones de cultivos y pasturas; Paso de la 

Laguna (INIA Treinta y Tres, desde 2012), donde se evalúan diferentes 

rotaciones arroceras; INIA Las Brujas (2012), que aborda la producción 

hortícola, y recientes trabajos en INIA Tacuarembó e INIA Treinta y Tres con 

foco en manejo y productividad de campo natural. 

1.5. Objetivos 

1.4.1. Objetivo general 

El objetivo del presente trabajo fue evaluar de forma multidimensional 

diferentes alternativas de intensificación de sistemas agrícolas ganaderos 

basadas en rotaciones y estrategias ganaderas contrastantes para el período 

que comprende desde mayo 2019 a abril 2022, tomando como base para el 

análisis la información obtenida en el ELP Palo a Pique, de INIA Treinta y Tres. 

1.5.2. Objetivos específicos 

• Evaluar la productividad en términos físicos de cada uno de los 

sistemas de rotaciones cultivo pastura: «Management and Productivity of Key 

Integrated Crop–Livestock Systems in Uruguay: The Palo a Pique Long-Term 

Experiment’s Third Phase» (Pereyra Goday, F.; Rovira, P.; Ayala, W. y Rivero, 

M. J.: https:// doi.org/10.3390/agronomy12123023). 

• Aplicar la metodología de análisis de ciclo de vida con foco en la huella 

de carbono para analizar el impacto ambiental de cada uno de los sistemas: 

«Carbon footprint of mixed farming crop-livestock rotational-based grazing 
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beef systems using long term experimental data» (Pereyra Goday, F.; Jebari, 

A.; Takahashi, T.; Rovira, P.; Ayala, W.; Lee, M. R. F.; Rivero, M. J. y McAuliffe, 

G. A.: https://doi.org/10.1007/s13593-024-00977-1). 

• Evaluar la eficiencia de uso y balance de nitrógeno de cada uno de los 

sistemas: «Nitrogen use efficiency of integrated crop-livestock systems at 

different levels of intensification» (Pereyra Goday, F.; Castillo, J.; Rovira, P.; 

Ayala, W.; Lee, M. R. F. y Rivero, M. J.; a submitir a Frontiers in Sustainable 

Food Systems). 

• Evaluar el resultado económico de cada uno de los sistemas de 

rotaciones cultivo-pastura. 

• Evaluar la contribución a la seguridad alimentaria a través de la 

producción de proteína consumible humana y energía consumible humana. 

1.6. Descripción del experimento 

El experimento se ubica en la Unidad Experimental Palo a Pique de INIA 

Treinta y Tres (33º 16' S, 54° 29' O) y fue instalado en 1995. Los suelos 

dominantes en el área experimental pertenecen a la Unidad Alférez y 

consisten en argisoles subéutricos melánicos abrúpticos y planosoles 

subéutricos melánicos/ócricos clasificados como de clase III por su capacidad 

de uso y manejo. Estos suelos se clasifican respectivamente como argiudol 

oxiácuico vértico y argiacuol de acuerdo con USDA-NRCS Soil Taxonomy 

(United States Department of Agriculture-National Resources Conservation 

Services, 1996). Presentan baja o moderada fertilidad con 1,5 - 2% de 

contenido de carbono orgánico en suelo, medido en 20 cm de profundidad 

(Terra y Préchac, 2002). Las precipitaciones promedio (1995-2019) en el sitio 

experimental fueron de 1379 ± 58 mm por año. La temperatura del aire para 

el mismo período fue de 23 ± 0,1°C y 11,3 ± 0,6 C (máxima promedio y mínima 

promedio, respectivamente). 

Actualmente se encuentran funcionando cuatro sistemas agrícola-

ganaderos, basados en rotaciones cultivo-pasturas, bajo siembra directa. 

Cada sistema presenta una estrategia ganadera asociada, así como también 
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un área de campo natural complementaria. La figura 1 presenta una breve 

descripción de cada sistema. 

Figura 1  

Rotaciones y estrategias ganaderas asociadas. Cada rectángulo 

equivale a 6 ha, que se divide a la mitad en un área para pastoreo y un área 

para producción de grano. 

En la medida que el sistema se vuelve menos agrícola, el porcentaje de 

pasturas aumenta, el número de cultivos disminuye y los sistemas desarrollan 

el engorde de animales en mayor proporción. Los animales ingresan al 

experimento en el mes de mayo. En el caso de animales de recría, 

permanecen un año, mientras que, los animales en terminación (novillos y 

vacas) permanecen en el experimento hasta que alcanzan el peso de faena. 

Los pastoreos se realizan dentro de cada sistema, utilizando pasturas 

sembradas o campo natural. En los períodos en que es necesario se realiza 

suplementación con fardos y grano de sorgo (procedente del mismo sistema 

donde se suministra) o raciones comerciales. 

El campo natural se encuentra presente en todas las rotaciones como 

área de soporte a las áreas mejoradas. Se utiliza de manera estratégica en 

períodos de exceso hídrico con la finalidad de no deteriorar las pasturas 
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sembradas o en momentos críticos del crecimiento de estas (período de 

siembra e implantación). En la fase agrícola de los sistemas, se alternan 

cultivos para cosecha de granos: avena (Avena byzantina), sorgo (Sorghum 

bicolor), trigo (Triticum aestivum) y soja (Glycine max). La diferencia entre los 

sistemas está dada por la duración de la fase de pastura. En todos los 

sistemas se utilizan verdeos tanto estivales como invernales: raigrás (Lolium 

multiflorum), avena (Avena byzantina), sorgo (Sorghum bicolor), tef 

(Eragrostis tef), moha (Setaria italica) y sudangras (Sorghum spp.). En la 

rotación larga (RL) se incluye pradera con base en festuca (Festuca 

arundinacea), trébol blanco (Trifolium repens) y lotus (Lotus corniculatus), con 

una duración de cuatro años. En la rotación corta (RC) las praderas son con 

base en trébol rojo (Trifolium pratense) y holcus (Holcus lanatus), con una 

duración de dos años, y en la rotación agrícola (cultivo continuo, RA) se 

incluye un área de mejoramiento permanente compuesta por festuca, trébol 

blanco y lotus, que queda por fuera de la rotación. En la rotación forrajera (RF) 

se utiliza exclusivamente festuca en siembra pura. 

• Obtención de la información 

La información se está colectando desde el mes de mayo de 2019, a 

partir de muestreos de campo y registros realizados por funcionarios de INIA 

Treinta y Tres, así como también por parte de estudiantes de grado y posgrado 

que desarrollan sus tesis en el experimento. 

• Difusión de los resultados obtenidos 

Demás de las publicaciones en revistas arbitradas, en junio de 2023 se 

presentó un póster en el Long Term Experiment Congress realizado en 

Rothamsted Research, Harpenden, Reino Unido (20-22 de junio de 2023). El 

título del trabajo fue «Nitrogen use efficiency of integrated crop-livestock 

systems in the ‘Palo a Pique’ long-term experiment». 

El 28 de julio de 2023 en INIA Treinta y Tres se desarrolló un seminario 

técnico denominado Claves para la Intensificación Sostenible de la Ganadería 

y la Agricultura en la Región Este, donde se presentaron resultados de 
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investigación obtenidos en el experimento de Palo a Pique. En esta instancia, 

el título de la presentación fue «Intensificación sostenible de sistemas 

agrícola-ganaderos: indicadores de desempeño ambiental y eficiencia». 

Adicionalmente, se contribuyó con información para otras presentaciones para 

dicho seminario. También se participó en diversas oportunidades en 

presentaciones durante visitas a la unidad experimental y recorridas al 

experimento. 

1.7. Otras actividades realizadas como parte del programa de 

doctorado 

Como parte fundamental del proceso de formación, el programa de 

doctorado exige la realización de una pasantía fuera del núcleo académico 

donde se lleva adelante el trabajo de investigación. Para cumplir con este 

objetivo, durante 2022 (desde el 28 de junio al 1 de diciembre), financiado por 

una beca de movilidad de la Agencia Nacional de Investigación e Innovación 

(ANII), código MOV_CA_2021_1_171482, se llevó adelante la pasantía en 

Rothamsted Research (North Wyke, Devon, Reino Unido). El objetivo de dicha 

actividad fue adquirir experiencia y avanzar en el conocimiento de la 

metodología análisis de ciclo de vida y su aplicación en sistemas mixtos 

(agrícola-ganaderos); el referente técnico en esta actividad fue el Dr. Graham 

McAuliffe de Rothamsted Research. 

A continuación se detallan otros proyectos o publicaciones en los que se 

participó. 

• Contribución a la publicación «Taking the steps toward sustainable 

livestock: our multidisciplinary global farm platform journey» (Rivero, M. J., 

Evans, A. C. O., Berndt, A., Cartmill, A., Dowsey, A., Farruggia, A., Mignolet, 

C., Enriquez-Hidalgo, D., Chadwick, D., McCracken, D. I., Busch, D., Pereyra, 

F., Martin, G. B., Sanford, G. R., Sheridan, H., Wright, I., Brunet, L., Eisler, M. 

C., Lopez-Villalobos, N., … Lee, M. R. F. (2021). Taking the steps toward 

sustainable livestock: our multidisciplinary global farm platform journey. Animal 

Frontiers, 11(5), 52–58. https://doi.org/10.1093/af/vfab048) (Anexo 1). 
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• Contribución en el proyecto Systematic review on agricultural 

management practices to mitigate GHG emissions in UK, liderado por la Dra. 

Asma Jebari. Esta actividad consistió en revisión bibliográfica sobre las 

estrategias de mitigación a nivel de predio en Reino Unido y una posterior 

clasificación de acuerdo con las características de cada estrategia (subsector 

involucrado, porcentaje de reducción de emisiones, gas involucrado, análisis 

de incertidumbre, etc.). A través de esta actividad se avanzó en el 

conocimiento sobre estrategias de mitigación y el impacto de cada una de 

ellas, así como también en el uso de software específico para este tipo de 

revisiones (Jebari, A., Pereyra-Goday, F., Kumar, A., Collins, A. L., Rivero, M. 

J., McAuliffe, G. A. (2024). Feasibility of mitigation measures for agricultural 

greenhouse gas emissions in the UK. A systematic review. Agronomy for 

Sustainable Development, 44(1), 2. https://doi.org/10.1007/s13593-023-

00938-0) (Anexo 2). 

• Contribución en el proyecto North Wyke Farm Platform Beef Life Cycle 

Assessment focussing on mitigation interventions, liderado por la Dra. Asma 

Jebari. Las actividades realizadas en el marco de este proyecto consistieron 

en la organización de la información primaria obtenida en North Wyke Farm 

Platform, así como también el cálculo de emisiones (de animales y suelo), que 

constituyen una parte importante de las emisiones en predios de producción 

de carne. Esta actividad permitió la familiarización con los cálculos de 

emisiones, guías a utilizar, así como también información requerida. 

• Contribución en el proyecto Life Cycle Assessment methodological 

development synthesis over six years, liderado por el Dr. Graham McAuliffe. 

En este proyecto, el aporte consistió en una contribución a un synthesis paper 

explicando el experimento de largo plazo de Palo a Pique, así como también 

los desafíos de este tipo de experimentos. (McAuliffe, G. A., Takahashi, T., 

Lee, M. R. F., Jebari, A., Cardenas, L., Kumar, A., Pereyra‐Goday, F., 

Scalabrino, H., Collins, A. L. (2023). A commentary on key methodological 

developments related to nutritional life cycle assessment generated 
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throughout a 6‐year strategic scientific programme. Food and Energy Security, 

12(4). https://doi.org/10.1002/fes3.480) (Anexo 3). 

• Contribución al proyecto AgZero+: Towards sustainable, climate-

neutral farming, liderado por Dr. Jonathan Storkey (Rothamsted Research) y 

Richard Pywell (CEH). El trabajo consistió en la toma de muestras a campo 

en diferentes momentos pre y post instalación de pasturas, para estimar las 

emisiones de gases de efecto invernadero desde el suelo utilizando cámaras 

de aislación en Rowden Farm (North Wyke); en este trabajo participaron 

también la Dra. Jordana Rivero y la Dra. Laura Cardenas. Esta actividad 

permitió el involucramiento directo en la toma de muestras a campo usando 

una técnica que no había utilizado antes (por lo tanto, requirió un 

entrenamiento previo) así como también conocer el funcionamiento y manejo 

de los sistemas de producción y las líneas de investigación que se están 

llevando adelante. 
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2. Management and Productivity of Key Integrated Crop–Livestock 
Systems in Uruguay: The Palo a Pique Long-Term Experiment’s Third 

Phase 

Fabiana Pereyra Goday 1,*,1, Pablo Rovira 1, Walter Ayala 1 and M. 

Jordana Rivero 2,* 

1Instituto Nacional de Investigación Agropecuaria (INIA), Treinta y Tres 

33000, Uruguay 

2 Net Zero and Resilient Farming, Rothamsted Research, North Wyke, 

Okehampton EX20 2SB, UK 

* Correspondence: fpereyra@inia.org.uy (F.P.-G.); jordana.rivero-

viera@rothamsted.ac.uk (M.J.R.) 

2.1. Resumen 

Los Sistemas Integrados de Cultivo-Ganadería utilizan la diversificación 

productiva como una estrategia para mejorar la productividad y la eficiencia 

en el uso de la tierra. Las Rotaciones de Cultivo-Pastura son parte de estos 

sistemas e implican una fase de pastura incluida en la secuencia de cultivos. 

Las principales razones para incluir pasturas en los sistemas de cultivo son la 

baja productividad de los pastizales naturales y el aumento del rendimiento de 

los cultivos después de una fase de pastura. El objetivo fue analizar los 

indicadores de productividad y el manejo de cuatro sistemas que combinan la 

producción de cultivos y ganadería, con datos recolectados durante un 

período de 3 años (2019-2022). El sitio experimental fue el experimento de 

largo plazo ubicado en Palo a Pique (Treinta y Tres, Uruguay), instalado en 

1995, ubicado en la zona climática subtropical y en suelos Oxyaquic Argiudolls 

(pendiente promedio de 3%). Los sistemas evaluados fueron CC (cultivo 

continuo), SR (dos años igual a CC, dos años de pasturas), LR (dos años igual 

a CC, cuatro años de pasturas) y FR (pastura continua con Festuca). Se 

evaluó la producción de peso vivo (PV), la producción de grano y la producción 

 
1 Facultad de Agronomía, Universidad de la República. 
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de materia seca (MS). La producción de peso vivo fue mayor en CC y SR (426 

y 418 kg PV/ha) que en LR (369 kg PV/ha) y FR (310 kg PV/ha). La producción 

de materia seca fue mayor en FR y SR (6867 y 5763 kg MS/ha/año) respecto 

a LR (5399 kg MS/ha/año) y CC (5206 kg MS/ha/año). La producción de grano 

fue 10%, 16% y 9% menor en soja, trigo y sorgo en CC. 

2.2. Summary 

Integrated Crop Livestock Systems (ICLSs) use productive diversification as a 

strategy to improve productivity and land use efficiency. Pasture Crop 

Rotations are a part of ICLSs and imply a pasture phase included in the 

sequence of crops. The main reasons to include pastures in crop systems are 

low productivity of natural grasslands and increased crop yield after a pasture 

phase. Our objective was to analyze the productivity indicators and 

management of four ICLSs that combine crop and livestock production, with 

data collected over a 3 y period (2019–2022). The experimental site was The 

Palo a Pique (Treinta y Tres, Uruguay) long-term experiment installed in 1995, 

located in the subtropical climate zone and on Oxyaquic Argiudolls soils (3% 

average slope). Systems evaluated were CC (continuous cropping), SR (two 

years idem CC, two years of pastures), LR (two years idem CC, four years of 

pastures) and FR (continuous pasture with Tall Fescue). Liveweight (LW) 

production, grain production and dry matter (DM) production were evaluated. 

Liveweight production was higher in CC and SR (426 and 418 kg LW/ha) than 

in LR (369 kg LW/ha) and FR (310 kg LW/ha). DM production was higher in 

FR and SR (6867 and 5763 kg DM/ha/year) than in LR (5399 kg DM/ha/year) 

and CC (5206 kg DM/ha/year). Grain production was 10%, 16% and 9% lower 

in soybean, wheat and sorghum in CC. 

Keywords: grazing-livestock systems; pasture crop rotations; meat production  
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2.3. Introduction 

An important challenge in most food production systems is coping with 

the growing demand for livestock and agriculture products whilst, at the same 

time, ensuring environmental sustainability. Global food consumption is 

projected to increase 1.4% per year in the next decade, explained by demand 

recovery post ‘COVID 19’ pandemic, which represents an opportunity for 

producers. However, price fluctuations and contingent issues (e.g., war 

conflicts) affect food supply and add uncertainty [1]. 

Integrated Crop–Livestock Systems (ICLSs) use productive 

diversification as a strategy to cope with price fluctuations [2,3], improve land 

use efficiency [4], improve livestock and agriculture productivity [5] and are an 

interesting alternative to promote resilience and support the sustainable 

intensification of agriculture [6]. These systems are present in Australia [7], 

North and South America [8] and Europe [9]. In Uruguay, ICLSs occupy 13% 

of the total area used by livestock and they have gained relevance since the 

prevailing regulations on crop rotations set an upper limit to soil losses [10]. 

Meat production exports represent approximately 23% of the annual exports, 

whereas grain exports represent approximately 22%. The main grains 

exported are soybean, rice and wheat [11]. 

Pasture Crop Rotations (PaCrR) are a fundamental part of ICLSs and 

imply a rotation with perennial or annual pasture that are included in the 

sequence of crops. The main reasons to include pastures in crop systems are 

the low productivity of natural grasslands and increased crop yield after a 

pasture period [2]. These rotations with pastures have been shown to contain 

higher soil organic matter level, which is related to improving water infiltration, 

water quality, nutrient cycling and helps to mitigate greenhouse gas (GHG) 

emissions [8], when compared to lands that have continuous cropping. 

Rotations with pastures of 2 or 4 years of duration contain 5% more soil organic 

carbon (SOC) than continuous cropping [12]. Also, pastures contribute to 
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improving grain productivity, reducing soil erosion and degradation [13], as 

well as reducing input demand [14]. 

In addition, including legumes in pastures has a positive effect on the 

nutrient supply into the soil, through biological fixation of nitrogen; 

approximately 30 kg of nitrogen is fixed by ton of dry matter (DM) of legumes 

produced above ground [15]. This, in turn, allows one to reduce fertilization 

costs [16]. Additionally, forage legumes improve the quality of the diet offered 

to livestock and this allows one to enhance animal performance [17], reducing 

GHG emissions per head [18,19]. Hence, livestock plays an important role in 

ICLSs since they can transform forages and crop residues from PaCrR into 

high-quality protein for human food [20–22] and diversify incomes in the 

systems [9]. Moreover, manure contributes to improving carbon (C) 

sequestration and soil fertility due to its high nutrient content [23,24]. 

Livestock’s role aligns with the concept of circular economy, which provides an 

approach to explain how the complementarity between agriculture and 

livestock enables a reduction in the use of external inputs and improves the 

outputs in the systems [25]. 

Investigation about ICLS systems is complex to develop due to the need 

of substantial areas of land for experimental research, the economic resources 

involved, the decision-making challenges and labor required [26]. However, 

the development of long-term experiments (LTEs) can help to understand 

sustainability of ICLS systems, as well as their function as replicas of actual 

production systems [27]. Hence, LTEs provide important data about complex 

processes that could be confounded in small-scale experiments [28]. Further, 

LTEs allow one to evaluate the impacts of agronomic practices (e.g., 

fertilization, weed control, grazing) on natural resources with a long-term view 

[29] and obtain information for farmers or policy makers [30]. 

Therefore, the aim of this work was to analyze the productivity indicators 

of four ICLSs that combine crop and livestock production, with different 

intensities of soil use, with data collected over a 3 y period (May 2019 to April 
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2022). The underlying hypothesis behind those four ICLSs is that they can 

produce 400 kg liveweight (LW)/ha per year, with varying space and temporal 

patterns. 

Measurements and indicators calculated in this work refer to the third 

phase of Palo a Pique Long-Term Experiment (Land Expansion and Livestock 

Intensification), which started in 2019, following a redesign, as described by 

Rovira et al. [31]. The main changes that occurred in this phase were: 

relocation of permanent pasture system, addition of grassland area as a 

support in each system and inclusion of a unique livestock strategy for each 

system. 

2.4. Materials and Methods 

2.4.1. Experimental Site 

A long-term Pasture Crop Rotation (PaCrR) experiment under no-tillage 

was installed in 1995 at the ‘Palo a Pique’ Experimental Unit in Treinta y Tres 

(33◦16t S, 54◦29t W) belonging to the National Institute of Agricultural 

Research (INIA) in Uruguay. Uruguay is located in the subtropical climate 

zone. The annual mean (±SEM) accumulated rainfall in the experimental site 

for the last 28 years (1995–2022) was 1249 ± 72 mm per year distributed 

uniformly throughout the year. The mean maximum and minimum air 

temperatures for the same period were 23.0 ± 0.1 ◦C and 11.3 ± 0.6 ◦C, 

respectively. The research site has a 3% average slope and the loam soils are 

Oxyaquic Argiudolls according to USDA Soil Taxonomy [32] with moderate 

fertility [33] and a well-developed Bt horizon [34], with a soil depth of 51 cm. 

2.4.2. Environmental Conditions during the Period May 2019–April 2022 

Precipitation (P, mm), evapotranspiration (ETP, mm), relative humidity 

(RH, %) and dry bulb temperature (T, ◦C) measurements were obtained daily 

from the ‘Palo a Pique’ automatic meteorological station. A monthly soil water 

balance was calculated using P and ETP values, considering a soil water 

storage of 66 mm, according with Terra and Carámbula [35]. The temperature–

humidity index (THI) was calculated based on the equation developed by 
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Thorn [36]. The cattle heat stress risk during summer was determined 

according to the Livestock Weather Safety Index [37] that established the 

following THI-based stress thresholds for cattle: normal ≤ 74; moderate 75–

78; severe 79–83; very severe (emergency) ≥ 84. 

2.4.3. Description of the Pasture–Crop Rotations 

These PaCrR represent alternative pasture–crop arrangements with 

different temporal and spatial combinations in land use. The current design of 

PaCrR is detailed in Table 1. One rotation is based on continuous cropping 

(CC, 12 ha) which is represented by a rotation of 2 years with two crops per 

year (winter and summer). The crop area is divided into two halves within each 

paddock: one half corresponds to a forage-based crop rotation available for 

grazing, whereas the other half is an agricultural-based crop rotation destined 

to harvest grain or make hay. CC does not rotate with pastures but is 

complemented with an external area (6 ha) of a permanent improvement 

pasture (PI) composed of white clover (Trifolium repens L.), birdsfoot trefoil 

(Lotus corniculatus L.) and tall fescue (Festuca arundinacea L.) re-seeded 

every 5 years with the same species. Therefore, the crop and pasture areas 

are spatially separated in CC. 

Table 1. Cropping and pasture sequences of the 4 pasture–crop rotations 

in the ‘Palo a Pique’ long-term experiment. 

Rotation 

Purpose of 
crop phase 

Year of the Rotation 

 Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 

Continuous 
Cropping 

Crop/hay Oat/Sorghum 
Black 

Oat/Soybean 
Wheat/Sor

ghum 
   

Grazing Oat/Sorghum Ryegrass/Moha     

Short 
Rotation 

Crop/hay Idem CC Idem CC Wheat + P1 P2 P3 P4 

Grazing Idem CC Idem CC P1 P2 P3 P4 

Long 
Rotation  

Crop/hay 
Idem CC and 

SR 
Idem CC and SR Wheat + P1 P2 P3 P4 

Grazing 
Idem CC and 

SR 
Idem CC and SR P1 P2 P3 P4 

Forage 
Rotation 

Grazing Fescue Fescue Fescue Fescue Fescue Fescue 

P: pasture, followed by pasture age (i.e., P2: second-year pasture). All pastures, including 

those following the grain/hay crop phase, were available for grazing. 
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The second PaCrR is a short rotation (SR, 24 ha) that alternates in the 

same land over 2 years of crops, identical to CC with 2 years of grass–

legume pastures based on red clover (Trifolium pratense L.), associated with 

Yorkshire fog (Holcus lanatus L.) and/or Italian ryegrass (Lolium multiflorum 

L.). Similarly, the long rotation (LR, 36 ha) alternates in the same land over 2 

years of crops identical to CC and SR with 4 years of grass– legume 

pastures, composed of white clover, birdsfoot trefoil and tall fescue. In the 

half corresponding to the agricultural-based crop rotation, the pasture is sown 

associated with wheat (Triticum aestivum L.) in SR and LR. The fourth 

PaCrR is forage rotation (FR, 24 ha) seeded with tall fescue that does not 

rotate with agricultural crops. Occasionally a 1-year cycle of a winter and 

summer forage crop can be planted as a strategy to reseed the tall fescue in 

paddocks with compromised number of plants due to proliferation of weeds, 

especially bermudagrass (Cynodon dactylon) and hairy-finger grass (Digitaria 

sanguinalis). 

The experiment lacks synchronic replications, but all phases of the 

rotations are present each year represented by paddocks of 6 ha in CC, SR 

and LR. In FR, the 24 ha was divided into 5 paddocks of 4.8 ha each 

corresponding to fescue seeded in 2013 (4.8 ha), 2014 (9.6 ha) and 2020 (4.8 

ha). Details of the key soil parameters for the different PaCrR at the beginning 

of the present period of evaluation are given in Table 2. Soil analyses were 

carried out in Soil, Plant and Water Laboratory of INIA La Estanzuela (Colonia, 

Uruguay) and pH was estimated according to Beretta et al. [38], %C was 

estimated according to Wright et al. [39], %N was estimated from combustion 

at 900◦ and detection of N2, through thermal conductivity according to 

Simmone et al. [40], P (ppm) was estimated according to Bray and Kurtz [41] 

and bases were estimated according to Jackson [42]. Differences in soil 

parameters can be attributed to carry over effects over time as CC, SR and LR 

started in 1995 and FR started in 2013. Each rotation has a support area of 

natural grasslands (NGs) to handle the animals, when necessary (i.e., during 
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periods with low forage availability in PaCrR), keeping the animals 

independently within each system. The proportion of NG is 33%, 29%, 26% 

and 33% for CC, SR, LR and FR, respectively. The predominant species in 

NGs are Paspalum notatum, Axonopus affinis, Cyperus spp., Coelorhachis 

selloana, Paspalum dilatatum, Stenotaphrum secundatum, Panicum milioides, 

Cynodon dactylon, Setaria geniculate and Axonopus argentinus, according to 

Ayala [43].  

Table 2. Soil properties (0–15 cm) in the ‘Palo a Pique’ pasture–crop 

rotations long-term experiment in Treinta y Tres, Uruguay (2019). 

1 C: organic carbon; N: nitrogen; P: phosphorus; Bases: Ca, Mg, K, Na. 2 CC: continuous cropping; 

SR: short rotation; LR: long rotation; FR: forage rotation. 

2.4.4. Pasture and crop management 

Winter crops and pastures were sown between March and June, and 

summer crops were planted in October and November. Winter crops for grain 

(oat and wheat) were usually harvested in December and summer crops 

(sorghum and soybean) in April. Cover crops (black oat) were harvested for 

hay in October. Weeds, pests and diseases were controlled according to 

standard agronomic recommendations. Levels of mineral N, P and K fertilizers 

are shown in Table 3. The fertilizers (N-P-K-S) used were 15-30-15-0, 9-25-

25-0, 46-0-0-0 (urea) and 0-25-0-4. For legume-based pastures, fertilizer 

averaged 22.5 kg N/ha, 45 kg P/ha and 22.5 kg K/ha when the pasture was 

seeded, and a re-fertilization of 37.5 kg P/ha and 6 kg S/ha was applied every 

autumn during the pasture phase. The fescue-based pasture in FR was 

fertilized with 188 kg N/ha per year distributed in 46 kg N/ha per season and 

37.5 kg P/ha in autumn. 

 

  Soil Parameter (Mean ± s.d.) 1 

Rotation 
2
 Paddocks pH C, % N, % P, ppm Bases, meq/100 g 

CC 2 5.38 ± 0.250 1.47 ± 0.243 0.15 ± 0.032 36.5 ± 17.96 6.41 ± 0.383 
SR 4 5.17 ± 0.100 1.79 ± 0.114 0.18 ± 0.012 23.8 ± 6.32 7.45 ± 0.521 
LR 6 5.35 ± 0.110 1.90 ± 0.182 0.18 ± 0.025 26.0 ± 3.79 8.16 ± 0.594 
FR 4 5.27 ± 0.120 1.82 ± 0.055 0.18 ± 0.014 13.8 ± 2.23 5.42 ± 1.110 
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Table 3. Mineral nitrogen, phosphorus, potassium and sulfur fertilizer 

inputs (kg/ha) per crop per year for grain and forage annual crops in the ‘Palo 

a Pique’ pasture–crop rotations long-term experiment in Treinta y Tres, 

Uruguay (2019/2020, 2020/2021 and 2021/2022). 

Grain Rotation Forage Rotation 

Nutrient Oat Sorghum Oat 1 Soybean Wheat 2 Oat Sorghum 
Ryeg
rass 

Foxtail 

Miller3 

Nitrogen 41/69/53 73/69/11 41/35/41 14/14/23 86/93/92 87/75/86 87/87/80 77/72/87 109/115/82 

Phosphorus 16/16/16 16/16/13 16/11/16 16/16/20 20/20/19 16/16/15 16/16/13 7/7/16 17/17/16 

Potassium 15/15/15 15/19/25 15/10/15 31/31/38 19/19/18 15/16/14 15/15/25 6/7/15 32/32/31 

Sulfur 3/6/5 0/0/4 0/0/0 5/5/0 8/9/6 - - - - 

1 Black oat for hay, 2 Planted associated with a perennial pasture in the short and long 

rotation, 3 Replaced by sorghum in 2020/2021 and 2021/2022. 

2.4.5. Matching pasture–crop rotations with different livestock strategies 

A unique livestock strategy was established for each PaCrR in 2019. The 

livestock strategies had to be commercially available and adopted by 

producers (end up with an ani- mal category easy to sell) and be different from 

each other. Thus, 126, 133 and 141 6-month Aberdeen Angus calves were 

weaned in April 2019, 2020 and 2021, respectively, sorted by sex and LW and 

assigned to one of three PaCrR in May. Further, 32 (191 ± 16 kg LW), 34 (179 

± 17 kg LW) and 35 (200 ± 30 kg LW) male calves were allocated in CC in 

2019, 2020 and 2021, respectively. The livestock strategy in CC (Figure 1a) 

focused on rearing calves for one year selling yearling steers ready to enter a 

feedlot (estimated final LW: 370 kg). Moreover, 44 (148 ± 17 kg), 49 (153 ± 16 

kg) and 46 (167 ± 21 kg LW) female calves were allocated in SR in 2019, 2020 

and 2021, respectively. The livestock strategy in SR (Figure 1b) is focused on 

rearing heifers for one year to produce replacement heifers for the breeding 

herd (estimated final LW: 330 kg). This system was complemented with 15 

(2019) and 10 (2020 and 2021) finishing culled beef cows between May and 

September (estimated initial LW: 484 ± 72 kg, 446 ± 19 kg and 483 ± 24 kg, 

respectively). Fifty male calves were allocated to LR in 2019 (190 ± 14 kg), 
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2020 (185 ± 15 kg) and 2021 (199 ± 31 kg). The livestock strategy in LR (Figure 

1c) has the objective of rearing and finishing steers over an 18-month period 

producing a finished steer ready for slaughter (estimated final LW: 530 kg). 

Unlike CC and SR, the cycle of production in LR lasts more than a year; 

therefore, the new generation of weaned calves and finishing steers (that 

entered as calves the previous year) concur during winter and spring. Finally, 

FR is the only system that begins by the end of the spring (November–

December) with yearling steers instead of weaned calves. The objective of the 

livestock strategy in FR (Figure 1d) is to produce a finished steer ready for 

slaughter in 12–15 months. Thus, 47 (318 ± 28 kg), 30 (250 ± 12 kg), 35 (253 

± 32 kg) and 41 (263 ± 65 kg) Aberdeen Angus steers entered the system in 

May 2019, December 2019, November 2020 and November 2021, 

respectively. 

Figure 1. Estimated animal liveweight evolution in the different livestock 

strategies assigned to each pasture–crop rotation. (a) Continuous cropping 

(CC)–rearing calves; (b) Short Rotation (SR)–rearing heifers (black line) + 
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culled cows (grey line); (c) Long rotation (LR)–rearing and finishing steers; (d) 

Forage rotation (FR)–finishing steers. 

2.4.6. Pasture and animal measurements 

Three grazing exclusion cages (0.4 × 1.0 m) were used per grazing 

paddock (3–5 ha) to estimate daily pasture growth (kg DM/ha/d) every 30 days 

according to the methodology proposed by Lynch [44]. Forage inside the 

grazing exclusion cages was also used to assess the botanical composition of 

the pasture at each sampling date by quantifying the contribution (%, DM 

basis) at the species level (i.e., tall fescue, white clover, lotus, etc.). After 

collecting the forage cuts, cages were moved and placed in a new area where 

the pasture was representative of the overall paddock to start measuring a new 

30 d cycle. Herbage mass stock was estimated once per month; 100 random 

points were measured with Rising Plate Meter (RPM) (FarmWorks, New 

Zealand) to obtain an average value for each paddock. A rectangle (0.2 × 0.5 

m) was cut at ground level with a value of RPM similar to the paddock average. 

Crude protein (CP, %), metabolizable energy (ME, Mcal/kg DM) and neutral 

detergent fiber (NDF, %) analyses were conducted using standard methods 

[45] in the Animal Nutrition Laboratory of INIA La Estanzuela (Colonia, 

Uruguay), from herbage mass stock data. Assessment of pasture herbage 

mass (kg DM/ha) and height (cm) was carried out pre- and post-grazing by 

cutting six rectangles at ground level in each grazing paddock to estimate the 

amount of forage that disappears after each grazing period (% utilization). 

Nitrogen input (biological nitrogen fixation) was estimated from biomass of 

legumes aboveground, according to [15]. 

All animals were weighed every 30 days and individual performance was 

calculated as daily LW gain (kg/d). The stocking rate for each system (kg 

LW/ha) was calculated after each weighing of the animals. Liveweight gain per 

ha (kg LW/ha) was calculated by multiplying LW gain per animal by the number 

of animals per ha for each period. Feed to gain ratio (F/G) was estimated as 
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the kg of DM (pasture + supplement) required to achieve 1 kg of LW. The 

amount of supplement fed to animals grazing in each system was recorded 

(kg DM/ha) each year. Supplements included hay, high-moisture sorghum 

grain complemented with a protein ration (48% CP) and an energetic-protein 

ration (14% CP). In general, supplements were fed to cattle during winter to 

maintain growth rates of steers and calves and, occasionally, during summer 

associated with prolonged drought periods. 

2.4.7. Data analysis 

Three grazing exclusion cages (0.4 × 1.0 m) were used per grazing 

paddock (3–5 ha) to estimate daily pasture growth (kg DM/ha/d) every 30 days 

according to the methodology proposed by Lynch [44]. Forage inside the 

grazing exclusion cages was also used to assess the botanical composition of 

the pasture at each sampling date by quantifying the contribution (%, DM 

basis) at the species level (i.e., tall fescue, white clover, lotus, etc.). After 

collecting the forage cuts, cages were moved and placed in a new area where 

the pasture was representative of the overall paddock to start measuring a new 

30 d cycle. Herbage mass stock was estimated once per month; 100 random 

points were measured with Rising Plate Meter (RPM) (FarmWorks, New 

Zealand) to obtain an average value for each paddock. A rectangle (0.2 × 0.5 

m) was cut at ground level with a value of RPM similar to the paddock average. 

Crude protein (CP, %), metabolizable energy (ME, Mcal/kg DM) and neutral 

detergent fiber (NDF, %) analyses were conducted using standard methods 

[45] in the Animal Nutrition Laboratory of INIA La Estanzuela (Colonia, 

Uruguay), from herbage mass stock data. Assessment of pasture herbage 

mass (kg DM/ha) and height (cm) was carried out pre- and post-grazing by 

cutting six rectangles at ground level in each grazing paddock to estimate the 

amount of forage that disappears after each grazing period (% utilization). 

Nitrogen input (biological nitrogen fixation) was estimated from biomass of 

legumes aboveground, according to [15]. 
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All animals were weighed every 30 days and individual performance was 

calculated as daily LW gain (kg/d). The stocking rate for each system (kg 

LW/ha) was calculated after each weighing of the animals. Liveweight gain per 

ha (kg LW/ha) was calculated by multiplying LW gain per animal by the number 

of animals per ha for each period. Feed to gain ratio (F/G) was estimated as 

the kg of DM (pasture + supplement) required to achieve 1 kg of LW. The 

amount of supplement fed to animals grazing in each system was recorded 

(kg DM/ha) each year. Supplements included hay, high-moisture sorghum 

grain complemented with a protein ration (48% CP) and an energetic-protein 

ration (14% CP). In general, supplements were fed to cattle during winter to 

maintain growth rates of steers and calves and, occasionally, during summer, 

associated with prolonged drought periods. 

2.5. Results 

2.5.1. Environmental conditions 

Soil water balance (Figure 2) during the experimental period was 

characterized by a deficit between November and January (summer) in the 

three years. In Y1, the deficit was prolonged in time and covered the sowing 

period of pastures and crops in autumn (March and April). Soil water recharge 

occurred mainly in winter (June–September), when ETP was minimal, creating 

occasional muddy conditions in the grazing paddocks. 

Figure 3 shows the monthly average of maximum and minimum 

temperatures (Ts). The maximum T was 41.4 ◦C and the minimum T was −5.1 

◦C, with a marked seasonal pattern. THI average was 62.1 ± 8.3. The 

maximum value was 81 and minimum was 41. During the experimental period, 

medium heat-stress conditions occurred on 6.1% of the days, whereas severe 

heat-stress conditions occurred on 0.8% of the days. These conditions were 

mainly in summer, where heat-stress conditions occurred on 16.2% of the 

days. 
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Figure 2. Soil water balance between May (2019) and April (2022) in the 

‘Palo a Pique’ pasture–crop rotations long-term experiment in Treinta y Tres, 

Uruguay. 

Figure 3. Evolution of monthly average maximum (T max) and minimum 

(T min) temperatures (◦C) between May 2019 and April 2022 in the ‘Palo a 

Pique’ pasture–crop rotations long-term experiment in Treinta y Tres, Uruguay. 

2.5.2. Crop production 

Table 4 shows grain yields for each crop in Year 1 (Y1, 2019–2020), Year 

2 (Y2, 2020–2021) and Year 3 (Y3, 2021–2022) for the different rotations. Crop 

yield in CC was consistently lower than the yield obtained in crops rotating with 

perennial pastures (SR and LR). In Y1, grain yield reduction in CC was 36% 
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(wheat), 11% (sorghum) and 17% (soybean) compared with the yield average 

observed in SR and LR. The same tendency was obtained in Y2 (10%, 8% 

and 15% yield reduction in CC for wheat, sorghum and soybean, respectively). 

During Y3, soybean grain yield in CC was 3% higher than the average of LR 

and SR. Due to adverse climatic conditions, oat crops were harvested only in 

Y2 and Y3 for SR and LR and Sorghum crops were not harvested in Y3. 

Table 4. Grain yield (t/ha) for crops in the ‘Palo a Pique’ pasture–crop 

rotations long-term experiment in Treinta y Tres, Uruguay (2019/2020, 

2020/2021 and 2021/2022). 

                                                   Crops 
 

Rotation                          Oat                   Sorghum           Soybean             Wheat 

2019–2020 (Y1) 

Continuous cropping - 4.12 2.28 0.76 
Short Rotation - 4.51 2.87 1.26 

Long Rotation - 4.77 2.60 1.16 

2020–2021 (Y2) 
Continuous cropping - 5.81 2.29 3.66 

Short Rotation 2.43 6.79 2.37 4.11 

Long Rotation 2.16 5.82 3.02 4.02 

2021–2022 (Y3) 
Continuous cropping - - 2.52 - 

Short Rotation 1.20 - 2.20 - 

Long Rotation 2.20 - 2.66 - 

 

Hay was produced in Y1, Y2 and Y3 from black oat paddocks (CC, SR 

and LR) and from one block of tall fescue (FR). Hay production (kg DM/ha) in 

Y1 was 50.1 in CC, 632.2 in SR, 90.1 in LR and 466.7 in FR, whereas in Y2, 

916.7 was produced in CC, 417.8 in SR, 174,1 in LR and 458.3 in FR. During 

Y3, hay production was 516.7, 589.3, 276 and 441.6 in CC, SR, LR and FR, 

respectively. 

2.5.3. Forage growth 

Data are presented as an average of different paddocks for oat, Italian 

ryegrass, natural grassland, permanent improvement and tall fescue, whereas 
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in the permanent pasture, data are presented as an average of different ages 

in LR and SR (Table 5). 

Table 5. Forage growth for each type of pasture (average ± s.d.) and year 

in the ‘Palo a Pique’ pasture–crop rotations long-term experiment in Treinta y 

Tres, Uruguay. 

Year 

Pasture 2019–2020 (Y1) 2020–2021 (Y2) 2021–2022 (Y3) 

Permanent Pasture (LR) 1 19.5 ± 18.52 18.4 ± 11.71 22.4 ± 15.61 

Permanent Pasture (SR) 2 19.8 ± 13.01 15.4 ± 14.02 34.9 ± 24.74 

Ryegrass 23.8 ± 2.51 30.2 ± 3.05 28.6 ± 13.83 

Oat 14 ± 6.6 18.1 ± 15.50 12.6 ± 12.37 

Tall Fescue 22.9 ± 15.47 20.2 ± 11.24 30.7 ± 20.95 

Permanent Improvement 18.4 ± 11.11 13.8 ± 11.30 17.2 ± 14.47 

Natural Grassland 13.7 ± 7.57 15.4 ± 12.29 16.9 ± 15.11 
1 Grass-legume pastures composed by white clover, birdsfoot trefoil, and tall fescue. 2 Grass-

legume pastures based on red clover (Trifolium pratense L.) associated with Yorkshire fog (Holcus 

lanatus L.) and/or Italian ryegrass (Lolium multiflorum L.). 

In Y1, the white-clover-based permanent pasture (PP) in LR grew (kg 

DM/ha/day) 36.9 ± 28.03, 17.6 ± 15.26, 16.4 ± 8.60 and 14.8 ± 14.40, for first-

, second-, third- and fourth- year pasture, respectively, and average daily 

growth decreased with the age of the pasture. In red-clover-based PP, 

maximum values were recorded in October (54.1 kg DM/ha/day) and minimum 

were in December and January (0 kg DM/ha/day). In both annual pastures (oat 

and ryegrass), maximum growth was registered in July (29.1 and 28.2 kg 

DM/ha/day, respectively). Tall fescue seeded in FR registered a maximum 

growth in October (57.2 kg DM/ha/day) and minimum growth in December 

(2.20 kg DM/ha/day). NG and PI had a marked peak of production in spring–

summer, with maximum values registered during October–November (23.4 kg 

DM/ha/day) and minimum in June–July (0 kg DM/ha/day). 

Similar forage growth results were obtained in Y2. Maximum values in 

PP were obtained in February (40.7 and 36.8 to LR and SR) and minimum 

values were observed in July (11.2 and 11.3 kg DM/ha/day). Maximum values 

in Oat and Ryegrass were recorded in September and August. In Tall Fescue, 
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maximum values were observed in March (39.5 kg DM/ha/day). Finally, 

maximum values in NG and PI were observed in February–March (43.8 and 

25.9 kg DM/ha/day). 

During Y3, maximum values in PP were observed in September (106 kg 

DM/ha/day) and minimum values were observed in summer (0 kg DM/ha/day). 

In Oat and Rye- grass, maximum values were observed in May (56.1 kg 

DMD/ha/day) and August (39.2 kg DM/ha/day). Maximum values in NG were 

recorded in February, after a dry period, and the minimum values were 

observed during winter months and November and January. Maximum values 

in PI were obtained during March (43.5 kg DM/ha/day) and minimum values 

during June. In three years, Y1, Y2 and Y3, forage growth of summer crops 

(sorghum and moha) was estimated using values from the bibliography. 

Reference values were 100 kg DM/ha/day and 70 kg DM/ha/day for sorghum 

and moha, respectively [47,48]. 

2.5.4. Forage production 

Table 6 shows DM production for the four systems. Statistical differences 

were detected among systems. The highest productivity was observed in FR 

and SR, whereas the highest variability was observed in LR and SR. On the 

other hand, the lowest variability was observed in FR and CC (with the highest 

and the lowest DM production on average). 

Table 6. Forage production (kg DM/ha/year) and coefficient of variation 

(CV%) in the ‘Palo a Pique’ pasture–crop rotations long-term experiment in 

Treinta y Tres, Uruguay. 

 Forage Production 1  

Rotation kg DM/ha CV (%) 

Forage Rotation 6867 a 4.2 
Short Rotation 5763 a 16.5 
Long Rotation 5399 ab 14.2 

Continuous Cropping 5206 b 4.4 
p value 0.0394 - 

1 Annual DM production/ha (average of three years). Different letters in the same column mean 

significant differences. 
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Forage production was higher in spring compared with the rest of the 

seasons (Figure 4). The second forage production peak was registered in 

summer, associated with active growth of summer annual crops (sorghum and 

moha). Critical periods were observed in late spring (November–December) 

and early autumn (March–April), where systems had low DM production, 

associated with the presence of low-productive fallows, after glyphosate 

application, preparing the land for seeding first-year pastures (autumn) and 

annual crops (autumn and spring). The proportion of fallows within the PaCrR 

in- creases as the length of the pasture decreases, e.g., 100%, 75% and 50% 

of the area under the PaCrR corresponds to fallows in autumn for CC, SR and 

LR, respectively.  

Figure 4. Distribution of dry-matter (DM) production (kg DM/ha) in the 

‘Palo a Pique pasture–crops rotations long-term experiment in Treinta y Tres, 

Uruguay (a) Year 1 (2019–2020); (b) Year 2 (2020–2021) and (c) Year 3 

(2021–2022). 
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Established perennial pastures produced forage throughout the year. 

Species com- position of perennial pastures determined the distribution of 

forage production. Pastures with white clover, tall fescue and birdsfoot trefoil 

in LR produced 26.3 ± 8.21% of the total annual DM production during winter, 

34.8 ± 19.03% during spring, 23.4 ± 13.15% in summer and 15.5 ± 7.08% in 

autumn, averaging across Y1, Y2 and Y3. Short pastures in SR, comprising 

Yorkshire fog and red clover, had a more even distribution of forage pro- 

duction throughout the year compared with pastures in LR. They produced 

23.9 ± 8.55%, 30.8 ± 14.43%, 28.1% ± 8.09% and 17.1 ± 10.33% of the total 

forage production in winter, spring, summer and autumn, respectively. 

Permanent improvement pasture in CC, which had a similar botanical 

composition to the pasture in LR, produced 16.2 ± 3.26% of the total DM 

production in winter, 41.5 ± 9.36% in spring, 21.1 ± 12.10% in summer and 

21.2 ± 14.18% in autumn. Tall fescue in FR produced 38.6 ± 6.09% of the total 

annual DM production in winter, 34.3 ± 17.28% in spring, 19.8 ± 14.01% in 

summer and 7.3 ± 6.05% in autumn. Annual forage production of NG was 

2947, 3811 and 3413 kg DM/ha for Y1, Y2 and Y3, respectively.    

LR, SR and CC include pastures with legumes in a proportion of 48, 43 

and 33% of the total area of the system, respectively. In LR, DM legume 

production was 39.5 ± 24.25%, 14.3 ± 14.01%, 17.2 ± 13.09% and 4.91 ± 

2.079% of the total DM production for the 1st, 2nd, 3rd and 4th year of pasture, 

respectively. In SR, legumes contributed to 39.7 ± 28.22% and 21.5 ± 11.25% 

of the total DM (1st and 2nd year of pasture, respectively). The PI in CR had a 

legume contribution of 8.2 ± 5.35% of total DM production, averaging across 

Y1, Y2 and Y3. Data about forage quality are detailed in Supplementary 

Materials (Tables S1–S3). 

Total nitrogen contribution to the soil is presented in Figure 5. Data are 

presented as an average across Y1 (2019–2020), Y2 (2020–2021) and Y3 

(2021–2022) for each pasture, according to age of pasture (1st year, 2nd year, 
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3rd year and 4th year). There was a trend to decrease N fixed as pasture age 

increased in both pastures (LR and SR). 

Figure 5. Dry-matter production of legumes (a) and Nitrogen fixed (b) by 

age of pasture in the ‘Palo a Pique pasture–crops rotations long-term 

experiment in Treinta y Tres, Uruguay. 

2.5.5. Supplementation 

Animals from all the systems received strategic supplementation when 

the available forage was not enough to prevent LW losses from the animals. 

Levels of supplementation are presented as kg feed DM/ha (Table 7). In all 

years, supplementation was carried out during winter. In addition, summer 

supplementation was carried out in Y2 and Y3 associated with a prolonged dry 

period. 

Table 7. Level (kg DM/ha) and type of supplementation in each Pasture 

Crop Rotation in ‘Palo a Pique’ long-term experiment in Treinta y Tres, 

Uruguay. 

1 Hay: 6.7% crude protein (CP), metabolizable energy (ME) = 5.8 MJ/kg DM; 2 Protein concentrate 

(PC): 46.5% CP, ME = 10.5 MJ/kg DM; 3 High Moisture Sorghum Grain (HMSG): 8.1% CP, ME = 12.6 

                Year 1                                              Year 2                                                  Year 3 

 Winter   Winter  Summer  Winter  Summer 

Hay 
1
 PC 

2
 HSMG 

3
   Hay 

1
 PC 

2
 HSMG 

3
  BR 

4
 Hay 

1
 PC 

2
 HSMG 

3
   BR 

4
 

Rotation 
5
            

CC 294 25.2 132 39.2 - - - 435 37.4 235 - 
SR 1155 37.4 197 770 - 38.7 - 444 - 270 - 
LR 996 53.7 282 1043 6.81 698 117 780 - 867 73.2 
FR - - - 414 - 68.7 499 - - - - 
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MJ/kg DM; 4 Balanced Ration (BR): 14% CP, ME = 11.7 MJ/kg DM. 5 CC: continuous cropping; SR: short 

rotation; LR: long rotation; FR: forage rotation. 

2.5.6. Grazing management 

Table 8 shows percentages of pasture occupation for each system. On 

average, pastures outside the area of the PaCrR were occupied by animals 

45.1%, 40.2% and 40.7% of the time in Y1, Y2 and Y3, respectively. The 

combined use of NG and PI in CC had the maximum occupation rate (75.1% 

and 64.1% and 58.6%, respectively), whereas NG in FR had the minimum 

occupation rate (21.1%, 26.6% and 21.9%, respectively). 

Table 8. Occupation of pastures (% of time per year) in the ‘Palo a Pique’ 

pasture–crop rotations long-term experiment in Treinta y Tres, Uruguay. 

1 CC: continuous cropping; SR: short rotation; LR: long rotation; FR: forage rotation. * Includes 

permanent improvement pasture. 

Within PaCrR, PP had an average occupation of 52.3%, 51.5% and 

47.4% in Y1, Y2 and Y3, respectively. In both years, PP in FR had the highest 

occupation rate due to the absence of annual forage crops. LR and SR had 

similar occupation rates for PP. On average, each grazing period in PP lasted 

 Rotation 

Year/Pasture  CC  SR  LR  FR 

2019-2020         

Annual Summer  4.40  10.1  5.60  - 

Annual Winter  20.5  15.3  7.40  - 

Perennial 
Pasture 

 -  40.3  36.6  78.9 

Natural 
Grassland 

 75.1*  34.3  50.4  21.1 

2020-2021         

Annual Summer  10.8  9.70  9.90  - 

Annual Winter  25.1  19.5  9.60  - 

Perennial 
Pasture 

 -  37.3  43.2  74.0 

Natural 
Grassland 

 64.1*  33.5  37.3  26. 

2021-2022         

Annual Summer  20.7  7.40  4.40  - 

Annual Winter  20.7  23.2  18.6  - 

Perennial 
Pasture 

 -  26.2  37.9  78.1 

Natural 
Grassland 

 58.6*  43.2  39.1  21.9 
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6.2, 7.5 and 4.4 days in Y1, Y2 and Y3, respectively, whereas each grazing 

event in the annual forage crops lasted 4.3, 3.2 and 6.6 days in Y1, Y2 and 

Y3, respectively. 

2.5.7. Animal performance 

Table 9 shows seasonal average daily gain (ADG) for the different 

livestock categories. The highest and lowest individual ADG was observed in 

spring and winter, respectively. Animal categories closer to slaughter (finishing 

steers and cows) registered numerically higher ADG compared to rearing 

categories (calves). However, younger animals (<18 months old) registered a 

better efficiency (lower numeric values) than older animals. On average, 

growing categories (calves and heifers) required 46.2% and 25.9% less feed 

to gain 1 kg of LW than culled cows and finishing steers, respectively. 

Table 9. Seasonal average daily gain (ADG, kg LW/d per animal) of cattle 

for the different livestock categories in the ‘Palo a Pique’ pasture–crop 

rotations long-term experiment in Treinta y Tres, Uruguay. 

1 CC: continuous cropping; SR: short rotation; LR: long rotation; FR: forage rotation. 2 Au: autumn; 

Wi: winter; Sp: spring, Su; summer. Different letters in the same column mean significant differences. 

Efficiency in each system was calculated from F/G ratio (Table 10), 

considering the proportion of kg of LW produced in each system according to 

each animal category. Al- though no significant differences were found, a 

tendency to obtain better efficiencies was observed in those systems with a 

higher proportion of rearing. Forage utilization varied between 50 and 60% in 

LR, 55 and 62% in SR, 48 and 52% in CC and 35 and 39% in FR. 

 Rotation 1  

 CC  SR  LR  FR 

ADG 2 Calves Heifers  Cows Calves  Steers Steers 

Wi 
0.34 ± 

0.172d 
0.38 ± 0.107d  0.59 ± 0.308 0.37 ± 0.352d  0.45 ± 0.207c 

0.44 ± 

0.270c 

Sp 
0.87 ± 
0.343a 

0.85 ± 0.139a  - 0.73 ± 0.164a  0.80 ± 0.235a 
1.12 ± 
0.295a 

Su 
0.75 ± 
0.341b 

0.57 ± 0.203b  - 0.55 ± 0.302b  0.69 ± 0.379b 
0.49 ± 
0.253bc 

Au 
0.38 ± 
0.419c 

0.52 ± 0.420c  - 0.46 ± 0.553c  - 
0.55 ± 
0.412b 

p 

value 
<0.0001 <0.0001  - <0.0001  <0.0001 <0.0001 
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Average animal stocking rate (±s.d.) during the 3 years was 614 ± 33 

(CC), 600 ± 44 (SR), 575 ± 15 (LR) and 498 ± 23 (FR) kg LW/ha. The minimum 

and maximum stocking rates were registered in FR (Y2: 473 kg LW/ha) and 

CC (Y3: 648 kg LW/ha), respectively. 

Table 10. Feed to Gain ratio (kg feed/kg LWP) and coefficient of variation 

(CV, %) in the ‘Palo a Pique’ pasture–crop rotations long-term experiment in 

Treinta y Tres, Uruguay. 

 Feed to Gain Ratio 1  

Rotation Kg Feed/kg LW CV (%) 

Continuous Cropping 14.1 29.2 
Short Rotation 15.1 17.9 
Long Rotation 16.1 18.2 
Forage Rotation 19.2 35.8 

p value n.s.                         - 
1 Average of three years. 

Overall, CC and SR were the systems with the highest LW production 

and lowest variability over the years (Table 11). CC and SR achieved the 

highest annual LW production in Y1 (404 and 393 kg LW/ha/year, 

respectively), Y2 (438 and 444 kg LW/ha/year, respectively) and Y3 (437 and 

418 kg LW/ha/year). On the other hand, FR was the system with the lowest 

LW production in the three years (307, 344 and 280 kg LW/ha/year, Y1, Y2 

and Y3, respectively), whereas LR achieved an intermediate level of 

production (316, 394 and 399 kg LW/ha/year, Y1, Y2 and Y3, respectively). In 

all systems, spring was the season with the highest contribution to the total LW 

production (35–48% in Y1, 38–46% in Y2 and 29–49% in Y3), while autumn 

had the lowest contribution (6–7% in Y1, 3–17% in Y2 and 8–22% in Y3).  
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Table 11. Liveweight (LW) production (kg LW/ha) and coefficient of 

variation (CV, %) in the ‘Palo a Pique’ pasture–crop rotations long-term 

experiment in Treinta y Tres, Uruguay. 

1 Average of three years. Different letters in the same column determine significant differences. 

In CC and FR, 100% of the annual LW production per ha was obtained 

from rearing calves and finishing steers, respectively. Both stages of 

production were carried out in LR, contributing to 57% (rearing calves) and 

43% (finishing steers) of the total annual LW production averaging over the 

years. In SR, rearing heifers was the main contributor to the total LW 

production (92%), followed by finishing cows (8%). 

2.6. Discussion 

Integrated Crop Livestock Systems allow one to improve food production 

while, at the same time, reducing negative environmental impacts and, 

therefore, are an option to achieve economic, sociological, ecological, energy, 

environmental and biogeochemical synergies and efficiencies [49]. The four 

systems evaluated in this work present different intensities of soil use and, at 

the same time, each system has a specific associated livestock strategy. The 

concept behind this rotation–livestock differential strategy association is that 

those systems that feature more intensive soil use, with more use of inputs 

(e.g., fertilizers, fuel, herbicides), are associated with more efficient livestock 

strategies (e.g., less feed to gain ratio, less GHG emissions), whereas systems 

with less intensity of soil use, including pasture phase in their rotation, are 

associated with less efficient livestock strategies evaluated (e.g., finishing 

animals), presenting trade-off to reduce negative impacts of agriculture or 

livestock production [31]. 

Liveweight production1 

Rotation Kg LW/ha CV (%) 
Continuous Cropping 426 a 4.5 

Short Rotation 418 a 6.1 

Long Rotation 369 b 12.6 

Forage Rotation 310 c 10.4 

p value 0.0034 - 
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This work reports results of productivity and management from four 

ICLSs for three years and aimed to characterize the systems according to crop 

production (t/ha); forage growth (kg DM/ha/day); forage production (kg 

DM/ha); and N fixation (kg N/ha) from legume production. Further, results 

about animal and system performance, such as liveweight production, 

liveweight gain, stocking rate and feed to gain ratio, were presented. 

Regarding management, supplementation data (kg DM/ha), fertilization 

(kg/ha) and pasture occupation were presented with the objective to 

understand how systems work. 

Liveweight production (LWP, kg LW/ha/year) varied among systems. In 

general, CC and SR, i.e., those systems that included rearing stock in high 

proportion, had more LWP than LR and FR, which are associated with finishing 

cattle. This can be explained by the different biological efficiency of each stage, 

i.e., rearing vs. finishing [50]. This is evidenced by the differences in F/G ratio 

among systems, with CC and SR requiring, on average, 17.3% less kg of DM 

forage per each kg of LW produced. These LWP levels were similar to those 

reported by Terra and García-Préchac (1996–2000) [51] and Pereyra (2013–

2017) [52], in the same experimental site on permanent pastures and annual 

grazing crops, without support area. 

There were differences in LWP across years. Y1 had the lowest levels of 

production associated with climatic conditions that made seeding of pastures 

difficult (autumn–early winter), along with the fact that Y1 could be considered 

as a management adjustment year. Year two had higher levels of meat 

production than Y1, explained by a greater number of animals in CC and SR 

and higher levels of supplementation in LR and FR (in this system with fewer 

animals than Y1). During Y3, levels of production were similar to Y2 in CC (−1 

kg LWP/ha) and LR (+5 kg LWP/ha), whereas in SR and FR, levels of 

production were reduced (−26 kg LWP/ha and −34 kg LWP/ha, respectively). 

Although DM production was higher in Y3 than Y1 and Y2, dry conditions and 

high temperatures during summer, which affected forage production and 
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quality and determined heat-stress conditions to animals, could explain the 

reduction in LWP. 

Strategic supplementation played an important role in systems, 

improving LWP. This effect was observed mostly in those systems with lower 

efficiency (finishing animals), where the use of supplements was the highest 

on average (LR) or low but with high impact, improving LWP (FR). This allows 

one to infer a certain dependency on supplementation in these systems 

compared with those that achieved higher levels of LWP with lower levels of 

supplement. 

Autumn and winter were critical periods for liveweight gain (LWG, 

kg/ha/day), associated with fallows, seeding of pastures, high water content 

and low DM forage mass in pastures. The highest LWGs were observed during 

spring, explained by a peak of DM production and improvements in climatic 

conditions. This determined the moment when the most kg of liveweight was 

produced along the year and the moment when animals were ready to 

slaughter. 

DM production had slight differences among years, despite variation in 

climatic conditions among years. These conditions affected the seasonal 

productivity and the intra-annual distribution more than the annual total 

production of DM. Further, FR and SR had the highest production on average. 

High levels of nitrogen fertilization in FR and the absence of fallow periods and 

growth rates of permanent pasture in SR could explain these results. However, 

dry conditions during summer strongly affected tall fescue in FR production 

and quality and gave rise to weed growth (mainly Cynodon dactylon). 

Natural grassland is a key component in ICLSs and had a strategic use 

during adverse conditions, as a supporting area. These grasslands are mostly 

composed of C4 grasses with high DM production in spring–summer [53]. On 

the other hand, permanent pastures had high DM production in winter–spring, 

which allowed for complementary use of both grassland types and avoided 

overgrazing during critical periods for NG. Occupation of NG was different 
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between systems; the highest occupation was in CC and SR. These systems 

with a short and without-pasture phase, respectively, had an important 

proportion of area in fallow period in autumn and spring (75% and 100% of 

area in rotation, respectively), which explained most of the use of NG, due to 

a reduction in the improved area. At the same time, these systems had low 

stocking rate during autumn, when grazing area is reduced. The use of 

permanent pastures was predominant in LR and FR and NG use was less than 

that for CC and SR. 

Grain production varied among systems and there was a substantial 

effect of the pasture phase in grain yields. In Y1 and Y2, CC had less grain 

production than SR and LR. During Y3, CC had soybean production with 

similar values to LR. Along these lines, various authors report that the inclusion 

of pastures in a rotation with crops promotes better soil quality, associated with 

higher SOC, than those that do not include pastures [54]. Results presented 

by Terra and Macedo [55] showed that, in the same experiment, between 1995 

and 2005, CC had significantly lower SOC than systems that rotated with 

pastures (i.e., LR and SR). Similarly, it has been reported that Brazilian ICLSs, 

with grazing animals, allow one to improve grain yield after the pasture phase, 

due to improved soil properties, i.e., soil microbial (mass, diversity) and soil 

structure (composition, density, porosity, nutrients) [56]. 

Climatic conditions (wet conditions in winter and dry conditions in 

summer) affected oat grain production in Y1 and sorghum grain and wheat 

grain production in Y3, respectively, which allowed us to only obtain by-

products that were used as fibrous feed in livestock production. Although grain 

production in the current scheme of production is considered as an output of 

the systems, in some cases, it could be considered as an input to LWP (to feed 

animals), depending on variation in international prices, environmental 

conditions and the needs of each system. This flexibility in resource use is 

presented as an advantage in ICLS management. 
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Legume inclusion in the rotation supplied nitrogen to the system. Pasture 

phase fixed 27.8 ± 2.59 kg N per ha/year in LR, 52 ± 45.2 kg/ha/year in SR 

and 10.8 ± 7.42 in CC, on average. These values had high variability, 

depending on the age of pasture, driven by botanical composition and year, 

though represented an important contribution given the current fertilizer prices. 

Further, biological fixation of nitrogen is more efficient in terms of GHG 

emissions and energy use than N inputs from inorganic fertilizers, with similar 

values of losses to waterways [57]. Moreover, sowing legumes with high levels 

of condensed tannins, e.g., L. corniculatus L., as conducted in the permanent 

pasture of LR and permanent improvement in CC, is a way of reducing 

emissions per kg of DM consumed [58] and reducing N losses through 

leaching [59]. 

Livestock production contributes nutrients through excreta. Russelle et 

al. [24] high- lighted the importance of manure use to reduce costs and improve 

soil fertility. In Palo a Pique LTE, excreta are distributed homogenously within 

the boundaries of the systems, due to rotational stocking with a few days of 

permanence in each paddock and high stocking density. According to Ward et 

al. [25], N fixation and livestock excreta allow for nutrient cycling. These 

authors discuss the importance of the circularity of nutrients in livestock 

systems, associated with lower costs of production and lower environmental 

impacts. In this regard, Moraes et al. [56] reported that recycling of nutrients in 

the livestock phase is influenced by stocking rate and, in consequence, these 

systems export less nutrients out of the system than the crop phase. 

Ruminant livestock can produce human food from human-inedible 

feedstuffs [19]. In the four systems evaluated, livestock played an important 

role by transforming grass into high-quality protein, i.e., kg of meat. The 

pasture phase allows one to produce feed for animals in marginal soils, where 

continuous cropping is unsustainable [31] and, at the same time, the use of 

high-quality pastures allows for improved liveweight production. The use of 
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human-edible grains to feed animals is minimum, reducing the competition for 

resources [60]. 

Although the systems analyzed here lacked spatial replication because 

of the large- scale and multidisciplinary crop–livestock research approach, we 

presented three years of data that were considered as a replication in time. 

The main objective is to report the real results and coefficients from mixed 

livestock systems in Uruguay. In this regard, Murison and Scott [61] reported 

several published studies that used unreplicated treatments related to grazing 

livestock. They concluded that while treatments need to be replicated to allow 

for measurement of the experiment error, there are circumstances where 

appropriate scale may have priority over replication. On the other hand, the 

same authors reported the importance of assessing the whole-farm effects, 

emergent properties of the systems and, at the same time, individual 

productivity. 

ICLSs present some opportunities related to international prices of 

commodities. However, there are also challenges, namely: (i) the dependence 

of external inputs to maintain high DM production in a scenario of price 

variability (i.e., fertilizer use); (ii) environmental issues associated with the 

need to reduce emissions per unit of product while maintaining high levels of 

production over time without wasting resources (i.e., forage quality and 

productivity, grazing management and C sequestration in soils, particularly in 

CC, where the rotation did not include a pasture phase); (iii) the need to adapt 

this kind of system through technologies to reduce the impact of climate 

change (i.e., diversification of forage basis in FR); (iv) the necessity to improve 

productivity, particularly in those systems that did not reach the proposed 

production levels (FR and LR), without increasing the use of human-edible 

food to feed animals (i.e., through improved forage utilization). 

2.7. Conclusions 

The four ICLSs evaluated had different levels of production. Those 

systems that included high proportion of rearing stock (Continuous Cropping 
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and Short Rotation) reached the production target (400 kg LW/ha/year) and 

produced significantly more LW/ha than those with high proportion of finishing 

animals (Long Rotation and Forage Rotation), during the three years of 

evaluation. Therefore, the hypothesis was not fulfilled by the four systems 

evaluated. DM production was statistically different among systems, being 

higher in Forage Rotation and Short Rotation. Systems that rotate with pasture 

tended to have higher levels of crop production. 
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3.1. Resumen 

En un contexto de demanda de alimentos y preocupaciones asociadas con los 

impactos ambientales de los sistemas agrícolas, hay un interés creciente en 

las explotaciones agrícolas mixtas para lograr una mayor sostenibilidad en 

comparación con los sistemas de producción agrícolas exclusivos. Sin 

embargo, las evaluaciones de estos sistemas son complejas y requieren datos 

de alta resolución para determinar el verdadero valor e interconectividad. 

Dada la escasez de información sobre sistemas mixtos de cultivos y ganadería 

y las dificultades de su análisis, realizamos un análisis de ciclo de vida 

utilizando datos de alta resolución temporal (2019-2022) de un experimento a 

largo plazo en América del Sur, para evaluar las intensidades de emisiones 

de gases de efecto invernadero de 'cuna a la portera’ de cuatro sistemas 

rotacionales de cultivos y ganadería. Los sistemas evaluados fueron: Cultivo 

Continuo: dos años de cultivo continuo; Rotación Corta: dos años de Cultivo 

Continuo más dos años de pasturas; Rotación Larga: dos años de Cultivo 

 
2 Facultad de Agronomía, Universidad de la República. 
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Continuo seguidos por cuatro años de pasturas; y Rotación Forrajera: pastura 

continuo. Las intensidades de emisiones para la producción de carne se 

reportaron como kg de dióxido de carbono equivalente (CO2-eq)/kg de 

ganancia de peso vivo (GPV) utilizando los factores de caracterización del 

dióxido de carbono del Sexto Informe de Evaluación (AR6 2021) del Panel 

Intergubernamental sobre Cambio Climático. Los resultados de estimación 

fueron: 11.3, 11.8, 11.8 y 16.4 kg CO2-eq/kg GPV para Cultivo Continuo, 

Rotación Corta, Rotación Larga y Rotación Forrajera, respectivamente. Los 

promedios de emisiones derivadas de los cultivos, que se separaron de las 

emisiones basadas en animales utilizando la asignación económica, fueron: 

1.23, 0.53 y 0.52 kg CO2-eq/kg para soja, trigo y avena, respectivamente. La 

inclusión de los cambios en el stock de carbono orgánico del suelo tuvo 

efectos notables en la reducción de las emisiones de cada sistema: en un 

22.4%, 19.2%, 25.3% y 42.1% en Cultivo Continuo, Rotación Corta, Rotación 

Larga y Rotación Forrajera, respectivamente, cuando se incluyó el carbono 

orgánico del suelo. Dado que hay pocos estudios de análisis de ciclo de vida 

disponibles sobre estos sistemas mixtos, particularmente con datos primarios 

de alta resolución, este estudio añade conocimiento crítico a la literatura sobre 

sostenibilidad relacionada con la producción de alimentos al abordar 

problemas ambientales en sistemas de producción complejos en comparación 

con la cobertura existente y amplia de los sistemas agrícolas. 

3.2. Summary 

In the context of ever-growing demand for food and associated concerns 

regarding the environmental impacts of high-input agricultural systems, there 

is growing interest in mixed farm enterprises to deliver greater sustainability 

compared with mono-enterprise production systems. However, assessments 

of such systems are complex and require high resolution data to determine the 

true value and interconnectivity across enterprises. Given the scarcity of 

information on mixed crop livestock systems and the difficulties of its analysis, 
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we perform Life Cycle Assessment using temporally high-resolution data 

(2019-2022) from a long-term experiment in South America to evaluate the 

‘cradle-to-farmgate exit’ greenhouse gas emissions intensities of four 

rotational crop-livestock systems. Systems evaluated were Continuous 

Cropping: two-years of continuous cropping; Short Rotation: two-year 

Continuous Cropping plus two-year pasture; Long Rotation: two-year 

Continuous Cropping followed by four-year pasture; and Forage Rotation: 

continuous pasture. Emissions intensities for beef throughput were reported 

as kg carbon dioxide equivalents (CO2-eq)/kg liveweight gain using the 

Intergovernmental Panel for Climate Change’s Sixth Assessment Report (AR6 

2021) CO2 characterization factors. Point estimate results were found to be: 

11.3, 11.8, 11.8 and 16.4 kg CO2-eq/kg/LWG for Continuous Cropping, Short 

Rotation, Long Rotation, and Forage Rotation, respectively. Emission 

averages arising from crops, which were separated from animal-based 

emissions using economic allocation were: 1.23, 0.53 and 0.52 kg CO2-eq/kg 

for soybean, wheat, and oat, respectively. The inclusion of soil organic carbon 

stock changes had notable effects on reducing each system’s emissions: by:  

22.4%, 19.2%, 25.3% and 42.1% under Continuous Cropping, Short Rotation, 

Long Rotation and Forage Rotation, respectively when soil organic carbon was 

included. Given there are few Life Cycle Assessments studies available on 

such mixed-enterprise ‘semi-circular’ systems, particularly with novel primary 

data, this study adds critical knowledge to agri-food related sustainability 

literature by addressing environmental issues in complex production systems 

compared to extant and broad coverage of mono enterprise systems. 

Keywords: carbon footprint; sustainability; food security; grazing 

3.3. Introduction 

Demand for agricultural produce is expected to grow between 1.1 and 

1.5% per year over the next ten years driven primarily by an ever-increasing 

global population (OECD/FAO 2022). Meeting this new market demand 
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presents many broad sustainability challenges, not least optimizing agricultural 

land use to ensure adequate and equitable nutritional provision whilst 

increasing crop intensity (i.e., yields) and improving herd efficiency through, 

for instance, higher feed conversion ratios in livestock systems (McAuliffe et 

al. 2017; OECD/FAO 2022). Global agricultural productivity will need to be 

increased by 28% over the next decade. To make matters even more 

complicated, to achieve the Paris Climate Change Agreement’s reduction 

targets related to agriculturally-sourced greenhouse gas (GHG) emissions, 

production increases cannot be solved globally simply by increasing quantities 

of material inputs (e.g., inorganic fertilization; imported feed) as observed in 

‘conventional’ or intensive farming practices. 

The livestock sector is thought to be responsible for ~11% of 

anthropogenically induced GHG emissions globally (FAO 2023). Animal feed 

related GHG emissions contribute considerably to both monogastric and 

ruminant production systems’ which are predominantly associated with direct 

and indirect soil emissions (i.e., nitrous oxide, N2O, and carbon dioxide, CO2; 

McAuliffe et al. 2017) as well as direct and indirect land use change (e.g., 

deforestation and soil inversion CO2 emissions). Depending on the level of pre- 

and post-farmgate manufacturing and processing, high proportions of system-

scale GHGs are typically produced at the farm level as demonstrated by one 

of the few extant studies which explores the full supply-chain of beef systems 

(Asem-Hiablie et al. 2019). In Uruguay, meat represented 18% of total 

exportations in 2023 (Uruguay XXI 2023), thus demonstrating the importance 

of domestic animal-based agricultural enterprises. According to the National 

Inventory Report (SNRCC - MA 2021), which uses Global Warming Potential 

over a 100-year time-horizon (GWP100), emissions from enteric fermentation 

in livestock, predominately from ruminants, accounted for 45.7% whilst 

emissions of N2O from managed soils accounted for 20.3% of the sector’s total 

emissions. Most Uruguayan ruminant livestock production occurs on natural 

grasslands (NG, i.e., native pastures with low, or no, inputs and generally 
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extensive land occupation; de Faccio Carvalho et al. 2021). However, due to 

the aforementioned increase in food demand globally (in addition to higher 

international prices of material input commodities driven by global shocks, e.g., 

the war in Ukraine; Rawtani et al. 2022), Uruguayan farmers are diversifying 

their activities. For instance, non-native pasture species are being introduced 

to swards to improve animal performance and soil quality (Garcıá-Préchac et 

al. 2004) whilst potentially reducing their GHG emissions via lower nitrogen 

content in excreta (Soteriades et al. 2019) and/or increased digestibility in 

forage (Takahashi et al. 2019). Mixed crop livestock systems fit into a (semi-

)circular economy concept by producing crop on-farm to either sell directly or 

feed animals, rather than purchasing it externally. Such approaches reduce 

feed purchase risks with respect to market volatility (Mustafa et al. 2023) and 

have a knock-on effect of reduced land use and resource depletion (e.g., rock 

phosphate) as most feed is produced using the same farm’s by-products (e.g., 

manure and excreta producing natural soil nutrient regeneration). 

Vast amounts of scientific publications address environmental impacts 

associated with livestock production using Life Cycle Assessment (LCA) (de 

Vries and de Boer 2010; de Vries et al. 2015; Takahashi et al. 2019). However, 

addressing environmental impacts through LCA in crop-livestock systems is a 

challenge due to inherent complexities surrounding shared land producing 

multiple co-products exacerbated by scarce primary data availability. 

Furthermore, complexities surrounding soil organic carbon (SOC) 

sequestration and how to evaluate soil carbon dynamics in agricultural LCA is 

also problematic (Goglio et al. 2015). Crop-livestock systems represent 17% 

of the total agricultural area in Uruguay (DIEA - MGAP 2022), meaning there 

are substantial opportunities to simultaneously explore environmental trade-

offs of rotational systems whilst adding to the knowledge base both globally (of 

mixed-farming systems) and nationally (of underrepresented nations with high-

quality life cycle inventory analysis (LCI) data). The primary aim of this work, 

therefore, was to compare ‘semi-circular’, multi-produce cattle rearing systems 
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widely adopted in Uruguay with a ‘traditional’ forage-only cattle system, whilst 

analyzing their potential impacts related to climate change. To achieve this, we 

evaluated ‘cradle-to-farmgate exit’ GHG emission intensities of four mixed 

crop-livestock systems in Uruguay using GWP100 (IPCC 2019a; IPCC 2021) 

with different intensities in land use over a three-year period (2019-2022). As 

the use of GWP has been questioned in terms of appropriate allocation of 

environmental burden in livestock systems (Manzano et al., 2023), in addition, 

we evaluated the methodological effect of using an alternative climate-related 

metric, specifically global temperature change potential over a 100-year time 

horizon (GTP100; based on the modelled temperature impact of different gases 

relative to CO2 at a specified time following an emission pulse) using IPCC’s 

(2021) GTP characterization factors which bestow substantially lower CO2-eq 

coefficients to biogenic methane (~6 compared to GWP100’s ~27).      

3.4. Materials and methods 

This study follows international protocols to calculate carbon footprints 

using an LCA approach as recommended by BSI PAS 2050 (2011) and ISO 

14044 (ISO 2006) to compare emissions intensities of different pasture-based 

cattle production systems integrated with cropping systems (Segura et al. 

2023). Typically, as opposed to other novel methodological applications 

described by McAuliffe et al. (2020), LCA comprises four steps: (1) goal and 

scope definition, (2) life cycle inventory analysis (LCI), (3) life cycle impact 

assessment (LCIA), and (4) interpretation (e.g., sensitivity and uncertainty 

analyses). We covered the entire production cycle in the case of crops from 

winter 2019 to summer 2022 (Southern Hemisphere seasons). In the case of 

livestock production, however, the system boundary focusses on post-weaning 

stages of the cattle life cycle as the systems under investigation raise cattle at 

various growth stages (i.e., rearing and finishing). Multi-produce systems, 

which will be described in detail in Section 2.1, are entirely interlinked; in other 

words, crops receive nutrients from grazing cattle whilst the same animals 
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receive feed from crops, thereby making each output a co-product at the 

system boundary scale.    

Figure 1. Palo a Pique long term experiment, Treinta y Tres, Uruguay. 

The picture shows several plots of crop–livestock systems. Credits: M. Oxley. 

3.4.1. Study site 

The long-term Pasture Crop Rotation experiment adopting no-tillage 

management was installed in 1995 at the ‘Palo a Pique’ experimental platform 

in Treinta y Tres (33º 16' S, 54° 29' W), a multifunctional farm-scale trial 

supported by the National Institute of Agricultural Research (INIA) in Uruguay 

(Figure 1). The annual mean (± SD) accumulated rainfall in the experimental 

site from 1995 to 2022 was 1249 ± 72.0 mm per year. The mean, maximum, 

and minimum air temperatures for the same period were 23 ± 0.1 °C and 11 ± 

0.6 °C, respectively. The experimental design of each system is shown in 

Table 1 (Pereyra Goday et al., 2022). 

It should be noted that measurements and subsequent LCI development 

in this paper utilizes data from the third phase of the Palo a Pique Long-Term 

Experiment (‘Land Expansion and Livestock Intensification’), which started in 

2019. In 2019, an experimental redesign was carried out to better-reflect local, 

‘on the ground’ farming as described by Rovira et al. (2020). Relevant changes 
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occurring during this transition were the relocation of the permanent pasture 

system, the addition of grassland as a support area (i.e., a ‘safety net’ of land 

dedicated to minimizing effects of potential biotic and abiotic stresses) in each 

system, and the inclusion of unique livestock production strategies for each 

system which reflects typical farming practices in the study site’s region. 

Table 1. Pasture and crop sequence for each rotation at Palo a Pique 

long term experiment, Treinta y Tres, Uruguay. P: Pasture follows by the age 

of the pasture (1 to 2 in short rotation and 1 to 4 in long rotation). Note that 

primary data from 4 to 6 year has not yet been collected, but due to the 

rotational nature within each system on an annual basis, the full six-year cycle 

can be represented from primary data collected during years one-to-three). 

The continuous cropping system (CC, 12 ha) operates under a rotation 

with two crops per year. Continuous cropping does not rotate with pastures, 

but it is complemented with an external area (6 ha) of an improved pasture 

comprising tall fescue (Festuca arundinacea L.), birdsfoot trefoil (Lotus 

corniculatus L.), and white clover (Trifolium repens L.) which is re-seeded 

every five years with the same species to ensure sustained establishment. The 

short rotation (SR, 24 ha) alternates two years of crop production identical to 

CC followed by two years of grass-legume pastures utilizing Yorkshire fog 

(Holcus lanatus L.) and/or Italian ryegrass (Lolium multiflorum L.) interspersed 

Rotation 

Purpose 

of crop 

phase 

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 

Continuous 

Cropping 

Crop Oat/Sorghum 
Black Oat/ 

Soybean 
Wheat/Sorghum    

Grazing Oat/Sorghum Ryegrass/Moha Oat/Sorghum    

Short 

Rotation 

Crop Idem2 CC Idem CC Wheat + P1 P2   

Grazing Idem CC Idem CC P1 P2   

Long 

Rotation 

Crop 
Idem CC and 

SR 

Idem CC and 

SR 
Wheat + P1 P2 P3 P4 

Grazing 
Idem CC and 

SR 

Idem CC and 

SR 
P1 P2 P3 P4 

Forage 

Rotation 
Grazing Fescue Fescue Fescue Fescue Fescue Fescue 
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with red clover (Trifolium pratense L.) at a target coverage rate of 50%. The 

long rotation system (LR, 36 ha) also alternates two years of crops identical to 

CC and SR followed by four years of grass-legume pastures composed of tall 

fescue, birdsfoot trefoil and white clover. The fourth system, forage rotation 

system (FR, 24 ha) is seeded with tall fescue and does not rotate with arable 

crops just between forage (tall fescue) paddocks. 

Each crop-livestock system (i.e., systems that rotate crop and pastures: 

CC, SR and LR) was split into two halves within paddocks (Table 1): one half 

for human-edible crop production (defined as ‘crop area’), which was seeded 

with oat (Avena byzantina L.), black oat in CC (Avena strigosa), and wheat 

(Triticum aestivum) in winter, and soybean (Glycine max) and sorghum 

(Sorghum sudanense L.) in summer. The remaining areas were allocated to 

grazing cattle (defined as ‘livestock area’) which were seeded as follows: 

Italian ryegrass and oat in winter, with sorghum and moha (Setaria italica L.) 

in the following summer. Winter crops and pastures were sown between March 

and June and typically harvested in November. Summer crops were planted 

in October and November with harvesting occurring in April. Cover crops (i.e., 

black oat) were harvested for hay in October thus providing additional feed 

provision for cattle. For CC, SR and LR, animals enter their respective 

experimental farm platforms in April or May each year and remained for one 

year (rearing animals) or, in the case of finishing animals, until delivery of target 

weights for the slaughterhouse. GHG emissions were calculated for all animals 

using IPCC (2019) equations using an individual-animal approach originally 

detailed in McAuliffe et al. (2018) which were included in the LCI to ensure that 

systems with poorer performing animal’s GHGs were captured (e.g., 

particularly in the case of animals spending > one year on-farm). As reported 

by Pereyra Goday et al. (2022), CC system focused on rearing male calves 

with 32 reared in 2019, 34 in 2020 and 35 in 2021. In SR, rearing heifers were 

managed, with 44, 49, and 46 reared in 2019, 2020 and 2021, respectively; 

finishing cattle during May and September, with 15, 10, and 10 cattle finished 
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in 2019, 2020 and 2021, respectively. In LR, the objective was rearing male 

calves and finishing steers over a period of 18 months with 50 male calves 

(~six months old) allocated to LR in 2019, 2020, and 2021. FR was the only 

system that begins at the end of the spring (Nov-Dec) with yearling steers. The 

objective of the livestock strategy in FR was to produce a finished steer ready 

for slaughter in 12-15 months (47, 30, 35, and 41 steers entered the system in 

December 2018, December 2019, November 2020, and November 2021, 

respectively). The four systems maintained British beef breeds (Aberdeen 

Angus and Hereford – Angus cross), randomly distributed. Data pertaining to 

animal performance is shown in Table 2. 

Table 2. Animal performance average (2019-2022) in pasture crop 

rotation at the Palo a Pique long term experiment in Treinta y Tres, Uruguay. 

(ADG: average daily gain; TOF: time on farm as days).  

Pasture Crop Rotation 

Entry 

Weight 

(kg/animal) 

Exit Weight 

(kg/animal) 

ADG1 

(kg/animal/day) 
TOF2 

Continuous Cropping – 

Calves 
190±23.6 377±35.9 0.59±0.264 330±22 

Short rotation – Heifers 156±19.7 333±31.5 0.58±0.197 316±8 

Short Rotation – Cows 473±51.8 529±51.2 0.59±0.308 102±21 

Long Rotation – Calves 185±26.6 361 ±36.8 0.58±0.153 337±39 

Long Rotation – Steers 369±34.1 511±37.2 0.65±0.179 224±25 

Forage Rotation – Steers 313±65.5 497±45.1 0.65±0.316 279±6 

Importantly, the experiment lacks complete replications for the full 

duration of the trial; however, due to the statistical design of the four individual 

systems, all phases of rotations occur each year represented by paddocks of 

3 ha in CC, SR, and LR, thus enabling modelling of the entire rotations by 

proxy. In other words, the systems are assumed to be operating at steady state 

over six years based on three years of high-resolution primary data collection 

and analysis. Forage rotation’s 24-ha area was divided into five paddocks of 

4.8 ha each corresponding with tall fescue seeded in 2013 (9.6 ha), 2014 (9.6 

ha), and 2020 (4.8 ha). Each rotation has an auxiliary ‘support area’ of natural 

grassland (NG) to ensure the animals have grazing access under conditions 
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outside of a farmers’ control (e.g., during periods with low forage availability in 

the systems due to (a)biotic stressors), thus ensuring the animals are 

maintained independently within each system (i.e., each system comprising 

livestock has its own dedicated area to avoid cross-system ‘contamination’). 

The proportion of NG area (in addition to primary seeded pasture land 

occupation) was: 33%, 29%, 26%, and 33% of the total area for CC, SR, LR, 

and FR, respectively. Cattle grazed annual forage crops (Italian ryegrass, oat, 

sorghum, and moha), permanent pastures (in forage and crop areas), 

permanent improved pasture (in CC) and NG. Detailed information about the 

experimental design, management and yields can be found in Pereyra Goday 

et al. (2022) and Rovira et al. (2020). 

3.4.2. System boundaries and functional unit 

A schematic of system components and boundaries is provided in Figure 

2. As mentioned above, the two subsystems (livestock and crop) are 

interconnected through livestock grazing on permanent pastures whilst 

simultaneously receiving and providing nutrients to the crop area. This is 

accomplished via the circularization of nutrients from urine and dung, and the 

production of sorghum and hay in crop areas to feed animals in the livestock 

area.  

Figure 2. Pasture crop rotation components and boundaries at Palo a 

Pique. The external black line represents system boundary of the study. Red 
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rectangles and arrows show outputs from the long-term experiment in Treinta 

y Tres, Uruguay (i.e., produce sold to downstream stakeholders). 

The boundary adopted was ‘cradle to farmgate exit’ as described by 

McAuliffe et al. (2018) which focused on finishing beef systems. The logic 

behind this is that the suckler herd is not part of Palo a Pique long term 

experiment, and therefore there is little-to-no data available and furthermore, 

the objective of this study was to quantify environmental impacts of the mixed 

crop-livestock trial’s systems and their potential differences in terms of GHG 

emissions, which would have been diluted if the suckler herd was included 

using secondary data (e.g., commercial LCA databases) thereby obscuring 

differences between common farming practices in the study-site’s region.  

Regarding crop production, the entire cycle from seed production to 

harvest was considered, as well as all up-stream emissions associated with 

material inputs such as fertilizer, in line with the crop-livestock systems (CC, 

SR, and LR; Figure 2). Each crop cycle (summer and winter, respectively) 

takes about six months under regional, seasonal climatic conditions. All inputs 

(e.g., fertilizers, pesticides, etc.) and outputs (i.e., GHG losses to air and co-

products) related to each production process were quantified, whereas farm 

buildings and infrastructure processes were excluded as they are considered 

negligible (McAuliffe et al. 2018) in certain agricultural systems, particularly at 

the study site where animals remain outdoors all year with the exception of 

calving, which is outside the current system boundary.  

Given that the assessed systems have different outputs (four crops, 

including grass, and beef liveweight gain (LWG)), the functional unit 

considered was (1) 1 kg of product obtained, with results presented as: kg 

carbon dioxide equivalent (CO2-eq)/(a) kg of LWG; (b) kg of soybean; (c) kg of 

oat; and (d) kg of wheat; and (2) 1 hectare. Given complexities surrounding 

disaggregating GHG emissions between animals and plants (i.e., they both 

‘share’ the same land and both produce multiple co-products beyond the 

farmgate; Guinée et al., 2004), livestock production was separated from crop 
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production using farm records of sales (i.e., the primary source of income for 

each of the systems) and subsequently economic allocation (see section 2.4 

for further information). 

3.4.3. Inventory analysis and impact assessment 

The majority of model parameters utilized in this study were collected as 

primary trial-based data. All animals were weighed every 30 days and 

individual performance was calculated as daily LWG assuming linear growth 

between weighing events. Three grazing exclusion cages (0.4 × 1.0 m) were 

used per grazing paddock (3–5 ha) to estimate daily pasture growth as kg dry 

matter (DM)/ha/d every 30 days according to the methodology proposed by 

Lynch (1947). Crude protein (CP, %), metabolizable energy (ME, MJ/kg DM), 

and neutral detergent fibre (NDF, %) were analyzed monthly and analysis was 

conducted using standard methods (AOAC 1990) in the Animal Nutrition 

Laboratory of INIA La Estanzuela (Colonia, Uruguay). Annual SOC stock rate 

changes were estimated using best available measured data between 2015 

and 2021 (30 cm depth), as described by Pravia et al. (2019) and then 

multiplied by the number of experimental years (i.e., three) for each paddock. 

Soil samples were analyzed according to Wright and Bailey (2001) in the Plant, 

Soil and Water Laboratory in INIA La Estanzuela (Colonia, Uruguay). 

Information of all inputs in each system (2019-2020, 2020-2021 and 

2021-2022) are reported in Table 3. The LCI was calculated from data reported 

by Pereyra Goday et al. (2022) and from the experiment’s management 

records. Background processes such as transport-based emissions were 

sourced from the ecoinvent database (Wernet et al. 2016). Embedded 

emissions associated with the production of fertilizers, pesticides, seed 

production, and minor quantities of supplemental feed were sourced from 

geographically representative data provided by INIA (2022). Emissions from 

livestock, pastures, and crops were estimated using IPCC’s (2019b) Tier 2 

approach. GHG emissions arising directly and indirectly from animals were 

calculated for each period between two weighing intervals (30 days between 
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each weighing event) using data from individual animals within the LCI. 

Pasture quality was also measured during each interval to align CP (%) and 

digestible energy (DE, %) with temporal growth rates (Supplementary 

Material 1). Once the LCI was conducted capturing temporal variability, all 

GHGs were summed to obtain a value of total emissions per system to provide 

clear interpretation. Emissions from pastures and crops were additionally 

calculated separately and summed to obtain the total of each system. Specific 

equations and constants used are detailed in Supplementary Material 2. 

Lastly, GHG emissions were estimated according to IPCC (2019) 

refinements using the global warming potential over a 100-year time horizon 

(GWP100) characterization factors detailed in the Sixth Assessment Report 

(AR6; IPCC 2021). All systems were modelled in SimaPro V9.3.0.3 (PRé 

Consultants 2022) and LCIAs were subsequently interpreted using the same 

software (details regarding interpretation provided in Section 2.4). Within 

SimaPro’s latest IPCC GWP100 impact assessment (excluding carbon 

feedback), biogenic CH4 and N2O are respectively assumed to have 27.2 and 

273 times greater climatic impacts than CO2 (IPCC 2021; PRé Sustainability).  

Table 3. Inventory of all major material inputs and outputs for each 

pasture crop rotation (three years of data, 2019-2022), at the Palo a Pique long 

term experiment, Treinta y Tres, Uruguay. (CP: crude protein). 

Parameter Unit 
Continuous 

Cropping 

Short 

Rotation 

Long 

Rotation 

Forage 

Rotation 

Total area 1 ha 24 34 56 36 

Pasture crop rotation area ha 12 24 36 24 

Permanent improved area    ha 6 0 0 0 

Natural Grassland area    ha 6 10 20 12 

Yield      

Soybean  kg 21,276 22,335 24,840 - 

Wheat  kg 13,272 16,125 15,531 - 

Sorghum 2  kg 29,772 33,903 31,758 - 

Oat  kg - 10,896 13,074 - 

Liveweight production  kg 19,659 27,610 48,796 29,792 

Fertilizer      

N  kg 3,547 5,337 5,474 11,615 

P (P2O5)  kg 2,759 3,623 3,897 2,045 
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K (K2O)  kg 1,572 1,981 1,916 432 

S  kg 191 227 335 0 

Pesticides 3 L 533 634 625 113 

Seeds  kg 4,018 5,235 6,229 393 

Diesel for machinery L 1,145 1,727 1,724 654 

Feed for animals      

Protein (48% CP)  kg 385 846 4,293 - 

Supplement (14% CP)  kg - - 8,327 16,280 

3.4.4. Interpretation 

For sensitivity analyses, given the unique mixed-farm ‘semi-circular’ 

systems, we presented results primarily on an output basis disaggregated by 

each commodity’s total revenue across the three years of primary data 

collection. Based on best practice and evidence that allocation can have a 

profound effect on interpretation (Rice et al. 2017), we also report decomposed 

emissions between co-products using mass allocation to separate 

multifunctional-system outputs (i.e., the total yield of each product leaving the 

farmgate).  

In addition to testing allocation assumptions, recent work has 

demonstrated the effect of functional unit choices on agri-food LCA results 

(e.g., McAuliffe et al. 2023; Manzano et al., 2023) in the context of nutritional 

value (e.g. protein), and Zira et al. (2021) who explored differences between 

mass/volume and area-based functional units. As each system has a different 

land occupation and various combinations of co-products (or indeed a single 

commodity in the case of FR), we also calculated LCIA on an area basis (1 ha) 

and reported the results to add novel evidence to earlier work carried out on 

agricultural functional units, particularly given the low representation of mixed 

crop-livestock systems in the sustainability literature combined with the 

interconnectivity between each (co)product as discussed at the beginning of 

this section. 

Given on-going debates concerning LCA subjectivity and the effect of 

impact assessment method choices (e.g., Lynch 2019), following the 

procedure proposed by McAuliffe et al. (2023b) we also calculated global 

temperature change potential over a 100-year time horizon (GTP100; based on 
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the modelled temperature impact of different gases relative to CO2 at a 

specified time following an emission pulse) using IPCC’s (2021) GTP 

characterization factors which bestow substantially lower CO2-eq coefficients 

for biogenic methane (~6 compared to GWP100’s ~27). Carbon dynamics were 

tested for sensitivity by analyzing each system with and without SOC uptake 

included.  

Finally, a Monte Carlo analysis was carried out to assess uncertainties 

both within (i.e., 95% confidence intervals) and across systems using pairwise 

iterations in the latter case. Monte Carlo simulations were conducted within 

SimaPro V9.3.0.3 (Pré Consultants 2022) and each assessment was run 

under 1,000 permutations. Distributions of individual GHGs were calculated 

manually using IPCC (2019) emission factor ranges (see McAuliffe et al. 

2018’s supplementary material for individual gas’s distribution shapes), whilst 

ecoinvent’s Pedigree Matrix was used to determine uncertainties associated 

with background (i.e., embedded) emissions.    

3.5. Results and discussion 

3.5.1. Intersystem comparison 

Productivity and subsequent yields were found to be different among 

systems (Pereyra Goday et al. 2022). From May 2019 to April 2022, systems 

that included high proportions of rearing animals (CC and SR) produced higher 

levels of LWG per ha than finishing animals due to the typical growth curve of 

beef cattle (CSIRO 2007). LWG was 13% lower in LR (369 kg/ha/year) and 

26% lower in FR (310 kg/ha/year) relative to CC and SR (426 and 418 

kg/ha/year respectively). Crop production per ha was influenced by the 

presence of the pasture phase in the rotation and was consequently higher in 

LR and SR than CC. Climatic conditions (drought and water excess) during 

the experimental period explain resultant high variability in wheat and oat 

yields. Crop yield (t/ha/year) for soybean was 2.36 ± 0.136, 2.48 ± 0.348 and 

2.76 ± 0.227 in CC, SR and LR respectively, whereas crop yield for wheat was 
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2.21 ± 2.051, 2.68 ± 2.015 and 2.59 ± 2.022 in CC, SR and LR, respectively. 

Oat yield was 1.82± 0.871 and 2.18 ± 0.028 to SR and LR. 

Although area (i.e., land use/occupation) is not necessarily relevant in 

agri-food LCAs (e.g., comparing housed monogastric livestock systems with 

similar feed rations), in the current case (i.e., mixed crop-livestock systems), 

total emissions intensity reported as kg CO2-eq/ha allows the expression of 

impacts from the viewpoint of local producers (Picasso et al. 2014). Values 

reported as emissions per ha were: 2,795, 2,734, 2,727 and 2,607 kg CO2-

eq/ha for CC, SR, LR and FR, respectively. These values included emissions 

arising from both crop and livestock areas of each farming system. 

The minor differences observed among systems could be explained by 

the fact that the crop livestock systems, when they are analyzed, present trade-

offs to reduce negative impacts of crop  or livestock agriculture; namely, the 

most efficient livestock strategy (CC) in terms of low GHG emissions per kg of 

LWG is associated with a rotation with more intensive utilization of synthetic 

inputs and the highest intensity of land use without pastures in rotation 

(reflected by the lowest carbon restoration prediction as will be discussed in 

Section 3.3.). Conversely, the least efficient livestock strategy (finishing cattle 

in LR and FR) is associated with a rotation with fewer inputs and the inclusion 

of pastures in rotation, as described by Rovira et al. (2020). The values 

obtained in the current study are similar to others reported by Picasso et al. 

(2014), where values of emissions intensity per area were within the range of 

2,000 and 2,500 kg CO2-eq/ha, exclusively for livestock systems. The authors 

also identified a trend of decreasing emissions per ha when productivity per 

ha increased, a trend supported by Styles et al. (2018) in the context of dairy 

intensification, albeit with caveats such as displaced production which may 

reduce local emissions whilst increasing net emissions as the trading nation 

may be less environmentally efficient than domestic production. 

Total emissions intensity per kg of product under economic allocation is 

provided in Table 4. In general, LWG leaving the farmgate provided 85 – 94% 
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of the total revenue in systems which rotated with crops, whereas it was 100% 

in FR. Total revenue from crops (soybean, oat, and wheat) was 15% in CC, 

11.7% in SR and 6% in LR (see Supplementary Material 3). Economic prices 

of crops were equal among systems, as harvested crops were sold to the same 

industry, and the values changed only across years. However, livestock prices 

were different according to date of sale, animal category, and final liveweight. 

For perspective, kg CO2-eq/US$ was: 2.4, 1.8, 1.7 and 1.5 under CC, SR, LR, 

and FR, respectively. 

According to Pelletier et al. (2015), economic allocation is an effective 

way to reflect the hierarchy in systems where there are multiple co-products 

by appropriately assigning responsibility for the associated environmental 

burdens to the primary economic outputs, which largely aligns with the function 

of agricultural systems. In other words, economic allocation is generally the 

preferred approach for biological systems such as primary food production 

(and beyond, pending the system boundary). Recently, Kyttä et al. (2022) 

described economic allocation as an accurate method, particularly when 

utilized in livestock systems, as it reflects the reality that drives the production 

system as described above and discussed in more detail by Ardente and 

Cellura (2012). In the current study, LWG is the main product under the 

hierarchical logic proposed by Pelletier et al. (2015) and it was therefore 

targeted as the main product for deep interpretation. 

Table 4. Emissions (kg CO2-eq/kg of liveweight gain, soybean, oat, and 

wheat), using economic allocation for each pasture crop rotation at the Palo a 

Pique long term experiment, Treinta y Tres, Uruguay. 

Product 
Continuous 

Cropping 
Short Rotation Long Rotation 

Forage 

Rotation 

Liveweight 11.3 11.8 11.8 16.4 

Soybean 1.36 1.24 1.01 - 

Wheat 0.61 0.54 0.43 - 

Oat - 0.57 0.47 - 
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Emissions intensity reported as kg CO2-eq/kg LWG, apart from FR, 

impacts were similar among systems, regardless of livestock strategy. Results 

are consistent with the aforementioned trade-offs between livestock strategies 

and crop rotation interactions. Results reported in terms of CO2-eq/kg LWG 

were similar to others reported by Picasso et al. (2014) who investigated 

backgrounding and finishing systems in a review of different production 

systems in Uruguay with different feed rations (6.9 - 16.7 kg CO2-eq/kg LWG); 

Dick et al. (2015) compared extensive versus intensive systems in Southern 

Brazil (9.2 – 22.5 CO2-eq/kg LWG) and Ruviaro et al. (2015) for systems 

including cow-calf operation (18.3 – 42.6 CO2-eq/kg LWG). Most comparable 

cases considered grazing animals with the inclusion of legumes, fertilization, 

and grazing management. On the other hand, results obtained by McAuliffe et 

al. (2018) showed values of 16-20 kg CO2-eq/kg LWG in grazing systems in 

Southwest England for finishing cattle (steers and heifers equally split within 

three herds) with a housing period during winter under humid temperate 

conditions. 

Crop production results obtained should be interpreted cautiously due to 

oat and wheat being highly affected by climatic conditions during the trial, as 

reported by Pereyra Goday et al. (2022). Shrestha et al. (2020) conducted an 

LCA of wheat rotations and evaluated different scenarios of allocation for 

wheat production. Their study showed similar values to our findings: 0.79 kg 

CO2-eq/kg of wheat under economic allocation and 0.62 kg CO2-eq/kg of 

wheat under mass allocation. The same authors conclude that rotations and 

diversification in crop production systems, combined with the necessity to 

understand synergies and trade-offs when evaluating environmental impacts 

of crops, require deeper exploration in the context of global GHG reduction 

ambitions (e.g., the Paris Climate Change Agreement). Bearing this in mind, 

our results could be considered as a novel evidence base for values of kg CO2-

eq/kg of wheat, soybean and oat, as management in the four trials reported 
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herein is similar to management carried out on commercial farms in the study 

region (Rovira et al. 2020). 

3.5.2. Intrasystem emissions 

The process contribution per kg of LWG is presented in Table 5. The 

largest share of emissions per kg of LWG was derived from enteric 

fermentation, which presents 52-72% of total livestock GHG emissions. Similar 

values were reported by several authors, referring to grazing ruminants with 

direct deposition of manure in the field (de Figueiredo et al. 2017; Dick et al. 

2015; Picasso et al. 2014). Conversely, the proportion of enteric fermentation’s 

emissions were lower on a mass-based functional unit in systems that included 

manure management (Ogino et al. 2007; Weiss and Leip 2012).  

The second largest source of emissions was direct N2O from soils 

followed by fertilizer production, contributing between 8.4-14.2% and 8.4-

16.1%, respectively. These results could be explained by the dependence of 

fertilizers in all crops. Naturally, Uruguayan soils are deficient in phosphorus 

(P) and nitrogen (N) (Madeira 2019), which drive the use of fertilizers in crops 

every year. For instance, FR showed higher N2O emissions compared to the 

other systems, due to the use of 184 kg N/ha/year, as detailed in Table 3. 

Table 5. Processes contribution (kg CO2-eq/kg liveweight gain) for each 

pasture crop rotation at the Palo a Pique long term experiment, Treinta y Tres, 

Uruguay. 

Process Continuous 

Cropping 

Short 

Rotation 

Long 

Rotation 

Forage 

Rotation 

Enteric Fermentation (CH4) 7.49 8.62 7.30 8.53 

Direct Emissions (N2O) 1.06 1.00 1.42 2.63 

Indirect Emissions (N2O) 0.32 0.24 0.33 1.37 

Fertilizers use 1.34 0.99 1.59 2.32 

Inputs (seeds, fuel, feed, 

pesticides) 

0.40 0.25 0.39 0.17 

Urea emissions 0.12 0.08 0.12 0.63 

Manure Management (CH4) 0.01 0.01 0.01 0.01 

Manure Management (N2O) 0.56 0.65 0.59 0.72 

Total 11.3 11.8 11.8 16.4 
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3.5.3. Soil organic carbon inclusion 

Given climate-focused actions to reduce emissions in line with achieving 

net-zero carbon economies (CIEL 2020); in order to consider the potential of 

mitigation through SOC sequestration, we included SOC stock change rates 

per year. Significant changes were obtained when SOC sequestration was 

included (Goglio et al. 2015). The mitigation potential through SOC 

sequestration during May 2019-April 2022 was 22.4%, 19.2% and 25.3% for 

CC, SR, and LR respectively. FR had the highest value of carbon uptake, 

perhaps unsurprisingly given the additional carbon inputs from feces and DM 

production, thus potentially off-setting emissions up to 42.1%. That being said, 

potential GHG off-setting as a percentage showed similar values among CC, 

SR and LR; as a result, it is important to consider the total emissions (i.e., farm-

scale rather than per unit of produce) when considering local mitigation 

measures and/or technologies. This value was substantially lower in CC 

(201,214 kg CO2-eq) compared with SR (229,622 kg CO2-eq), LR (458,186 kg 

CO2-eq) and FR (281,509 kg CO2-eq). In terms of kg CO2-eq mitigated through 

SOC sequestration, the best performance was obtained in FR and LR, which 

supports results presented by Teague et al. (2016). 

Emissions intensity (kg CO2-eq/kg product) considering economic 

allocation and SOC mitigation is presented in Table 6. Although extant 

literature recommends 10 years between two soil samples to estimate SOC 

variation (Goglio et al. 2015), in our study we used six years. This is arguably 

a limitation of our study; however, we assessed our assumption based on best 

practice by reporting emissions with (baseline results) and without SOC stock 

changes per year. 
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Table 6. Emissions (kg CO2-eq/kg of liveweight gain, soybean, oat, and 

wheat), using economic allocation and soil organic carbon mitigation for each 

pasture crop rotation at the Palo a Pique long term experiment, Treinta y Tres, 

Uruguay. 

Product 
Continuous 

Cropping 
Short Rotation Long Rotation 

Forage 

Rotation 

Liveweight 8.77 9.44 8.81 9.45 

Soybean 1.06 1.00 0.76 - 

Wheat 0.47 0.44 0.32 - 

Oat - 0.46 0.35 - 

SOC sequestration in LCA is difficult to quantify accurately as historical 

land use is often unknown and carbon-stock changes are frequently excluded 

from system boundaries (Goglio et al. 2015). Results obtained can be different 

depending on scale (i.e., farm, plot, life cycle), with a greater geographical 

scope generally associated with greater heterogeneity in soil properties and 

thus the soil’s potential as a carbon sink (Soussana et al. 2010). In this regard, 

results could show a wide variability according to soil quality and structure, 

farm type, climate (and microclimates), as well as farm management, as 

explained by Lal (2004). Results presented here show the potential mitigation 

of GHG at the farm level but cannot be extrapolated to broader geographic 

regions. Picasso et al. (2014) estimated mitigation in GHG emissions through 

SOC sequestration of 17% in livestock systems in Uruguay, whereas Dollé et 

al. (2011), reported mitigation of emissions in livestock systems in France of 

24% and 53% including SOC sequestration. It should be noted however that 

SOC stock changes across studies are typically incomparable due to different 

methodological options for the calculation of soil carbon uptake as 

demonstrated by Mogensen et al. (2014). 

3.5.4. Methodological comparisons 

Figure 3 demonstrates estimations of uncertainty through Monte Carlo 

simulations, considering SOC mitigation, with a confidence interval of 95%. 

Differences detected across systems were not significant when calculated 
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under pairwise permutations. Interestingly, and supportive of the earlier 

discussion of SOC stock change uncertainty, pairwise calculations to test the 

inclusion versus the exclusion of SOC were significant in all comparisons (p < 

0.05). However, readers should be aware that the uncertainty results are 

dependent on numerous factors as outlined above which are difficult to capture 

using Monte Carlo analysis, and therefore we are simply reporting our findings 

rather than claiming SOC can truly reduce emissions by nearly half in all 

systems. 

Figure 3. Results of Monte Carlo simulations for each pasture crop 

rotation at Palo a Pique long term experiment, Treinta y Tres, Uruguay. Error 

bars represent 95% confidence intervals. LWG: liveweight gain; CO2-eq: CO2 

equivalent. 

3.5.5. Sensitivty analysis 

3.5.5.1. Mass allocation 

Results for our sensitivity analysis to allocation methods showed 

differences in allocation of emissions to each product in each system. In crop 

production, variations in emissions’ distributions were detected. For the three 

systems on average, net emissions increased by 87-95%, 71-79% and 82-

88% for wheat, soybean, and oats, respectively, when they were analyzed 

considering mass allocation compared to economic allocation. Emissions for 
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liveweight decreased considerably when mass allocation was tested, being 

59%, 57% and 14% lower for CC, SR and LR, respectively. Conversely to 

economic allocation which is predicated on the value of a given product either 

at a point in time or as a rolling average, mass allocation does not consider 

value which could arguably reflect the quality of throughput (Kyttä et al. 2022). 

Within our study, this is a central aspect as mixed pasture-crop rotations 

evaluated herein produced different crops (soybean, wheat, and oat) and LWG 

(meat), which have different nutrient profiles: e.g., protein content, structure 

(e.g., limiting amino acids and anti-nutritional factors such as phytates in 

crops), and ultimately, digestibility (McAuliffe et al. 2023). The diverging results 

of the different allocation procedures underline the importance of avoiding 

arbitrary choices and selecting an appropriate method that fits the objectives 

of the analysis (Michiels et al. 2021). An alternative approach could consider 

nutrient density content of outputs in each system to evaluate environmental 

impacts from a nutritional standpoint as performed by Lee et al. (2021) for 

suckler beef. However, this would require substantial nutritional analysis of all 

outputs of the system, which was not possible in the current study based on 

primary data. 

3.5.5.2. Global temperature change potential 

As discussed in Section 2, a sensitivity analysis was carried out to test 

differences between GTP100 and GWP100, or the climate change impact as 

quantified by the predicted change in radiative forcing and relative 

temperature, respectively, over a 100-year period, considering the significant 

emissions of biogenic methane originating from enteric fermentation in 

ruminants, and the ongoing debate regarding GWP100 due to its potential 

tendency to overestimate methane's impacts (McAuliffe et al 2023b). Values 

to convert CH4 to CO2-eq were 5.38 and 27.9, whereas values to convert N2O 

were 233 and 273 under GTP100 and GWP100 for both gases, respectively. As 

explained by Reisinger and Ledgard (2013), alternative impact assessments 

such as GTP100 significantly change the balance between CH4 and N2O and 
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could change the overall cost and associated profitability for farmers if a price 

was applied to agricultural emissions (e.g., carbon credits). Understandably 

given the drastically different CH4 characterization factors, enteric CH4 is the 

most affected GHG under contrasting metrics. As a result, the relative 

proportion of CH4 emissions in the overall emissions intensity was reduced by: 

27.6%, 34.6%, 24.2% and 17.5% in CC, LR, SR and FR, respectively. The 

relative contribution of N2O to the overall emissions intensity increased on 

average by 11% under GTP100 compared to GWP100. Total emissions 

intensities per kg of LWG were reduced by: 4.7, 4.3, 5.2, and 8.5 kg CO2-eq/kg 

LWG in CC, LR, SR, and FR, respectively (i.e., emissions intensities as kg 

CO2-eq/kg LWG using GTP were 58.4%, 63.5%, 55.9% and 48.2% lower than 

emissions using GWP100 applied to CC, SR, LR, and FR). For a country like 

Uruguay, where the agricultural sector represents the most important source 

of GHG emissions, the use of alternative metrics could elucidate novel GHG 

emission mitigation and/or off-setting strategies by demonstrating that 

gaseous emissions other than CH4 also require urgent abatement attention 

(N2O in the case of agriculture; Takahashi et al. 2019). For example, 

agriculture’s contribution to national emissions reduced from 73% of total 

GHGs under GWP100 to 55% under GTP100 (SNRCC – MA 2021). 

However, it is important to note that there is no ‘right’ metric: an impact 

assessment should be chosen to answer a specific research question (e.g., if 

individual gaseous temporal changes are a study’s focus, then GWP* may be 

the most appropriate metric; Cain et al. 2019). Although climate change impact 

assessments are gaining more attention (Allen et al. 2022), this is not a new 

issue for carbon footprints and other sustainability assessments focusing on 

GHG emissions. As discussed by Reisinger and Ledgard (2013), the 

quantification of emissions is important, but moreover, the authors conclude 

that different impact assessments answer different questions. Finally on the 

topic of LCIA, it is important to acknowledge that IPCC (2021) recommend 

testing GHG emissions calculations and associated impact assessments 
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through sensitivity analyses (either cross-time horizons or cross-impact 

assessments, pending the research question and system context). This 

invariably makes interpretation and communication more challenging, but it is 

a critical exercise to demonstrate to stakeholders, policymakers, and 

consumers that there are considerable complexities involved in assessing a 

product or service’s contribution to climate change. 

3.5.6. Implications for mixed pasture crop rotations 

Herein we address the GHG emissions intensities associated with mixed 

pasture crop rotation, underpinned by temporally high-resolution agronomical 

data. Although the systems evaluated have different livestock production 

strategies, we can draw useful conclusions in terms of general responses to 

various management practices. 

First, we note the importance of including pastures in rotational farming 

and the potential of pastoral swards to reduce input use (e.g., synthetic 

inorganic N fertilizers) through an increase in biological N fixation (Carswell et 

al. 2022; McAuliffe et al., 2018), potentially improved SOC sequestration in 

certain production systems (Pravia et al. 2019), and greater productivity 

through the use of high-quality, managed pastures (Szymczak et al., 2023). 

Although this is a geographically restricted study (i.e., conclusions cannot be 

made from a global perspective), such management practices appear to 

achieve high average daily growth and improved biomass productivity in 

temperate climates, thereby reducing emissions per kg produced which has 

been demonstrated previously (Carvalho et al. 2018; de Souza Filho et al. 

2019). Enhancing productivity has the potential to yield improvements in the 

economic strength of crop-livestock rotational systems (Leahy et al., 2020). 

Secondly, the exclusive utilization of food produced within the system for 

animal feed facilitates emission reductions (e.g., from transportation) and 

enhances the utilization of crop residues, concurrently integrating nutrients into 

the soil through the deposition of manure and urine. Nevertheless, achieving 

an optimal balance between crops and livestock within these systems poses 
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several challenges associated with land utilization and   nutrient use efficiency 

(Xu et al., 2023). 

On the other hand, data sourced from long-term, large-scale trials 

enables us to explore potential risks and benefits of agricultural systems 

currently underrepresented in extant LCA literature. This is particularly helpful 

to the LCA evidence base as our work predominantly adopts temporally high-

resolution primary data, thereby better informing those who consume, and 

indeed produce, the four included (co)products. Finally, pasture crop rotations 

have the potential to produce ecosystem services (e.g., reduce erosion, 

pollination and biological control of pests) and reduce environmental impacts 

without compromising economic sustainability. This presents an opportunity 

for future research to explore broader sustainability trade-offs including 

different impact categories such as eutrophication, water scarcity and fossil 

fuel depletion, as well as a more holistic viewpoint considering biodiversity, 

economic (e.g., projected changes in supply and demand for Uruguay’s 

primary agricultural exports) and social (e.g., human and animal welfare) 

ramifications of different multifunctional systems. Considering the importance 

of meat towards the nation’s total income, it is of critical importance to explore 

the ‘steps to sustainable livestock’ (Eisler et al. 2014; Rivero et al. 2021) from 

as many lenses as possible to ensure land use is optimized and consumers 

are provided with transparent and unbiased information which acknowledges 

weaknesses in modelling exercises via uncertainty analyses and testing the 

sensitivity of subjective decision making (e.g., allocation and impact 

assessment characterization factors, the role of livestock in a circular bio-

economy (utilizing ‘waste’ streams and land not suited-to or in combination 

with crops). 

3.6. Conclusions 

Our findings present a novel evidence base simultaneously tackling 

environmental modelling issues in mixed crop-livestock systems, whilst 

providing insights into locally representative and understudied farming 
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practices in South America to produce food and feed. These practices, allow 

to reduce environmental degradation, creating semi-circular multifunctional 

farming systems which feed both human and animals simultaneously. The 

underlying data also explore a variety of material inputs and outputs, as well 

as flows to and from nature, differing across land management trials thus 

further elucidating optimal local practices which may realize sustainable 

solutions. Given there are few Life Cycle Assessments studies available on 

such mixed-enterprise ‘semi-circular’ systems, particularly with novel primary 

data, this study adds critical knowledge to agri-food related sustainability 

literature by addressing environmental issues in complex production systems 

compared to extant and broad coverage of mono enterprise systems. 

We emphasize the significance of our findings in light of the widespread 

use of these production systems in South America and the lack of information 

regarding their environmental impacts. Furthermore, methodological 

approaches to assess said impacts of such complex, multi-produce farming 

systems is scant in extant literature, and as such, we propose a robust 

framework to inform relevant stakeholders about uncertainties, some of which 

are substantial, when conducting carbon footprints. Whilst a broader 

assessment of impact categories (e.g., eutrophication, acidification, fossil 

depletion, water scarcity, etc.) is required to fully reveal the benefits and risks 

associated with mixed crop and livestock systems, our study contributes to 

improving geographical coverage of LCA data in the context of a growing 

demand for information concerning production systems including mixed crop-

livestock enterprises. 
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4.1. Resumen 

El desarrollo de métricas que evalúen la sostenibilidad de los sistemas de 

producción de alimentos se ha convertido en una herramienta importante para 

la realización de sistemas agroalimentarios globales sostenibles. La eficiencia 

en el uso del nitrógeno (N) (salidas de N en alimentos en relación con todas 

las entradas de N; NUE) es un indicador clave de eficiencia utilizado en 

sistemas de cultivos y ganadería. El objetivo de este estudio fue cuantificar y 

comparar la NUE, el excedente de N (NSURP, todas las entradas de N menos 

las salidas de N en productos alimenticios) y el balance de N/retención (todas 

las entradas menos las salidas de N y las pérdidas de N) de cuatro rotaciones 

de cultivo-pasturas con diferente intensidad de uso de suelo, a nivel de 

componente (cultivos y ganadería) y sistema, durante un período de 3 años 

(2019-2022). Los sistemas evaluados fueron: cultivo continuo (CC), rotación 

corta (SR): CC de 2 años (2a) más 2a de pasturas, rotación larga (LR): un CC 

de 2a más 4a de pasturas, y rotación forrajera (FR), pastura continua con 

festuca. La información utilizada en este estudio fue recolectada como datos 

primarios a nivel de campo. Los valores de NUE para cultivos fueron: 62.5%, 

83.8% y 77.5% para CC, SR y LR, respectivamente. La NUE para ganadería 
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fue de 24.4%, 9.9%, 14.3% y 5.5% para CC, SR, LR y FR, respectivamente. 

La NUE del sistema fue de 43.4%, 28.1%, 29.3% y 5.5% para CC, SR, LR y 

FR, respectivamente. El balance de N en el sistema fue de 4.9±1.52, 41±3.1, 

29±2.2 y 64±3.5 para CC, SR, LR y FR, lo que sugiere mayores cantidades 

de N retenidas en el suelo en aquellos sistemas que incluyen pasturas. 

Nuestros hallazgos muestran diferencias entre componentes y sugieren la 

necesidad de aplicar estrategias diferenciales para optimizar los resultados 

obtenidos y mover la NUE hacia un lugar de ‘operación segura’, 

principalmente en el componente gaandero, considerando la relevancia de 

desarrollar sistemas de producción de alimentos sostenibles. 

4.2. Summary 

Development of metrics which evaluate sustainability of food production 

systems has become an important tool towards the realization of sustainable 

global agri-food systems. Nitrogen (N) use efficiency (NUE, food N outputs 

relative to all N inputs) is a key indicator of efficiency used in crop and livestock 

systems. The aim of this study was to quantify and compare the NUE, N 

surplus (NSURP, all N inputs minus N outputs in food products) and N 

balance/retained (all inputs minus N outputs and N losses) of four pasture crop 

rotations at different intensity of soil use, at the component (crop and livestock) 

and system level for a period of 3 years (2019-2022). The systems evaluated 

were: continuous cropping (CC), short rotation (SR)- a 2 year (2-y) CC plus 2-

y pasture, long rotation (LR) - a 2-y CC plus 4-y pasture, and forage rotation 

(FR), a continuous pasture with tall fescue. The information used in this study 

was predominately collected as primary data at the field level. Crop NUE 

values were: 62.5, 83.8 and 77.5% for CC, SR and LR, respectively. Livestock 

NUE was 24.4, 9.9, 14.3 and 5.5% for CC, SR, LR and FR, respectively. 

System NUE was 43.4, 28.1, 29.3 and 5.5% for CC, SR, LR and FR 

respectively.  N balance at system level was 4.9±1.52, 41±3.1, 29±2.2 and 

64±3.5 to CC, SR, LR and FR, which suggest greater amounts of nitrogen 
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retained in soil in those systems that include pastures. Our findings show 

differences between components and suggest the need to apply differential 

strategies to optimize the results obtained and move NUE towards to ‘safe 

operation’ place, mainly in the livestock component, considering the relevance 

of developing sustainable food production systems. 

Keywords: sustainability; food security; crop-pasture systems; nitrogen use 

efficiency 

4.3. Introduction 

Food production systems around the world present several challenges 

associated with nutrient provision and food security. Global demand for food 

is expecting to grow between 1.1 and 1.5% per year in the next decade 

(OECD/FAO, 2022), explained by growing global population and economic 

development. At the same time, variability of international prices of material 

input commodities driven by global shocks including the war in Ukraine 

(Rawtani et al., 2022) is also predicted. On the other hand, there is an 

increased pressure on land and water resources (Spiertz, 2010), and growing 

concerns about the impact of modern agriculture on natural resources and how 

production processes are implemented (Xue et al., 2010). 

Sustainable intensification (SI) of agriculture has the potential to enable 

meeting demands for food, while simultaneously meeting environmental and 

ecological goals (Haughey et al., 2023; Soria‐Lopez et al., 2023). The aim of 

SI is the transformation of the whole food chain into a fully sustainable 

procedure, developing practices to exploit natural resources whilst reducing 

the harms derived from agricultural activities (Cassman and Grassini, 2020). 

In this way, management strategies that increase environmental sustainability, 

such as increasing agroecosystem diversity (Bowles et al., 2020), and 

inclusion of pastures in crop rotations (Carswell et al., 2022; Garcıá-Préchac 

et al., 2004) may increase resilience to weather extremes without forgoing 

yield, whilst the use of high-yielding crop varieties, fertilization, irrigation, and 
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pesticides, have become important tools to improve productivity 

(Franzluebbers and Martin, 2022; Paruelo and Sierra, 2023).  

Developing indicators which quantify and analyze sustainability and 

management in crop and livestock systems are essential (Chukalla et al., 

2020) given the relevance that these systems have in the global food chain 

(Gerber et al., 2014). As explained by Paruelo & Sierra, (2023), defining 

indicators is a critical step to quantitatively compare the level of intensification. 

In addition, a rigorous control and evaluation of the indicators is needed to 

define a ‘safe operating space’ for resource-use efficiency (Quemada et al., 

2020).  

Given the relevance of N in agricultural processes (Godinot et al., 2015), 

it is crucial to avoid nutrient imbalances (Fowler et al., 2013; Goulding et al., 

2008) to deliver an optimal level of Nitrogen (N) input which maximizes N use 

efficiency (NUE) (Löw et al., 2020; Powell and Rotz, 2015; Quemada et al., 

2020). This, in turn, helps minimize the amount of N potentially released into 

the environment, contributing to the definition of a ‘safe operating N space’. 

However, until now there is not a uniform, robust methodology and protocol to 

be used when accounting for these risks. Several studies have estimated NUE 

often using different systems boundaries, scales, regions, input data and 

assumptions (Gerber et al., 2014; Uwizeye et al., 2020). The EU Nitrogen 

Expert Panel (2015) proposed a graphical approach to evaluate NUE. The 

authors defined a target NUE zone delimited by two NUE thresholds (high and 

low), a minimum N system productivity associated with N removed in food 

products and including also a fourth threshold linked with the maximum N 

surplus (NSURP) that a system could admit avoiding a potential release of this 

nutrient to the environment. This value is considered a proxy of potential 

environmental losses of N (van Eerdt and Fong, 1998), and a lower value is 

associated with an efficient use of the N applied (Rose et al., 2023). Although 

this approach has been frequently used in pure crop (Milroy et al., 2019; Shen 

et al., 2023; Sung et al., 2023; Yan et al., 2022) or livestock systems (Bratti et 
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al., 2022; Castillo et al., 2021; Groenestein et al., 2019; Vingerhoets et al., 

2023), the literature from mixed systems is limited. 

In Uruguay, mixed crop-livestock systems have gained relevance since 

the prevailing regulations on crop rotations (MGAP, 2020), occupying 17% of 

the total area used by livestock (DIEA - MGAP, 2022), whilst meat and grain 

production represented 23 and 22% of total exports in 2021, respectively 

(Uruguay XXI, 2021). Hence, there is a need to understand the drivers and 

deepen the knowledge around efficiency of these systems, considering the 

dependence of synthetic fertilizers in production systems and the growing 

environmental impacts of agricultural systems concerns (Xue et al., 2010).  

Therefore, the aim of this study was to quantify and compare the NUE, 

the associated NSURP and the N balance/retained (at crop and livestock 

component and at system level) of four pasture crop rotations at different 

intensity levels utilizing data collected over a 3-y period (2019-2022). We 

hypothesized that mixed crop livestock systems have the potential to circulate 

nutrients between both components, improving their availability and potentially 

reducing external contribution. 

4.4. Materials and Methods 

Measurements and metrics calculated in this study refer to the third 

phase of the Palo a Pique Long-Term Experiment (‘Land Expansion and 

Livestock Intensification’), which started in 2019, after a redesign, as described 

by Rovira et al. (2020). The main changes that occurred in this phase were: i) 

relocation of permanent pasture system, ii) addition of a support grassland 

area to each system, and iii) implementation of a bespoke livestock strategy 

for each system. 

4.4.1. Experimental Site 

A long-term pasture crop rotation experiment under no-tillage was 

installed in 1995 at the ‘Palo a Pique’ Experimental Unit in Treinta y Tres 

(33◦160 S, 54◦290 W), Uruguay, at the National Institute of Agricultural 

Research (INIA) facilities. Uruguay is in the subtropical climate zone; the 
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annual mean (± SD) accumulated rainfall in the experimental site for the last 

28 years (1995-2022) was 1249 ± 72.x mm per year distributed uniformly 

throughout the year. The mean maximum and minimum air temperatures for 

the same period were 23 ± 0.1◦C and 11 ± 0.6◦C, respectively. The research 

site has a 3% average slope, and the loam soils are Oxyaquic Argiudolls 

according to (USDA-NRCS, 1996). 

4.4.2. Description of the pasture crop rotations 

As described in Pereyra Goday et al. (2022), four systems were 

evaluated. Table 1 describes the crops included in each rotation (pasture-crop 

rotation or pasture rotation) and purpose of the crop phase (crop or grazing). 

Pasture crop rotations represent alternative pasture–crop arrangements with 

different temporal and spatial combinations of land use. 

Table 1. Pasture and crop sequence for each system evaluated at Palo 

a Pique long term experiment, Treinta y Tres, Uruguay (Pereyra Goday et al., 

2022). 

System1 

Purpose 

of crop 

phase 

Rotational year 

Year 1 Year 2 Year 3 Year 42 Year 52 Year 62 

CC 
Crop Oat/Sorghum 

Black Oat/ 

Soybean 
Wheat/Sorghum    

Grazing Oat/Sorghum Ryegrass/Moha Oat/Sorghum    

SR 
Crop Idem3 CC Idem CC Wheat + P14 P25   

Grazing Idem CC Idem CC P1 P2   

LR 
Crop Idem CC and SR Idem CC and SR Wheat + P1 P25 P35 P45 

Grazing Idem CC and SR Idem CC and SR P1 P2 P3 P4 

FR Grazing Fescue Fescue Fescue Fescue Fescue Fescue 

1 CC: Continuous Cropping; SR: Short Rotation; LR: Long Rotation; FR: Forage Rotation. 2 Note that 

primary data from these years has not yet been collected, but due to the rotational nature within each 

system on an annual basis, the full six-year cycle can be represented from primary data collected during 

years one-to-three. 3 The same rotation of CC to first and second year. 4 Pasture follows by the age of 

the pasture (1 to 2 in SR and 1 to 4 in LR).5 Pastures in crop area (in SR and LR) are grazed. 

The continuous cropping system (CC, 12 ha) is represented by a rotation 

with two crops per year. CC does not rotate with pastures, but it is 

complemented with an external area (6 ha) of a permanent improved pasture 

composed of tall fescue (Festuca arundinacea Schreb.), birdsfoot trefoil (Lotus 
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corniculatus L.), and white clover (Trifolium repens L.) re-seeded every five 

years with the same species to ensure sustained establishment. The short 

rotation system (SR, 24 ha) alternates in the same land for two years of crops 

identical to CC with another two years of grass-legume pastures based on 

Yorkshire fog (Holcus lanatus L.) and/or Italian ryegrass (Lolium multiflorum 

L.) interspersed with red clover (Trifolium pratense L.). The long rotation 

system (LR, 36 ha) alternates in the same land area with two years of crops 

identical to CC and SR followed by four years of grass-legume pastures 

composed of tall fescue, birdsfoot trefoil and white clover. The forage rotation 

system (FR, 24 ha) is seeded with tall fescue and does not rotate with grain 

crops. 

Each pasture crop rotation (CC, SR and LR) was split into two halves: 

one half for grain production (defined as ‘crop area’), which were seeded with 

oats (Avena byzantina L.), black oat (Avena strigose Schreb.) and wheat 

(Triticum aestivum L.) in winter, and soybean (Glycine max L.) and sorghum 

(Sorghum bicolor L.) in summer. The remaining area were oriented to grazing 

animals (livestock component, defined as ‘grazing area’) which were seeded 

as follows: annual ryegrass (Lolium multiflorum Lam.) and oats in winter, and 

sorghum and moha (Setaria italica) in summer. Winter crops and pastures 

were sown from March to June and were usually harvested in November. 

Summer crops were sown from October to November and harvested in April. 

Cover crops (black oat) were harvested for hay in October. 

As part of the experimental platform redesign implemented in 2019 

(Rovira et al., 2020), each system included a bespoke livestock strategy. In 

CC, SR and LR, animals enter their respective experimental paddocks in April 

– May each year and remain for one year (rearing animals) or, in the case of 

finishing animals, until reaching target weights to the slaughterhouse. In FR, 

animals enter in November- December each year. As reported by Pereyra 

Goday et al. (2022), in CC the objective was rearing male calves for one year; 

32 calves were reared in 2019, 34 in 2020 and 35 in 2021. The average initial 
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liveweight (LW) was 191 ± 16.2 kg LW, 179 ± 17.5 kg LW and 200 ± 30.3 kg 

LW for the same three years, respectively. In SR, the objective was rearing 

heifers, achieving 44 (148 ± 17.1 kg LW), 49 (153 ± 16.1 kg LW) and 46 (167 

± 21.4 kg LW) in 2019, 2020 and 2021, respectively. Heifer rearing was 

complemented with finishing culled cows during May and September, 

achieving 15 (484 ± 72.2 kg LW), 10 (446 ± 19.3 kg LW) and 10 (483 ± 24.1 

kg LW) in 2019, 2020 and 2021, respectively. In LR, the objective was rearing 

male calves and finishing steers over a period of 18 months. A total of 50 male 

calves were allocated to LR in 2019 (190 ± 14.3 kg LW), 2020 (185 ± 15.4 kg 

LW) and 2021 (199 ± 31.2 kg LW). Steer’s weight in LR was 393 ± 28.2 kg LW 

in 2019, 347 ± 26.7 kg LW in 2020 and 369 ± 32.3 kg LW in 2021. FR is the 

only system that begins at the end of the spring (Nov-Dec) with yearling steers 

instead of weaned calves. The objective of the livestock strategy in FR was to 

produce a finished steer ready for slaughter in 12-15 months. A total of 47 (318 

± 28.2 kg LW), 30 (250 ± 12.8 kg LW), 35 (253 ± 32.1 kg LW) and 41 (263 ± 

65.3 kg LW) Aberdeen Angus steers entered the system in December 2018, 

December 2019, November 2020, and November 2021, respectively. British 

early-maturing beef cattle were used in the four systems (Hereford, Aberdeen 

Angus, and Hereford – Angus cross). 

The experiment lacks synchronic replications, but all phases of the 

rotations are present each year, represented by paddocks of 3 ha in CC, SR, 

and LR. In FR, the 24 ha were divided into 5 paddocks of 4.8 ha each 

corresponding to fescue seeded in 2013 (9.6 ha), 2014 (9.6 ha), and 2020 (4.8 

ha). Each system has a support area of natural grassland (NG) to handle the 

animals, when necessary (i.e., during periods with low forage availability in the 

seeded area), keeping the animals independently within each system. The 

proportion of NG surface is: 33%, 29%, 26%, and 33% of the total area for CC, 

SR, LR, and FR, respectively. Animals were handled to graze annual forage 

crops (ryegrass, oat, sorghum and moha), permanent pastures (in grazing and 

crop area of SR and LR), permanent improved pasture (in CC) and natural 
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grasslands. Detailed information about experimental design, management, 

and productive performance can be found in Pereyra Goday et al. (2022) and 

Rovira et al. (2020). 

4.4.3. Data analysis and scope of the study 

N balance (NBAL) was calculated based on N inputs minus N outputs 

and NUE calculated from food N outputs relative to all N inputs, according to 

Erisman et al. (2018). NSURP was calculated as all the N inputs minus N 

removed in food products (EU Nitrogen Expert Panel, 2015). We assessed 

NBAL, NUE and NSURP at component level (crop and livestock) and at 

system level. The study boundary was the farm gate. Crop component was 

defined as the area where exclusively grain was produced (6 ha in each 

system), pasture phase was not included in the crop component. Livestock 

component included the total grazing area (permanent pastures, annual 

pastures, permanent improved and NG) which was 18 ha in CC, 22 ha in SR, 

50 ha in LR and 36 ha in FR. For all systems, the main N inputs considered 

were N in synthetic fertilizers (di ammonium phosphate and urea), biological N 

fixation (pasture legumes), atmospheric N depositions and N in animal feed, 

while outputs were related to all N removed in food products and N losses 

(Figure 1). As N atmospheric and leached losses were not directly assessed 

these (N2O, N2 and NH3 gas and leached NO3-) were modeled using the DNDC 

software. In this regard, we leveraged calibrated and validated coefficients of 

a prior study including N fluxes in comparable crop-pasture-livestock rotations 

(Castillo et al., 2023).  

N exported from the crop component by grains (soybean, oat, and wheat) 

was estimated according to our data from analysis: 12.6% crude protein 

content in wheat, 36% crude protein content in soybean and 10.8% crude 

protein content in oat. Straw from crops were left on the field. N exported by 

meat and animal-by-products were estimated in 2.6% of liveweight according 

to FAO (2018). N fixation from pasture legumes was obtained from a previous 
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study (Pereyra Goday et al., 2022), whereas N fixation from soybean was 

estimated according to Salvagiotti et al. (2015).  

Figure 1. Scheme of N fluxes in pasture crop rotation at ‘Palo a Pique’ 

long term experiment in Treinta y Tres, Uruguay. 

A low (≥ 50%) and high (≤ 90%) threshold was set up to evaluate NUE, 

according to EU Nitrogen Expert Panel (2015), for the livestock component the 

threshold was ≥ 10% and ≤ 25%, according to Gerber et al., (2014). For the 

crop component NUE values greater than 90% could be associated with soil 

N mining, values below 50% could be associated with low NUE. Animal 

systems on the other hand, reach a lower NUE, therefore both efficiency 

thresholds were set accordingly. For the whole system we propose a low (< 

18%) and high (> 45%) threshold to evaluate NUE, according to a prorated 

average taking into consideration the crop and the livestock area in the 

experiment. The maximum NSURP was defined at 80 kg N ha-1 year-1 for crop 

component and 110 kg N ha-1 year-1 for livestock component following EU 

Nitrogen Expert Panel (2015), whereas the system NSURP was defined at 104 

kg N ha-1 year-1. For the livestock component, the minimum N desirable 

productivity was set at 10.4 kg N ha-1 year-1 according to an experimental 

hypothesis of 400 kg LW production ha-1 year-1 (Pereyra Goday et al., 2022). 

For the crop component, the threshold was defined as 80 N ha-1 year-1, 
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following EU Nitrogen Expert Panel (2015). The component effect on NUE and 

NSURP was tested using least difference significative (LSD) model, 

considering the year as a replica. 

4.5. Results 

4.5.1. N inputs and N outputs 

N inputs and outputs are presented in Table 2 and 3. Although 

‘complementary outputs’ were not part of the NUE calculations, they were 

accounted as a transference from the crop component to the livestock 

component (e.g., hay and grain to feed animals). Differences in ‘feed 

production’ for animals and ‘feed to animals’ value in crop vs livestock 

component are explained by differences in area considered and the inclusion 

of commercial feed. Animal deposition (feces and urine) were not considered 

for the calculation given that the grazing periods in the pastures of the 

agricultural phase were short and far from the beginning of cultivation period. 

Table 2. Total N inputs and outputs at crop component of the ‘Palo a 

Pique’ long term experiment. 

Systems1 

 CC SR LR FR 

N Inputs (kg ha-1 year -1)2 

Synthetic fertilizers 50.5/70.5/44.1 47.9/33.9/44.1 37.7/40.1/58.2 - 

Biological N fixation 76.9/77.5/85.3 97.2/80.1/74.4 87.9/108.2/90.8 - 

Atmospheric 

deposition 
5/5/5 5/5/5 5/5/5 - 

Food N outputs (kg ha-1 year-1)2 

Wheat 7.7/36.9/23.7 12.7/27.1/28.3 11.7/26.1/27.2 - 

Oat 0/0/0 12.8/21/21 10.6/18.6/18.6 - 

Soybean 65.5/66/72.7 82.8/68.3/63.4 74.9/87/77.3 - 

Complementary N outputs (kg ha-1 year-1)2 

Feed production3 16.8/19.1/5.1 17.7/17.9/3.8 16.8/18.6/4.2 - 

1CC: Continuous cropping; SR: Short rotation; LR: Long rotation; FR: Forage rotation. 2 2019-2020/2020-

2021/2021-2022. 3To feed livestock in livestock area (include hay and sorghum grain). 
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Table 3. N inputs and N outputs at livestock component of the “Palo a 

Pique’ long term experiment. 

Systems1 

 CC SR LR FR 

Inputs (kg N ha-1 year -1)2 

Synthetic fertilizers 21.1/43.2/30.4 65.2/65.2/47 26.4/26.4/28.3 112.7/107.8/122.7 

Biological N fixation 6.4/0/2.2 13.5/18/46.3 11.4/10.8/9.4 0/0/0 

Atmospheric deposition 5/5/5 5/5/5 5/5/5 5/5/5 

Feed to animals3 12.8/12.7/3.4 30.4/26.7/5.7 20.6/21.2/13.5 0/21.2/0 

 Food outputs (kg N ha-1 year-1)2 

Livestock 11.1/12.3/11.6 14.5/16.3/14.5 9.5/11.8/11.8 6.8/7.4/5.9 

1CC: Continuous cropping; SR: Short rotation; LR: Long rotation; FR: Forage rotation. 2 2019-2020/2020-

2021/2021-2022. 3To feed livestock (include hay, sorghum grain, protein, and commercial feed). 

4.5.2. N losses 

On average, N losses accounted for 38 ± 3.1, 22 ± 2.6 and 24 ± 1.1 kg N 

ha-1 year-1 for CC, SR and LR, respectively, in the crop component. 

Approximately 71% of total N losses occurred during winter crops and the 

remaining occurred during summer crops. The main N loss source in this 

component was volatilization (45%) followed by lixiviation (35%). 

In the livestock component N losses were 32 ± 4.0, 40 ± 4.3, 18 ± 0.9 and 

52 ± 3.1 kg N ha-1 year-1 for CC, SR, LR and FR, respectively. The highest 

values of N losses were observed in tall fescue in FR (81 kg N ha-1 year-1), 

which had inputs of 184 kg N ha-1 year-1 as fertilizer in tall fescue area. In this 

rotation, the main gas losses were volatilization (56%). For natural grassland 

(NG), N losses were 9.6 kg N ha-1 year-1 when grazing was included, whereas 

N losses dropped up to 3.6 kg N ha-1 year-1 when grazing was excluded. On 

average, N losses associated with the permanence of grazing animals in the 

experiment accounted for 29%, 31%, 29% and 26% of the total N losses to 

CC, SR, LR and FR, respectively. 
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4.5.3. N balance 

N inputs and outputs for each component are shown in Table 2 and 3. N 

losses were detailed in section 3.2. N balance at crop component were 2.2 ± 

9.21, -14.9 ± 20.43 and -3.5 ± 12.88 kg N ha-1 year-1 for CC, SR and LR, 

respectively. Figure 2 shows N balance for crop component. On average, of 

all inputs, fertilizers represented 38%, 30.9% and 30.1%, whereas biological 

N fixation (BNF) from soybean accounted for 55.1%, 61.8% and 63.3% for CC, 

SR and LR, respectively. The remaining input was atmospheric deposition. 

Figure 2. Components of N balance of crop component at ‘Palo a Pique 

long term experiment. BNF: biological N fixation. 

Figure 3 shows N balance for livestock component, including rotation 

area and NG area. For the experimental period (2019-2022) N balance was 

6.1 ± 4.42, 59 ± 4.3, 29 ± 1.2 and 64 ± 3.5 kg N ha-1 year-1, for CC, SR, LR and 

FR, respectively. On average, of all inputs, synthetic fertilizers accounted for 

64.3%, 53.3%, 44.3% and 90.5%, external feed represented 19.6%, 18.9%, 

30.2% and 5.6%, and BFN was 5.8%, 23.4%, 17.3% and 0%, for CC, SR, LR 

and FR, respectively. The remaining percentage was explained by 

atmospheric deposition. 
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Figure 3. Components of N balance of livestock component at ‘Palo a 

Pique long term experiment. BNF: biological N fixation. 

Given that crop and livestock component are part of a single system that 

combines agricultural and livestock production, a whole system balance was 

calculated (Figure 4). N balance was positive in all cases being: 4.9 ± 1.5x, 41 

± 3.1, 29 ± 2.2, 64 ± 3.5 kg N ha-1 year-1 for CC, SR, LR and FR, respectively. 

Figure 4. Components of N balance (whole system) at ‘Palo a Pique long 

term experiment. BNF: biological N fixation. 
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4.5.4. Soil N 

Soil N concentration (0-15 cm) for each pasture crop rotation (CC, SR, 

LR and FR) and component (crop from 2013 to 2021 and livestock from 2006 

to 2021) ranged between 0.142 g kg-1 (CC) and 0.208 g kg-1 (LR) in the crop 

area, whereas in the grazing area (livestock component) values ranged 

between 0.132 g kg-1 (CC) and 0.211g kg-1 (FR). For the entire historical data 

series, increase of N content in crop component was on average 0.023 g kg-1 

and differences were not significant between CC, SR and LR. However, 

systems that included pastures in their rotation had higher values of N content 

in soils, than the CC. For the livestock component, the increase in N content 

in soil (2006 – 2021) was 0.024 g kg-1 and differences were not significant 

between SR, LR and FR. 

An upward trend for all systems and components was observed when 

comparing 2019 vs. 2021. Soil N content increased by 4.3, 4.4, and 3.1% per 

year in the crop component in LR, SR and CC, respectively, with differences 

between systems (p = 0.015). For the livestock component, N content in soil 

increased on average 6.8, 3.6, 6.9 and 8.7% in LR, SR, CC and FR, 

respectively. Differences were not detected between systems.  

4.5.5. Crop NUE and NSURP  

On average, crop NUE (NUEC) values did not differ (p = 0.07) among 

systems, being 67 ± 8.2, 84 ± 12.5 and 78 ± 5.8 % for CC, SR and LR, 

respectively, meaning that the achieved NUEC values were within the defined 

target NUE zone (Figure 5). The highest variability among years was observed 

for N inputs in SR, whereas the lowest variability was observed in N outputs in 

the same system. Highest NUE corresponded to SR, reaching 94%, and the 

lowest NUE was observed in CC (53.3%). The NSURP (kg N ha-1 year-1) were 

54 ± 10.6, 23 ± 18.5 and 34 ± 6.2 kg N ha-1 year-1, for CC, SR and LR, 

respectively, where all the calculated values were below the defined threshold 

(80 kg N ha-1 year-1). 
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 Figure 5. N outputs and N inputs average (2019-2022) at crop 

component. Dashed orange and blue lines indicate NUE (= outputs/inputs X 

100) of 90% and 50% respectively for crops. Dashed black line indicate the 

expected N output for a desirable level of production. We kept the theoretical 

productivity given the low potential for crop yield in the area of study, according 

with Terra et al., (2006). 

4.5.6. Livestock NUE and NSURP 

The livestock NUE (NUEL) showed differences among systems where 

CC was five-, three- and one-fold greater than FR, SR and LR, respectively. 

NUEL was 24.4±4.14, 9.9±1.23, 14.3±1.92 and 5.5±0.73 to CC, SR, LR and 

FR respectively. While LR reached an intermediate NUEL value when 

compared with CC and FR, the achieved efficiency on SR was similar to LR 

and FR. Significant differences were detected between FR and LR, FR and 

CC, SR and CC, LR and CC (p = 0.0001). The pasture length did not influence 

the achieved NUEL when analyzing both SR and LR, being both closer to FR 

than CC. 

Once N inputs were plotted against N outputs, differences in NUEL and 

the deviation values for this parameter among systems were observed. Except 

for FR, the remaining systems achieved NUE values between the defined 
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thresholds, with just a few records out of that, as well as reaching the defined 

minimum N productivity (10.4 kg N ha-1 yr-1) (Figure 6). The NSURP was 37 ± 

10.1, 50 ± 2.3, 100 ± 11.4, and 116 ± 5.4 kg N ha-1 year-1 for CC, LR, SR, and 

FR, respectively. Values for SR and FR approached or exceeded the defined 

threshold.  

Figure 6. N outputs and N inputs average (2019-2022) for the livestock 

component. Dashed orange and blue lines indicate NUE (= outputs/inputs X 

100) of 25% and 10% respectively for crops. Dashed black line indicate the 

expected N output for a desirable level of production (10.4 kg N ha-1 year-1= 

400 kg LWG ha-1 year-1). 

4.5.7. System NUE and NSURP 

At system level (Table 7), NUE was significantly different between CC, 

SR and LR (p<0.0001). NUE values were 43.4±5.93, 28.1±2.03, 29.3±3.83 

and 5.5±0.73 to CC, SR, LR and FR respectively. N surpluses at system level 

were 42 ± 8.8 kg N ha-1 year-1, 84 ± 6.9 kg N ha-1 year-1, 48 ± 2.2 kg N ha-1 

year-1 for CC, SR and LR, respectively. 
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Figure 7. N outputs and N inputs average (2019-2022) at crop livestock 

system. 

4.6. Discussion 

The upward worldwide trend in N consumption shows the dependence 

agricultural systems have for N (Tilman et al., 2002). Mixed crop – livestock 

systems play a crucial role in the production of high-quality food as well as in 

system sustainability, which is gaining interest in recent years (Ryschawy et 

al., 2012). Given the dependence of these systems on N fertilizers, 

understanding the dynamics and processes associated with this nutrient, as 

well as management strategies aimed at improving the efficiency of use and 

reducing losses is critical. The inclusion of NUE calculations and N balance at 

farm level allows the interaction between crops and livestock to be investigated 

to help improve resource use and reduce environmental losses at system 

level. As stated by Oliveira et al., (2022), NUE is an indicator of sustainability, 

the evolution of this indicator is crucial to evaluate the intervention 

implemented in long-term experiments and, at the same time, provide 

information to farmers and policy makers with respect to sustainable food 

production systems.  
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4.6.1. NUE of crop component 

For all crop rotations, NUEC was within the defined thresholds. 

Differences observed in NUEC could be explained by differences in crop yield 

and fertilization strategies in each year (i.e., CC had lower crop yields as was 

stated in a previous study by Pereyra Goday et al., 2022). NUEC values 

reported by other studies had high variability; Hutchings et al., (2020) reported 

NUEC values of 65 - 92% for arable crops in Northern and Southern Europe, 

Shen et al. (2023) found NUEC values of 49% for wheat production in China, 

whilst Gu et al. (2017), reported NUEC values of 39% for croplands in China. 

According to EU Nitrogen Expert Panel (2015), the reported values in this 

study for SR and LR fell in the ‘balanced N fertilization’ category, whereas CC 

seemed to indicate a ‘risk of N losses’, which is aligned with the higher value 

of N losses estimated in CC compared to SR and LR. On the other hand, N 

balance tended to be neutral with variability between years. For CC, we 

observed higher N losses compared to the literature which could be attributed 

to the source of N used and the way it was applied (urea without inhibitors and 

applied directly without incorporation into the soil), which is consistent with the 

N internal fluxes reported by Pravia et al., (2019). 

4.6.2. NUE of livestock component 

The livestock component of the four systems had higher productivity 

values than the average for rearing and fattening systems (200 kg LWG ha-1 

year-1; Plan Agropecuario, 2021). However, the evaluated systems had a 

dependence on external sources of N (synthetic fertilizers and external feed), 

which determined medium-low values of NUE. For the livestock component 

NUEL values were lower than NUEC, due to biological differences at the trophic 

level (Godinot et al., 2015).  

CC presented the highest value of NUEL, close to the upper threshold, 

explained by the highest productivity in terms of kg LWG ha-1 year-1 (426 kg 

ha-1 year-1) due to the higher efficiency to gain liveweight of rearing male calves 

(CSIRO, 2007). LR and SR had similar values of NUEL, even though SR had 
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higher values of productivity than LR (418 kg LWG ha-1 year-1 in SR vs 369 kg 

LWG ha-1 year-1 in LR). This could be explained by the higher levels of inputs, 

such as productivity of red clover in SR, which accounted for 31 ± 12.3% of 

total dry matter (DM) production of the permanent pastures. Therefore, there 

was high values of biological N fixation, with high variability among years and 

N fertilization.  

The system with the lowest NUEL was FR, which was below the lower 

reference threshold. This was explained by high N inputs (184 kg N ha-1 year-

1 as synthetic fertilizer in tall fescue area) and a lower productivity (310 kg LWG 

ha-1 year-1), since this system is focused on finishing animals to 

slaughterhouse, which is a low-efficiency process compared to the other 

categories. Although DM production was high (6867 kg DM ha-1 year-1), 

conversion efficiency and forage utilization were low in this system (19.2 kg 

DM kg LWG-1 and 37% utilization, respectively). Also, gas N losses were 

highest in this system associated with the greater amounts of N fertilizer 

applied.  

NUEL values were higher than those reported by Jin et al., (2021) for 

Chinese livestock systems (3% – 4%), whilst Castillo et al., (2021) reported 

similar values (13.2%) for extensive livestock systems in rotation with rice in 

Uruguay. Although the latter value was close to that of our study, the LWG 

differed considerably in favor of our study (+400 %), mainly due to the livestock 

intensification level (extensive vs. intensive, respectively).  

The positive N balance observed at the livestock component agrees with 

Ryschawy et al. (2012). A positive balance could induce lower demand for N 

inputs in livestock compared with crop production (Oliveira et al., 2022; Powell 

& Rotz, 2015), given that grazing animals contribute positively with soil N 

content through manure and urine deposited in the field (Segura et al., 2023). 

Furthermore, livestock production plays a critical role in food security, by 

supplying high-quality, nutrient-dense food (Rivero et al., 2021).  
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Livestock in mixed crop-livestock systems play an important role in non-

arable areas, where cropping is unsustainable (Wilkinson & Lee, 2018), using 

non-human edible crops/pastures or crop residues as feed (Sekaran et al., 

2021). As was summarized by de Faccio Carvalho et al. (2021), livestock 

grazing provides several benefits such as system stability, resilience, 

profitability, soil health (more microbial activity) and biomass production. This 

wider view of sustainability delivers to the concept of circularity of livestock 

production (Lemaire et al., 2023; Ward et al., 2016), where livestock play a 

beneficial role in nutrient cycling and ecosystem services; thus, maintaining 

soil fertility in agroecosystems could outweigh the adverse effects of a higher 

carbon footprint (driven by enteric fermentation derived biogenic methane). 

4.6.3. System NUE and prospects for improvement 

Based on the findings of this study, we can categorize the assessed 

systems according to their results. Systems incorporating pasture in rotation 

with crops (SR and LR) consistently demonstrated, on average, lower N 

losses, higher soil N gains, and higher efficiency values within the optimal 

desirable range. Conversely, rotation excluding pastures (CC) led to elevated 

atmospheric N losses across both crop and livestock components, along with 

suboptimal efficiencies in the crop component but higher efficiency in the 

livestock component (attributable to the specific livestock management 

approach). On the other hand, rotation exclusively comprising pastures (FR) 

with substantial N synthetic fertilizer inputs exhibited the highest estimated 

atmospheric N losses and notably low NUE, thereby raising significant 

concerns regarding potential environmental risks. As will be seen later, it is 

possible to reduce the use of synthetic fertilizers and replace them with organic 

sources.  

Although the four systems exhibited soil N gains during the experimental 

period, this observation must be put into perspective. It is important to note 

that a period of N accumulation in the soil is often followed by a subsequent 

decline. This pattern is frequently observed in annual or cash crops that are 
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rotated with pastures (Grahmann et al., 2020). These increases in N stored in 

soil during the experimental period represented 26.3 kg N ha-1 year-1, 18.3 kg 

N ha-1 year-1, 30.1 kg N ha-1 year-1 and 41.4 kg N ha-1 year-1 for CC, SR, 

LR and FR, respectively, which is close to the results obtained in the balance. 

To improve all the assessed N parameters in this study, we believe it is 

possible to consider system-level improvements with a focus on the livestock 

component. This is because the livestock component offers greater 

opportunities for improvement, as stated by Castillo et al (2023), through 

agronomy management to achieve a ‘safe space’ in terms of NUE. In general 

terms, greater utilization of pastures, i.e. improving grazing management 

(mainly in those systems that include perennial pastures) would allow an 

increase in N output from the system and therefore would have implications 

for NUE. On the other hand, an adequate quantification of all N flows, including 

those derived from animal production (feces and urine) would allow to a 

rational use of external N sources. 

To improve NUE in CC system, we must ‘avoid soil degradation’ through 

improving biomass production, which could have implications for N and C 

cycles and reduce N losses (Bilotta et al., 2007; de Faccio Carvalho et al., 

2010). Also, redesigning the rotation with the inclusion of high productivity 

legumes could improve the quality of the diet for animals (Soussana & 

Lemaire, 2014), and at the same time increase the organic N inputs. On the 

other hand, an increase in the use of supplements could help to improve in 

terms of efficiency, but it is important to consider the economic implication into 

the whole system and the balance between N and C efficiency. 

In the SR system the strategy was ‘extensification’ given that it is close 

to the lower threshold (10%) for the livestock component. An alternative could 

be considering N fixed by legumes, and reducing N fertilization accordingly 

(Carswell et al., 2022). On the other hand, a redesign of the livestock strategy 

(i.e., exclusively rearing males) could lead to improved productivity. In this 

system, N inputs cannot be increased; however, it is important to consider that 
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these results could be influenced by weather conditions during the 

experimental period, and probably in the longer term this system would be 

more aligned with the LR, given the similarities it presents in the composition 

of the rotation and the combination of livestock strategies (rearing, fattening). 

The LR system had on average lower productivity than the desirable level 

for livestock production. It could therefore be improved through ‘intensification’ 

of production to reach 400 kg LWG ha-1 year-1, for example by supplementing 

the reared calves (given the high efficiency of conversion of this category) 

which would represent an increase of 0.010 kg LWG calf-1 day-1, according to 

annual performance reported by a previous study (Pereyra Goday et al., 2022). 

Another option could be increasing the proportion of rearing animals in the 

herd. However, this could have negative effect on the economic results of the 

system, given the differences in sales prices between rearing and fattening 

animals. 

Fertilization strategy used in FR could be revised (e.g., N source, 

placement, objective N fertilization method) to maximize tall fescue DM 

production and fertilization response, reduce N losses and reduce nitrous 

oxide (N2O) emissions (Pereyra Goday et al., 2024) thereby ‘increasing 

efficiency’. According to the performance obtained, animals should increase 

around 35% LWG per animal to reach the target of 400 kg LWG ha-1 year-1. 

Hence, the inclusion of legumes could be beneficial (Soussana & Lemaire, 

2014) by improving forage quality, and, at the same time, reducing cost of 

production. Also, grazing management could be adjusted, considering an 

optimal balance between animal production and soil-plant carbon balance to 

improve conversion efficiency and utilization of forage (Szymczak et al., 2023). 

On the other hand, the livestock strategy could be revised (i.e., exclusively 

finishing animals which would enter the system with higher LW). 

Finally, adequately quantifying the N contribution from all components 

combining with modelling tools, will reduce production costs, environmental 
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risks, improve productivity, and move towards more efficient and sustainable 

crop-livestock systems (Castillo et al., 2023). 

4.6.4.  Limitations of the study 

Given that our study draws information regarding the management and 

operation of a long-term semi-commercial scale experiment (Rovira et al., 

2020), there are limitations in obtaining data for some nitrogen flows. For 

instance, nitrogen contributed to the soil by feces and urine (since the animals 

rotate grazing in different paddocks and natural grassland), and the nitrogen 

contribution from crop residues left in the field, which also help to increase 

nitrogen content in the soil. Additionally, the management of nitrogen 

fertilization, which does not differ between years except for rare exceptions, 

does not allow for the observation of the potential effect of crop residues and 

the animal component on NUE. As previously explained, these limitations can 

be addressed with adequate quantification of these flows. 

4.7. Conclusions 

By evaluating NUE and N balance values, we gain insights into the 

underlying processes within mixed crop-livestock rotations and can assess 

strategies for enhancing these indicators. Given the escalating concerns 

regarding the sustainability of food production processes, our findings 

contribute to advancing farm-level knowledge through high-resolution data and 

offer valuable insights for policymakers and farmers alike. 

The sustainability of mixed crop-livestock systems hinges on the 

complementarity and interconnectivity between their components and the 

appropriate combination of crops and pastures. While both components -crop 

and livestock- have room for improvement in terms of management and 

outcomes (as discussed), the greatest potential for enhancement lies within 

the livestock component. The utilization of software to model processes within 

mixed crop-livestock systems warrants adjustments to better serve as a tool 

for enhancing our understanding of these systems. 
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The long-term nature of these studies presents an opportunity to explore 

further into the dynamics, outcomes, and processes involved. Therefore, 

extending this study over additional years is imperative for gaining 

comprehensive insights. 
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5. Discusión general 

El presente trabajo aborda la intensificación sostenible de los sistemas 

de producción a través del análisis de cuatro sistemas que combinan 

agricultura y ganadería con un nivel de intensificación de uso de suelo 

variable. A partir de la información obtenida en el experimento se calcularon 

diversos indicadores que fueron presentados oportunamente en cada uno de 

los capítulos que anteceden. 

A modo resumen, en el primer capítulo se presentaron indicadores 

referidos a la productividad de los sistemas, en el segundo capítulo se 

resumen indicadores asociados con las emisiones de gases de efecto 

invernadero de los sistemas (perfiles de emisiones, contribución de cada 

proceso y huella de carbono parcial) y el tercer capítulo presenta resultados 

referidos a la eficiencia de uso de nitrógeno para cada uno de los sistemas y 

sus componentes. 

En esta discusión se plantea abordar las dimensiones económica y 

social de la sustentabilidad a través de la contribución de estos sistemas a la 

seguridad alimentaria, así como también integrar los resultados de la 

dimensión ambiental. 

5.1. Análisis económico 

Este análisis fue elaborado en conjunto con el Ing. Agr. Enrique 

Fernández (Unidad de Economía Aplicada de INIA), para su presentación en 

el Seminario Claves para la Intensificación Sostenible de la Ganadería y la 

Agricultura en la Región Este, realizado el 28 de julio de 2023 en INIA Treinta 

y Tres. 

5.1.1. Supuestos utilizados 

Se utilizó la base de datos del experimento considerando la totalidad de 

los insumos utilizados (semillas, agroquímicos, fertilizantes, suplemento 

animal). Los precios de los insumos fueron obtenidos directamente de las 

facturas de compra. Las labores agrícolas también fueron consideradas 
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dentro de los costos de producción. Para esto se consultó la página web de 

CUSA (Cámara Uruguaya de Servicios Agropecuarios). 

Para el caso de los granos y carne vendidos, se tomaron los valores de 

facturación. En aquellos sistemas en que los animales pasaban de un año 

para el otro (RL, RF) se consideraron los pesos de ese momento y se 

valorizaron considerando los precios de los remates por pantalla de ese mes, 

incluyendo impuestos y comisión por venta. De la misma forma se procedió 

en aquellos sistemas donde el producto final no son animales a faena (RA, 

RC). La producción de fardos en el componente agrícola se consideró vendida 

al componente ganadero, mientras que el sorgo grano húmedo se valorizó de 

acuerdo con el precio de planilla sumando además el embolsado. Se 

consideró también el costo correspondiente a la sanidad, fijado en US$ por 

animal, de acuerdo con la categoría animal presente en los sistemas (recría, 

engorde o recría + engorde). 

Para este análisis se consideró como superficie agrícola el primer año 

de la fase de pastura en RC y RL, ya que las praderas se siembran 

consociadas con trigo. Por lo tanto, el área agrícola fue de 6, 9 y 9 ha para 

RA, RC y RL, respectivamente. 

5.1.1.1. Resultados subsistema agrícola 

La tabla 1 resume el resultado económico obtenido para las rotaciones 

que incluyen producción agrícola. 
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Tabla 1  

Costos, ingresos y margen bruto agrícola, por año y rotación. 

Los tres años estudiados fueron distintos entre sí por diferentes razones, 

lo cual determinó diferencias en el margen bruto obtenido por año. Sin 

embargo, al promediar los valores (2019-2022), estos son similares entre 

rotaciones, con un año de muy buenos valores (2020-2021), un año de 

márgenes negativos (2021-2022), asociado a rendimientos de grano muy 

bajos por condiciones climáticas, y, por último, un año con rendimientos 

promedio y márgenes intermedios (2019-2020). 

5.1.1.2. Resultados subsistema ganadero 

Los resultados económicos correspondientes al subsistema ganadero se 

presentan en la tabla 2. 

 

 

Sistema 
Año de 

evaluación 

Rotación agrícola Rotación corta Rotación larga 

2019-
2020 

2020-
2021 

2021-
2022 

2019-
2020 

2020-
2021 

2021-
2022 

2019-
2020 

2020-
2021 

2021-
2022 

Área agrícola 
(ha) 

6 6 6 9 9 9 9 9 9 

  Costos agrícolas 

Insumos 1998 2686 3037 2440 3256 3508 2394 3416 3802 

Maquinaria 1762 1752 1323 2152 2136 1790 2248 2508 1933 

Reservas 191 539 632 1128 823 829 738 427 755 

Total de costos 3951 4976 4993 5719 6215 6127 5380 6350 6490 

  Ingresos agrícolas 

Venta de sorgo 
GH 

1919 3119 0 2102 3778 0 2223 3236 0 

Venta de fardos 0 275 930 1320 975 1650 800 725 1380 

Venta de granos 2623 5738 3557 3453 7625 3822 3131 8404 5106 

Total ingresos 4542 9132 4487 6875 12378 5472 6154 12365 6486 

MB/ha 99 693 -84 128 685 -73 86 668 0 

Promedio 
(2019-2022) 

236 247 251 



 
 

 

138 
 
 

 

Tabla 2  

Costos, ingresos y margen bruto ganadero, por año y rotación. 

En contraposición a lo que sucedió en el subsistema agrícola, los 

mejores resultados en términos económicos se obtuvieron durante el tercer 

año, lo que se explica fundamentalmente por los altos precios de venta de 

ganado. Con respecto al año anterior (2020-2021), el margen bruto se 

incrementó 5 veces, 3 veces, 11 veces y 11 veces para RA, RC, RL y RF 

respectivamente. Esta diferencia entre años es proporcionalmente mayor en 

aquellos sistemas con mayor peso del engorde con respecto a la recría.  

5.1.1.3. Resultado global de los sistemas 

En promedio, el margen bruto por hectárea total de sistema fue 285, 200, 

181 y 197 US$/ha para RL, RC, RA y RF, respectivamente. Aquellos sistemas 

con fase de pastura y componente agrícola que combinaron recría con 

engorde obtuvieron mejor resultado económico que la rotación que 

exclusivamente engordó animales sin componente agrícola y aquella que 

recrió animales sin fase de pasturas. La mayor variabilidad medida a través 

del coeficiente de variación (CV) fue observada en RF (140,6 %), mientras 

que el menor CV se observó en RA (68,4 %). RL y RC tuvieron valores 

intermedios de 75 % y 107,5 %, respectivamente. Estos valores de CV se 

Sistema/año  
Rotación agrícola Rotación corta Rotación larga Rotación forrajera 

2019-
2020 

2020-
2021 

2021-
2022 

2019-
2020 

2020-
2021 

2021-
2022 

2019-
2020 

2020-
2021 

2021-
2022 

2019-
2020 

2020-
2021 

2021-
2022 

Ha 
ganadería 

15 15 15 22 22 22 44 44 44 31 31 31 

 Costos ganadería 

Insumos 2368 3485 3839 3241 3779 4433 3557 4977 4879 6797 6210 8543 

Maquinaria 1276 1354 1675 1699 1538 1569 1730 1598 1642 1075 1051 1075 

Sanidad 163 154 168 245 265 245 477 502 561 221 180 235 

Suplementos  722 41 1968 2462 1338 1995 5386 10582 10856 0 5218 0 

Total costos 4528 5034 7650 7646 6921 8242 11150 17659 17938 8093 12659 9853 

 Ingresos ganadería 

PB 
Ganadero 

4993 6420 14978 4922 10771 20827 18980 20311 47718 9102 14324 28433 

MB/ha 31 92 489 -124 175 572 178 60 677 33 54 599 

Promedio 
(2019-2022) 

204 208 305 229 
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explican por las variaciones importantes en los precios tanto de venta de 

animales y granos como de compra de insumos. 

De acuerdo con los márgenes obtenidos y la intensidad de emisiones (kg 

de CO2 eq/ha), presentadas en el capítulo 2, en promedio, para obtener un 

dólar de margen bruto, los sistemas emitieron 15,4, 13,7, 9,6 y 13,2 kg CO2 

eq, para RA, RC, RL y RF, respectivamente. En términos generales, los 

valores no presentaron grandes diferencias, lo que se explica por las 

compensaciones (trade-offs) entre los componentes del sistema (rotación-

estrategia ganadera). Sin embargo, se observó una tendencia a que aquellos 

sistemas con un mayor largo de fase de pastura emitieran menos kg de CO2 

por dólar de margen bruto, es decir, fueron más eficientes ambientalmente, 

aun cuando la estrategia ganadera utilizada fue menos eficiente. 

Asociado al manejo de la fertilización nitrogenada de los sistemas y su 

eficiencia, presentados en el capítulo 3, para generar un dólar de margen 

bruto, se utilizaron 0,21, 0,26, 0,09 y 0,58 kg de N sintético en RA, RC, RL y 

RF, respectivamente. Dado que este indicador involucra el resultado 

económico de los sistemas y que las diferencias en resultado económico 

agrícola fueron muy bajas, una proporción importante del resultado obtenido 

puede explicarse por el subsistema ganadero y por la estrategia ganadera 

elegida para cada sistema. En este sentido, el resultado observado en RF se 

explica por un elevado uso de fertilizantes nitrogenados en el área sembrada 

con festuca (184 kg N/ha/año), asociado a un manejo posterior que no logra 

capitalizar en su totalidad la producción de biomasa en peso vivo (producción 

de 300 kg PV/ha promedio, eficiencia de conversión promedio 19,2 kg MS/kg 

PV). En el otro extremo, RL explica sus resultados por niveles de producción 

más altos (369,4 kg PV/ha promedio) y un menor uso de fertilizantes 

nitrogenados (25,9 kg/ha promedio) y una fase de pastura de cuatro años de 

gramínea y leguminosas. En este sistema, el aporte de N por fijación biológica 

de las leguminosas se estimó en 27,8 kg N/ha/año. RC y RA tuvieron un 

comportamiento intermedio, lo cual era esperable, dado que estos sistemas 
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se componen de una fase corta de pasturas y cultivo continuo, 

respectivamente, con mayor uso de fertilizantes por hectárea (51 y 37 kg/ha). 

En RC, el componente leguminosa aportó 52,6 kg/ha, lo que se explica 

fundamentalmente por la alta productividad observada en trébol rojo, mientras 

que en RA el aporte fue de 4,6 kg/ha. 

5.2. Contribución a la seguridad alimentaria 

Se evaluó la contribución a la seguridad alimentaria a través de la 

producción de proteína consumible (HEP, human edible protein) y la 

producción de energía consumible (HEE, human edible energy) de acuerdo 

con la metodología propuesta por Mosnier et al. (2021). Este tipo de análisis 

permite evaluar los sistemas de producción desde el punto de vista de la 

demanda de productos. 

5.2.1. Supuestos utilizados y cálculos 

Para los cálculos detallados en la tabla 3, se utilizaron los valores de 

producción de carne y granos reportados en el capítulo 1. Se asumió que las 

categorías de recría salían directo a faena. 

Tabla 3 

Método de cálculo para proteína consumible (HEP) y energía consumible 

(HEE) en carne y granos. 

Fórmulas utilizadas para el cálculo de HEP1 y HEE2 

Tipo de producto Fórmula 

Carne 

HEP producida = kg de carne producidos × contenido de proteína 
bruta3 × proporción consumible de la proteína total4 
 
HEE producida = kg de carne producida × contenido de energía bruta5 
× proporción consumible de la energía total6 
 

Granos  
(soja, avena, trigo) 

HEP producida = kg de grano producidos × contenido de proteína 
bruta7× proporción consumible de la proteína total8 
 
HEE producida = kg de grano producidos × contenido de energía9 × 
proporción consumible de la energía total10 
 

Nota. 1HEP: proteína consumible humana; 2HEE: energía consumible humana. 3Contenido 

estimado de proteína bruta por kg de carne. 4Proporción de la proteína total en carne que es consumible 

Laisse et al. (2019). 5Contenido estimado de energía por kg de carne. 6Proporción de la energía total en 

carne que es consumible (Mosnier et al., 2021). 7Contenido estimado de proteína por kg de grano para 
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soja, avena y trigo. 8Proporción de la proteína total en grano que es consumible Laisse et al. (2019). 

9Contenido estimado de energía por kg de grano para soja, avena y trigo. 10Proporción de la energía 

total en grano que es consumible (Mosnier et al., 2021). 

La tabla 4 detalla los parámetros y coeficientes técnicos utilizados para 

cada uno de los cálculos, así como también la fuente de cada uno de los datos. 

Tabla 4 

Parámetros utilizados para los cálculos de proteína consumible (HEP) y 

energía consumible (HEE). 

Parámetro 
Rotación 
agrícola 

Rotación 
corta 

Rotación 
larga 

Rotación 
forrajera 

Fuente 

kg carne/ kg PV1 0,53 0,53 0,53 0,53 
Base de datos 
UEPP 

kg PB/kg de carne2 0,158 0,158 0,158 0,158 
Laisse et al. 
(2019) 

EB/kg de carne3 10,9 10,9 10,9 10,9 
Laisse et al. 
(2019) 

Proporción consumible PB 
en carne 

0,60 0,60 0,56 0,56 
Mosnier et al. 
(2021) 

Proporción consumible EB 
en carne 

0,34 0,34 0,325 0,325 
Mosnier et al. 
(2021) 

kg PB/kg de soja 0,36 0,36 0,36 - 
Base de datos 
UEPP 

kg PB/kg de avena 0,108 0,108 0,108 - 
Base de datos 
UEPP 

kg PB/kg de trigo 0,126 0,126 0,126 - 
Base de datos 
UEPP 

EB/kg de soja 29,8 29,8 29,8 - 
Mosnier et al. 
(2021) 

EB/kg de avena 19,5 19,5 19,5 - 
Mosnier et al. 
(2021) 

EB/kg de trigo 18,3 18,3 18,3 - 
Mosnier et al. 
(2021) 

Proporción consumible PB 
en soja 

0,60 0,60 0,60 - 
Mosnier et al. 
(2021) 

Proporción consumible PB 
en avena 

0,84 0,84 0,84 - 
Mosnier et al. 
(2021) 

Proporción consumible PB 
en trigo 

0,66 0,66 0,66 - 
Mosnier et al. 
(2021) 

Proporción consumible EB 
en soja 

0,38 0,38 0,38 - 
Mosnier et al. 
(2021) 

Proporción consumible EB 
en avena 

0,79 0,79 0,79 - 
Mosnier et al. 
(2021) 

Proporción consumible EB 
en trigo 

0,67 0,67 0,67 - 
Mosnier et al. 
(2021) 

Nota. 1PV: peso vivo; 2PB: proteína bruta; 3EB: Energía bruta (medida en Megajules por kg de 

carne o grano). 
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5.2.2. Resultados obtenidos 

La producción de HEP fue, en promedio, para los años evaluados (2019-

2022) 123,4, 83,7, 60,4 y 12,1 kg/ha para RA, RC, RL y RF, respectivamente. 

El CV en cada uno de los cálculos fue de 19,8%, 27,3%, 26,3% y 6% para RA, 

RC, RL y RF, respectivamente. La producción de HEE fue 8173, 6595, 4557 

y 486 MJ/ha para RA, RC, RL y RF, respectivamente. La variación entre años 

medida a través del CV fue de 46,5%, 53,8%, 45,3% y 6% para RA, RC, RL y 

RF, respectivamente. 

La proporción de proteína y energía producida por cada uno de los 

componentes varió entre los sistemas. A mayor largo de la fase de pastura, el 

aporte del componente agrícola disminuye con respecto al componente 

ganadero. Las proporciones de aporte por componente (agrícola-ganadero) 

para HEP fueron 85%-15%, 83%-17% y 77%-23%, mientras que en HEE las 

proporciones fueron 90 %-10%, 91%-9% y 87%-13% para RA, RC y RL, 

respectivamente. 

La mayor contribución en producción de proteína y energía por hectárea 

se observó en aquellos sistemas con un uso de suelo más intensivo, lo que 

se explica por una mayor proporción de área destinada a la producción de 

grano, lo cual presenta una mayor eficiencia comparado con la producción de 

carne, y por una mayor proporción de recría con respecto a engorde. Esto 

coincide con resultados obtenidos por Mosnier et al. (2021), quienes 

reportaron que los sistemas especializados en producción de carne producen 

significativamente menos proteína y energía por hectárea en comparación con 

aquellos que incluyen producción de granos. Los mismos autores reportan 

producciones de HEP variables entre 43 y 370 kg /ha y producciones de HEE 

de 1600 a 60000 MJ/ha para diferentes sistemas de producción europeos. 

Estos autores proponen como punto de mejora para estos indicadores evitar 

el uso de alimentos consumibles por humanos en la alimentación animal, lo 

cual se alinea con el manejo realizado en Palo a Pique, donde el uso de 

alimentos consumibles por humanos es nulo (Rovira et al., 2020). Otra 
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estrategia de mejora propuesta es el incremento de la productividad de 

biomasa de los sistemas y el uso de razas más eficientes en términos de 

conversión de forraje a carne, lo cual tendría, además, implicancias en las 

emisiones de metano de los animales (Navajas et al., 2022). 

Si bien los sistemas que incluyeron fase de pastura en la rotación 

presentaron niveles más bajos de producción de HEP y HEE por ha, es 

importante realizar otras consideraciones. Por un lado, se trata de sistemas 

que no utilizan alimentos consumibles por humanos para alimentación del 

ganado; dichos sistemas serían productores netos de proteína consumible por 

humanos, lo cual implica que no haya competencia por recursos (feed-food 

competition) (Wilkinson y Lee 2018). Por otro lado, como se mencionó en la 

introducción, la incorporación del componente ganadero provee diversos 

servicios ecosistémicos tales como reciclaje de nutrientes, conservación de 

biodiversidad y secuestro de carbono (Hennessy et al., 2021). Un tercer 

aspecto para tener en cuenta es la calidad nutricional del producto carne 

obtenido en estos sistemas, es decir, realizar una valoración desde el punto 

de vista de la composición nutricional y su contribución a la nutrición humana, 

además del total de proteína o energía. En este sentido, la aplicación del nLCA 

(análisis de ciclo de vida nutricional), donde el suministro de nutrientes se 

considera una de las funciones principales del alimento (McLaren et al., 2021), 

sería una alternativa para realizar esta evaluación (McAuliffe et al., 2023). 

5.2.3. Implicancias para los sistemas de producción 

La tabla 5 resume los principales indicadores calculados para cada uno 

de los sistemas evaluados, a lo largo de este trabajo. Los colores utilizados 

en cada celda se asocian a la lógica del semáforo, donde aquellos valores que 

se ubican por fuera de los límites establecidos como óptimos se encuentran 

en color rojo, valores intermedios en color amarillo y valores óptimos en color 
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verde. Aquellos indicadores en los que no se detectaron diferencias 

significativas o no se realizó análisis estadístico se encuentran en color gris. 

Figura 1 

Principales indicadores calculados para los sistemas evaluados. 

Los resultados obtenidos a partir de los análisis realizados permiten 

caracterizar los sistemas evaluados a través de diferentes indicadores. En 

términos generales, el sistema que no incluyó pasturas, asociado a una 

estrategia ganadera de recría (RA), presentó como ventaja frente a los otros 

sistemas mayores niveles de producción por hectárea y una alta eficiencia de 

uso de nitrógeno, cerca de los límites máximos óptimos. La incorporación de 

una fase de pastura (corta o larga) y las estrategias ganaderas asociadas que 

combinan recría y engorde (RC y RL) permitieron mejorar los indicadores de 

resultado económico y disminuir la intensidad de emisiones (kg CO2 eq/ha) de 

los sistemas, así como también mejorar contenido de nutrientes en suelo y 

capitalizar el aporte de nitrógeno de las leguminosas a partir de la fijación 

bilógica de nitrógeno. Por otro lado, el sistema que no incluyó componente 

agrícola (RF) tuvo la menor intensidad de emisiones por ha y altos niveles de 

producción de biomasa, lo cual permitió una evolución positiva en el contenido 

de carbono y nitrógeno de suelo. 

Por otra parte, RA presentó altos costos de producción y bajo margen 

bruto con respecto a los otros sistemas. En los sistemas con mayor proporción 
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de engorde respecto a la recría (RC y RL) la productividad por hectárea y la 

eficiencia de uso de nitrógeno disminuyó. Por otro lado, RF presentó bajos 

valores de eficiencia de uso de nitrógeno —lo cual incrementaría el riesgo de 

pérdidas, al obtener valores de nitrógeno excedente (NSURP) por encima de 

los umbrales recomendados (Gerber et al., 2014)—, así como también bajos 

niveles de producción de peso vivo por hectárea, comparado con el resto de 

los sistemas. En este sentido, en el capítulo 4 se plantean diferentes 

estrategias a implementar en cada uno de los sistemas con el objetivo de 

optimizar la eficiencia de uso de nitrógeno, así como también mejorar 

indicadores productivos.  

Otro aspecto para considerar en los sistemas agrícolas es la 

reglamentación vigente para uso de suelo (Ministerio de Ganadería 

Agricultura y Pesca, 2020), la cual expresa que las rotaciones de cultivos 

deben tener pérdidas anuales menores al límite establecido para el tipo de 

suelo correspondiente (Estación Sanz; argisol subéutrico melánico Abr F hid.); 

en este caso, 7 Mg/ha. Es decir que la rotación que no incluyó pasturas, si 

bien tuvo mayores niveles de producción en términos de proteína y energía 

consumible (HEP, HEE), estaría por encima de las pérdidas de suelo 

toleradas para ese tipo de suelo. Por lo tanto, este sistema sería insostenible 

en el largo plazo desde el punto de vista de las pérdidas de suelos, lo cual 

haría inviable su implementación. 
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6. Conclusiones 

La combinación de sistemas de producción agrícola-ganaderos que 

incluyen una fase de pastura (corta o larga) en la rotación es una opción válida 

de intensificación para la región este del país. Al mismo tiempo, dicha 

combinación permite mejorar diversos indicadores productivos. 

Específicamente, el sistema en el que se observó un mejor desempeño 

del conjunto de indicadores fue RL. Además, en este sistema no se 

observaron valores de indicadores por fuera de los rangos estipulados como 

óptimos para eficiencia de uso de nitrógeno y pérdidas toleradas de suelo. 

En RC y RF, si bien se observaron valores por fuera de los rangos 

óptimos, estos pueden ser ajustados a través de cambios en el manejo de los 

sistemas, lo cual tendría implicancias en otros indicadores, por ejemplo 

resultado económico. 

La utilización de experimentos de largo plazo permite evaluar efectos 

que en experimentos de corta duración no serían observables; por ejemplo, 

parámetros de calidad de suelos, variabilidad climática, entre otros. Asimismo, 

por tratarse de un experimento de escala semicomercial, es posible observar 

efectos de manejo similares a los observables en predios comerciales; por 

ejemplo, uso de maquinaria o pisoteo animal. 

Respecto a los resultados obtenidos en el estudio y al horizonte temporal 

utilizado (tres años), sería deseable incluir un mayor número de años en el 

análisis, dado que se observó una alta variabilidad en los resultados, 

explicada fundamentalmente por razones climáticas y de coyuntura 

económica. 

A futuro, sería relevante profundizar en algunos aspectos planteados en 

este trabajo tales como aplicación de análisis de ciclo de vida nutricional con 

enfoque en la nutrición humana y optimización del manejo del nitrógeno, 

considerando el concepto de eficiencia de uso. 
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8. Anexos 

8.1. Anexo 1. Taking the steps toward sustainable livestock: our 

multidisciplinary global farm platform journey 
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8.2. Anexo 2. Feasibility of mitigation measures for agricultural 

greenhouse gas emissions in the UK. A systematic review 
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8.3. Anexo 3. A commentary on key methodological developments 

related to nutritional life cycle assessment (nLCA) generated 

throughout a 6-year strategic scientific programme 
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8.4. Anexo 4. Supplementary Material - Management and Productivity 

of Key Integrated Crop–Livestock Systems in Uruguay: The Palo 

a Pique Long-Term Experiment’s Third Phase. 

Table S1. Crude Protein content in each pasture at the ‘Palo a Pique’ 

pasture-crop rotations long term experiment in Treinta y Tres, Uruguay.  

1 Crude protein content (%) (average ± sd) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 May June July Aug Sept Oct Nov Dec Jan Feb March April 

Oat 14.4±
2.73 

13.0±
2.05 

12.4±2.2
2 

13.7±
2.10 

10.3±1.43 10.4±
0.25 

- - - - - - 

Ryegrass - 15.6±
5.88 

15.9±5.7
0 

13.8±
2.60 

9.4±1.23 9.9±1
.84 

- - - - - - 

Sorghum - - - - - - - 10.9±
1.83 

10.1±
0.97 

9.8±0.
46 

6.5±1.2
7 

- 

Permanent 
Pasture (LR) 

11.3±
2.79 

11.3±
3.07 

12.9±2.1
0 

11.5±
2.10 

12.3±2.83 10.2±
1.73 

10.3±
1.48 

9.5±1
.97 

10.3±
1.61 

11.5±
6.44 

11±1.23 13±3.
15 

Permanent 
Pasture (SR) 

17.3±
7.66 

14.5±
4.25 

18.4±6.6
4 

18.6±
7.35 

16±8.22 16.7±
5.52 

13.2±
5.98 

13.8±
2.76 

13.3±
3.91 

18.9±
2.51 

14.9±1.
12 

15.4±
3.25 

Permanent 
improvement  

9.4±0
.42 

9.8±1.
04 

9.8±1.41 9.4±2
.14 

11.8±5.48 11.5±
3.83 

8.5±1
.74 

8.4±2
.04 

7.1±1.
32 

10.6±
4.15 

8.8±2.3
5 

9.2±1
.34 

Tall fescue 8.7±0
.45 

16.6±
4.57 

18±4.21 14.4±
1.72 

14.1±1.47 10.3±
2.81 

9.9±2
.65 

7.4±2
.32 

8.5±1.
05 

12.5±
1.86 

12.5±1.
96 

12.5±
2.21 

Natural 
Grassland 

6.8±1
.57 

6±1.8
3 

7.4±1.41 8.4±0
.74 

7.8±1.73 9.4±0
.38 

8±0.1
5 

7.3±0
.53 

6.4±0.
55 

7.7 6.4±1.8
4 

7.5±0
.71 
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Table S2. Metabolisable Energy content in each pasture at the ‘Palo a Pique’ 

pasture-crop rotations long term experiment in Treinta y Tres, Uruguay. 

Metabolisable Energy 1 

 May June July Aug Sept Oct Nov Dec Jan Feb March April 

Oat 
2.5± 
0.34 

2.4± 
0.16 

2.3±
0.12 

2.4±
0.18 

2.1±
0.33 

2.5±
0.13 

- - - - - - 

Ryegrass - 
2.75±
0.10 

2.6±
0.63 

2.4±
0.17 

2.5±
0.12 

2.5±
0.17 

- - - - - - 

Sorghum - - - - - - - 
2.5±
0.14 

2.4±
0.16 

1.6±
1.37 

2±0.14 - 

Permanent 
Pasture (LR) 

2.3± 
0.17 

2.25±
0.13 

2.3±
0.12 

2.2±
0.24 

2.3±
0.24 

2.3±
0.15 

2.3± 
0.15 

2.3±
0.18 

2.3±
0.14 

2.3±
0.17 

2.3± 
0.13 

2.3± 
0.24 

Permanent 
Pasture (SR) 

2.3± 
0.45 

2.14±
0.31 

2.5±
0.24 

2.5±
0.35 

2.5±
0.14 

2.6±
0.26 

2.1± 
0.87 

2.3±
0.28 

2.3±
0.32 

2.5 
2.2± 
0.16 

1.5± 
1.35 

Permanent 
improvement 

2.17±
0.06 

2.26±
0.11 

2.3±
0.21 

2.2 2.2 
2.4±
0.23 

2.1± 
0.29 

2.1±
0.16 

2.2±
0.18 

2.2±
0.25 

2.3± 
0.16 

2.2± 
0.12 

Tall fescue 
2.3± 
0.11 

2.34±
0.15 

2.4±
0.32 

2.3±
0.10 

2.4±
0.14 

2.3±
0.33 

2.3± 
0.28 

2.2±
0.14 

2.1±
0.18 

2.2±
0.15 

2.3± 
0.15 

2.3 

Natural 
Grassland 

2.1± 
0.06 

2.05±
0.08 

2.0±
0.13 

2.1 
2.1±
0.03 

2.2±
0.12 

2.2 2.1 
2.1±
0.19 

2.3 2.2 2.2 

1 Metabolisable Energy content (MJ/kg DM) (average ± sd) 
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Table S3. Neutral detergent fiber content in each pasture at the ‘Palo a 

Pique’ pasture-crop rotations long term experiment in Treinta y Tres, 

Uruguay. 

1 Neutral detergent fiber (%) (average ± sd) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neutral detergent fiber 1 

 May June July Aug Sep Oct Nov Dec Jan Feb Mar Apr 

Oat 47.2 
±5.57 

51.2 
±3.33 

54.9 
±2.91 

53.9 
±3.61 

55.5 
±3.04 

39.0 
±26.2 

- - - - - - 

Ryegrass - 38.7 
±2.01 

44.6 
±6.31 

47.2 
±3.31 

47.4 
±3.52 

46.1 
±2.35 

- - - - - - 

Sorghum - - - - - - - 38 
±32.9 

57.5 
±0.72 

60.4 
±1.42 

67.2 
±2.95 

- 

Permanent 
Pasture (LR) 

58.3 
±5.25 

59.5 
±5.87 

56.1 
±7.72 

57.6 
±5.69 

54.0 
±5.32 

55.2 
2.31 

56.8 
±2.41 

58.3 
±3.51 

57.7 
±3.72 

52.6 
±2.03 

57.6 
±3.54 

47.8 
±21.5 

Permanent 
Pasture (SR) 

52.1 
±17.5 

44.2 
±22.3 

40.3 
±5.32 

44.1 
±12.1 

41.8 
±8.19 

39.9 
±11.5 

47.6 
±8.21 

52.7 
±7.23 

41.5 
±16.5 

45 
±3.41 

50.5 
±3.65 

38 
±33.1 

Permanent 
improvement 

69.6 
±5.43 

63.5 
±3.10 

62.6 
±4.20 

61.6 
±2.62 

57.2 
±6.54 

56.9 
±7.51 

63.4 
±5.82 

66.2 
±4.06 

67.8 
±2.75 

61.9 
±9.72 

67.0 
±3.14 

66.6 
±2.65 

Tall fescue 61.4 
±2.81 

59.9 
±4.78 

53.2 
±5.19 

57.0 
±2.13 

53.7 
±2.15 

58.5 
±2.51 

60.0 
±2.34 

63.5 
±3.12 

64.5 
±3.45 

59.5 
±4.64 

60.6 
2.42 

60.7 
±2.52 

Natural 
Grassland 

69.2 
±4.01 

70.8 
±6.79 

65.9 
±4.72 

65.7 
±2.22 

59.0 
±2.76 

59 
±2.53 

62.6 
±0.46 

66.9 
±1.42 

63.1 
±5.87 

66.9 67 
±0.51 

67.6 
±0.52 
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8.5. Anexo 5. Supplementary Material - Carbon footprint of mixed 

farming crop-livestock rotational-based grazing beef systems 

using long term experimental data. 

Supplementary Material 1. Pasture quality in grazed pastures at Palo a Pique 

long-term experiment in Treinta y Tres, Uruguay. 

Table 1. Crude Protein content (%) (average ± standard deviation) in grazed 

pastures at Palo a Pique long-term experiment, Treinta y Tres, Uruguay. 

Rotation May-June 
June-
July 

July-
Aug. 

Aug.-
Sept. 

Sept.-
Oct. 

Oct.-
Nov. 

Nov.-
Dec. 

Dec.-
Jan. 

Jan.-
Feb. 

Feb.-
Mar. 

March-
Apr. 

Continuous 
Cropping 

           

Calves 
9.10± 

0.700 

9.6± 

1.367 

10.6± 

1.901 

9.37± 

2.316 

10.4± 

1.041 

8.4± 

0.557 

8.47± 

1.343 

9.27± 

2.194 

8.9± 

0.819 

8.1± 

0.321 

8.30± 

0.872 

Short 
Rotation 

           

Heifers 
132± 

2.905 

13.1± 

3.329 

12.4± 

3.287 

11.6± 

2.055 

11.3± 

2.554 

10.0± 

1.201 

10.6± 

1.704 

8.47± 

1.595 

10.6± 

3.386 

8.43± 

2.053 

8.70± 

2.828 

Cows 
12.5± 

3.325 

9.37± 

0.839 

11.0± 

1.650 
        

Large 
Rotation 

           

Calves 
8.67± 

3.811 

9.40± 

3.279 

9.87± 

0.850 

10.8± 

1.858 

10.9± 

2.166 

9.90± 

0.781 

9.13± 

1.595 

8.07± 

1.210 

8.83± 

3.439 

9.43± 

2.654 

10.4± 

3.247 

Steers 
9.90± 

2.265 

11.6± 

1.193 

11.8± 

1.311 

11.2± 

1.249 

10.2± 

1.124 

9.97± 

0.850 

9.03± 

1.767 

7.57± 

1.250 

6.85± 

0.212 

6.85± 

0.212  

Forage 
Rotation 

           

Steers 
12.65± 

0.734 

14.91
±3.27

0 
13.3±
0.443 

13.1±
0.776 

11.8±
2.774 

8.15± 

1.595 

7.60± 

0.704 

7.36± 

0.598 

12.7± 

5.252 

10.9± 

3.112 

10.8± 

3.114 
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Table 2. Digestibility (%) (average ± standard deviation) in grazed pastures at 

Palo a Pique long-term experiment, Treinta y Tres, Uruguay 

 

 

 

 

 

 

 

 

 

 

 

 

Rotation 
May-

June 

June-

July 

July-

Aug. 

Aug.-

Sept. 

Sept.-

Oct. 

Oct.-

Nov. 

Nov.-

Dec. 

Dec.-

Jan. 

Jan.-

Feb. 

Feb.-

Mar. 

March

-Apr. 

Continuous 

Cropping 
           

Calves 
61.6±

2.51 

62.7±

2.03 

61.3±

2.01 

59.9±

3.27 

63.1±

1.02 

58.8±

2.54 

59.2±

2.75 

60.4±

3.16 

60.7±

2.10 

60.7±

3.77 

58.9±

5.44 

Short 

Rotation 
           

Heifers 
61.0±

3.03 

62.3±

1.45 

61.9±

1.5 

62.9±

3.69 

63.6±

0.74 

61.1±

1.63 

60.6±

2.23 

59.6±

3.81 

60.8±

3.89 

59.1±

3.38 

60.2±

4.03 

Cows 
63.0±

2.05 

60.3±

1.47 

60.1±

2.61 
        

Large 

Rotation 
           

Calves 
61.1±

4.50 

60.0±

4.38 

59.2±

1.85 

58.8±

1.51 

62.3±

1.27 

60.8±

1.43 

59.8±

1.46 

60.2±

3.45 

60.6±

3.35 

61.1±

5.20 

60.5±

5.60 

Steers 
59.6±

4.2 

61.5±

1.39 

60.7±

3.25 

60.6±

3.37 

62.1±

1.7 

60.6±

1.4 

60.7±

2.4 

58.4±

1.48 

60.2±

4.03 

60.2±

4.03  

Forage 

Rotation 
           

Steers 
61.6±

1.75 

63.8±

2.94 

60.5±

1.95 

63.0±

2.36 

64±0.

93 

59.0±

2.68 

58.9±

2.06 

57.7±

2.06 

61.0±

5.28 

59.6±

2.26 

60.6±

3.50 
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Supplementary Material 2. Equations and constants according by IPCC 

(2019). 

Metabolic functions and other estimates Equation Units 

Maintenance (NEm) 10.3a MJ/day 

Activity (NEa) 10.4a MJ/day 

Growth (NEg) 10.6a MJ/day 

Ratio of net energy available in diet for maintenance 

to digestible energy consumed (REM) 
10.14a - 

Ratio of net energy available in diet for growth to 

digestible energy consumed (REG) 
10.15a - 

Gross Energy 10.16a MJ/day 

Emission factor for enteric fermentation from a 

livestock category 
10.21a Kg CH4/head/year 

Volatile solid 10.24a Kg VS/day 

Emission factor from manure management (MM) 10.23a Kg CH4/head/year 

Dry matter intake 10.18a Kg DM/day 

N intake rates 10.32a Kg N/head/day 

N retention rates for cattle 10.33a Kg N/head/day 

N excretion rates 10.31a Kg N/head/day 

Direct N2O emissions from MM 10.25a Kg N2O/year 

N losses due to volatilisation from MM 10.26a Kg N/year 

N losses due to leaching from MM 10.27a Kg N/year 

Indirect emissions of N2O due to volatilisation from 

MM 
10.28a Kg N2O/year 

Indirect emissions of N2O due to leaching from MM 10.29a Kg N2O/year 

N2O from N leaching/runoff from managed soils 11.10b Kg N2O/year 

N2O from atmospheric deposition of N volatilised 11.11b Kg N2O/year 

Direct N2O emissions from managed soils 11.2b Kg N2O/year 

N in urine and dung deposited by grazing animals in 

pastures 
11.5b Kg N/year 

N from crop residues and forage/pastures renewal 11.6b Kg N/year 

Emissions from urea and lime application  11.13b Kg CO2/year 
a Chapter 10, emissions from Livestock and Manure Management. 

b Chapter 11, N2O Emissions from Managed Soils, and CO2 Emissions from Lime and Urea 
Application. 

 

 

 

 

 

 

 



 
 

 

197 
 
 

 

Constant Equation Value Unit Reference 

Cf 10.3 0.322 MJ/day/kg IPCC (2019) 
Activity coefficient 

(Ca) 
10.4 0.17 - IPCC (2019) 

C (females) 10.6 0.8 - NRC (1996) 
C (steers) 10.6 1 - NRC (1996) 

MW (mature 
weight) 

10.6 
450 kg 

Local data 

NEmf 10.18 7 MJ/kg DM IPCC (2019) 
Methane 

conversion factor 
(Ym) 

10.21 7 - IPCC (2019) 

B0 10.23 0.1 
m3 CH4/kg of 
volatile solid 

Becoña et al 
(2022) 

Ash content of feed 10.24 12 % Local data 

AWMS 
10.25; 10.26; 

10.27 
0.9 - IPCC (2019) 

EF1 11.2 0.01 - IPCC (2019) 
EF3 11.5 0.004 - IPCC (2019) 
EF4 11.11 0.01 - IPCC (2019) 

NAG; NBG; RAG; RS 11.6 
Values for 
each crop 

- IPCC (2019) 

FRACGASF 11.11 0.11 - IPCC (2019) 
FRACGASM 11.11 0.21 - IPCC (2019) 
FRACLEACH 11.10 0.24 - IPCC (2019) 

FRACREMOVE 11.6 0.3-0.5 - Local data 
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Supplementary Material 3. Economic income (US$) by product and by 

rotation (2019-2022), at Palo a Pique long-term experiment in Treinta y Tres, 

Uruguay. 

Output Continuous 

Cropping 

Short 

Rotation 

Large 

Rotation 

Forage 

Rotation 

Livestock 71,472 111,946 249,064 192,778 

Soybean 9,367 9,627 11,006 0 

Wheat 2,551 3,054 2,949 0 

Oat 0 2,216 2,647 0 

 

 

 

 

 

 

 

 

 

 


