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RESUMEN

El cambio climatico es una problematica mundial, en el cual el metano
proveniente de la ganaderia es importante por su contribucion como gas de efecto
invernadero. Esta tesis busca colaborar en el entendimiento de las emisiones de metano
entérico en animales alimentados con dietas forrajeras con diferentes niveles de fibra.
Para ello, esta tesis se dividié en dos partes. En la primera, se realizé un experimento
utilizando 30 novillos para carne, alimentados en comederos automatizados, donde se
cuantificé las emisiones originadas de la alimentacion utilizando la técnica SFe. Los
animales se dividieron en dos grupos con dos dietas forrajeras de distinta calidad y
contenido de fibra. En la segunda parte, se evaluo el desempefio (exactitud y precision)
de las predicciones de seis ecuaciones de estimacion de emisiones de CH4 y se
compararon con observaciones de 29 estudios realizados con dietas forrajeras. En lo
experimental, las emisiones absolutas de metano entre ambas dietas no fueron
diferentes (p > 0,05). Sin embargo, las intensidades de emision por kg de materia seca
consumida y por kg ganado de peso (g CH4/DMI y g CH4/ADG) fueron inferiores en
los animales consumiendo la dieta de baja fibra (p < 0,05). Por otro lado, el modelo
que presentd el mejor desempefio fue el modelo del nivel 2 de IPCC 2006 (r2= 0,7,
RMSE = 74 g). La utilizacion de una dieta forrajera de mejor calidad, con menor
contenido de fibra, disminuy6 las intensidades de emision de metano. El uso de un
modelo de prediccion ajustado para dietas forrajeras permitird predecir mejor las

emisiones originadas de animales alimentados bajo este tipo de dietas.

Palabras clave: emision, dietas forrajeras, prediccion, intensidad



SUMMARY

Climate change is a global issue, in which methane from livestock is important
for its contribution as a greenhouse gas. This thesis seeks to contribute to the
understanding of enteric methane emissions in animals fed forage diets with different
levels of fiber. For this purpose, this thesis was divided into two parts. In the first one,
an experiment was conducted using 30 beef steers fed in automated feedlots, where
emissions from feeding were quantified using the SFe technique. The animals were
divided into two groups with two forage diets of different quality and fiber content. In
the second part, the performance (accuracy and precision) of the predictions of six CH4
emission estimation equations were evaluated and compared with observations from
29 studies conducted with forage diets. At the experimental level, absolute methane
emissions between the two diets were not different (p > 0.05). However, emission
intensities per kg dry matter consumed and per kg weight gained (g CH4/DMI and g
CH4/ADG) were lower in animals consuming the low fiber diet (p < 0.05). On the
other hand, the model that presented the best performance was the IPCC 2006 level 2
model (2= 0.7, RMSE = 74 g). The use of a better quality forage diet, with lower fiber
content, decreased methane emission intensities. The use of a prediction model
adjusted for forage diets will allow better prediction of emissions from animals fed

these types of diets.
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1. INTRODUCCION

1.1. CALENTAMIENTO GLOBAL: PROBLEMATICA Y
COMPROMISO INTERNACIONAL

El calentamiento global, intrinsecamente asociado a la ocurrencia del cambio climatico,
es un fenomeno provocado por el incremento en la concentracion de gases de efecto
invernadero (GEI) en la atmosfera, fundamentalmente generados por la actividad
antropogénica. Desde la revolucion industrial en el siglo XVIII, se ha producido un
sensible incremento en la cantidad de GEI emitidos a la atmoésfera (Figura 1, Etheridge
et al., 1998). Ademas, otras actividades humanas como la deforestacion han limitado
la capacidad para secuestrar el CO2. En efecto, Jastrow et al. (1991) manifestaron que
en los ultimos 100 afos la temperatura promedio global se incrementd en 0,5 °C y se
espera que en los proximos 100 afios se incremente a 2,5 °C. En el mismo sentido,
Solomon et al. (2007), basados en diferentes estudios de simulacion, sostiene que,
antes de fin del siglo XXI, el aumento de temperatura del planeta tierra serda de 2 a 6
°C mayor. Otros autores plantean que la permanencia de estos incrementos de
temperatura tendria como consecuencia un aumento medio del nivel del mar de 17 a

26 cm de aqui a 2030 (Moss et al., 2000).
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Figura 1. Emisiones de metano (CH4) durante los tltimos 1000 afios estimadas a partir
de lo encontrado en tres nicleos de hielo de la Antartica. Extraido de Etheridge et al.

(1998).

Por los motivos antes expuestos, el calentamiento global se ha convertido en una de
las preocupaciones mundiales mas importantes de la actualidad. El 12 diciembre de

2015, enla COP21 de Paris, las partes de la Convencién Marco de las Naciones Unidas



sobre el Cambio Climatico (CMNUCC), entre ellos Uruguay, alcanzaron un acuerdo
histérico para combatir el cambio climatico y, a su vez, acelerar e intensificar las
acciones e inversiones necesarias para un futuro sostenible con bajas emisiones de
carbono (UFCCC, 2020). Entre los objetivos que se trazaron, se destacan aquellos
relacionados a: «cuantificar emisiones», «intensificar esfuerzos de mitigaciony» y
«conservar y mejorar los sumideros y depositos de GEI». Para lograr estos cometidos,
distintos paises se han dedicado a buscar y generar estrategias que se enmarquen en
las actividades que mayormente estén implicadas en esta problematica, atendiendo a

la particularidad de la matriz de los inventarios de GEI de cada pais.

1.2. GASES DE EFECTO INVERNADERO

Los gases de efecto invernadero (GEI) son todos aquellos gases que poseen moléculas
con dos o mas atomos unidos y que, al absorber calor, permiten la vibracion de la
molécula, que posteriormente libera y transmite esta radiacion a otra molécula vecina
de similares caracteristicas. Esto provoca un efecto de manutencion del calor cerca de
la superficie de la tierra, fendmeno conocido como «efecto invernadero» (Bonilla y
Flores, 2012). Si bien esto podria verse como un fendmeno negativo, su ausencia
traeria como consecuencia grandes variaciones de temperatura en la superficie de la
tierra, tan drasticas que impedirian al planeta tierra ser un lugar habitable (Moss et al.,
2000). Sin embargo, el aumento sostenido de la temperatura ha provocado
inestabilidades ambientales, que repercuten fuertemente en las actividades productivas

(Giridhar y Samireddypalle, 2015).

Existe una gran variedad de GEI, y con diversos origenes. Los principales son el vapor
de agua (H20), el didxido de carbono (CO»), el 6xido nitroso (N20), el metano (CHa4),
el hidrofluorocarbono (HFC), el perfluorocarbono (PFC) y el hexafluoruro de azufre

(SFe).

1.3. METRICAS DE CALENTAMIENTO GLOBAL

Para evaluar y diferenciar la intensidad de los distintos GEI, es necesario
estandarizarlos a una unidad en comtn. Existen dos métricas que han sido discutidas
en el ultimo tiempo (Wang et al., 2013) que, segun las caracteristicas de cada gas,
atribuyen un indice mayor o menor (Tabla 1). Estas son las métricas GTP (potencial

de cambio de temperatura global) y GWP (potencial de calentamiento global), por sus



siglas en inglés. La primera explica el cambio de la temperatura media global en la
superficie de la tierra que provoca un determinado GEI respecto al CO2, mientras que
la segunda corresponde a la medida relativa de cuanto calor puede ser atrapado por un
GEI en un determinado periodo de tiempo en comparacion con el CO2. Es de particular
interés observar lo ocurrido con el gas metano (CH4), pues es uno de los principales
gases emitidos por la ganaderia, y del cual hay grandes diferencias entre ambas
métricas. La mas utilizada es la métrica GWP, que en definitiva, explica el potencial
de los gases de producir calentamiento, y otorga al CO2 un indice igual a 1, para luego
desde aqui ir asignando los indices correspondientes y de esta manera calcular su
equivalencia en dioxido de carbono (CO2-eq). El metano, por otra parte, tiene una vida
util mucho maés corta (vida media: 12 afios; Wang et al., 2013) que el CO2 en la
atmosfera, lo que lo convierte en un atractivo objetivo de mejora del calentamiento

global a corto plazo.

Tabla 1. Algunos GEI vistos desde las métricas GWP-100 afios y GTP. Adaptado de
Wang et al. (2013).

GEI Tiempo de vida (afios) GWP! GTP?
CH4 12 18 0.26
N20 114 298 250
HFC-125 29 4713 1113
CF4 50000 7829 4288
C2Fe 10000 17035 22468
SFe 3200 31298 40935

!Global Warning Potential. 2Global Temperature Potential. CHs: Metano. N,0: Oxido nitroso.
HFC'?%: Pentafluoroetano. CF4: Tetrafluorometano. C,Fs: Hexafluoroetano. SFs:
Hexafluoruro de azufre.

1.4. ACTIVIDAD ECONOMICA: MERCADO E IMPACTO
AMBIENTAL

La expansion de la ganaderia es de preocupacion mundial, pues contribuye al aumento
de las concentraciones atmosféricas de gases de efecto invernadero (GEI) y, en
consecuencia, influye sobre el cambio climatico. En el ambito mundial, se estima que
la ganaderia genera alrededor de 7,1 gigatoneladas de CO2-eq por afio, lo que
representa el 14,5 % de todas las emisiones antropogénicas, donde el ganado vacuno
de carne es el principal generador de emisiones del sector ganadero, con alrededor de

2,9 gigatoneladas de COz-eq (Gerber et al., 2013).



La produccion y la demanda mundial de carne ha venido creciendo en los ultimos afios
(OPYPA, 2022). En el afio 2022, la produccion crecid un 1,7 % y llegd a los 59,37
millones de toneladas (carcasa equivalente), siendo Estados Unidos y Brasil los
principales exponentes. Lo mismo ocurre con las exportaciones que alcanzaron 12,28
millones de toneladas, ubicdndose el Uruguay en el 9.° lugar con el 4,6 % del total
exportado (0,57 millones de toneladas). Si bien, la participacion del Uruguay en el
mundo no es muy grande (11,5 millones de cabezas de ganado, 1,1 % del stock
mundial), sin lugar a duda la produccién de carne es una de las actividades mas
importantes para la economia local. Esto se ve reflejado en lo informado en el anuario
2022 de la Oficina de Programacion y politica Agropecuaria (OPYPA) que proyecto
para el afio 2023 exportaciones de carne vacuna con valores de 2400 millones de
dolares, ubicandose en segundo lugar de importancia, solo por detras de la industria

forestal (OPYPA, 2022).

En el Uruguay, la produccién de carne y de lana son fundamentalmente de caracter
extensivo y se realizan con base en pasturas naturales. La ganaderia y la lecheria
ocupan un 78 % de la superficie agropecuaria, cubierta en gran parte por campo natural
(64 %), y en menor porcentaje, por pasturas mejoradas, praderas sembradas y cultivos
forrajeros anuales (14 %) (MVOTMA, 2019). Bajo este escenario, gran parte de la
produccion nacional de carne depende de las condiciones climaticas, tal cual se ha
visto en los ultimos afios donde la sequia, explicada, entre otro, por el efecto de La

Nifa, han impactado en la produccion primaria (MGAP-OPYPA, 2021).

Por otro lado, se prevé que la demanda mundial de carne y leche aumente un 73 %y
58 %, respectivamente, para 2050, en comparacion con los niveles de 2010, debido a
la continua expansion de la poblacion mundial, una clase media emergente, el aumento
de los ingresos y la urbanizacion (Gerber et al., 2013). Junto con esto, el aumento de
la conciencia medioambiental y del vegetarianismo, unido a la aparicion de leche y
carne sintéticas y a la escasez de recursos, que ponen en cuestionamiento a la industria
ganadera (Beauchemin et al., 2020). En este contexto, es necesario que la produccion
de rumiantes desarrolle estrategias de produccion que permitan disminuir las
emisiones de forma rentable y al mismo tiempo satisfacer la demanda de alimentos de

los consumidores sin competir por los alimentos con la poblacion humana.



1.5. INVENTARIOS GEI EN URUGUAY

Mediante la creacion y fortalecimiento de arreglos institucionales desde el afio 2009,
incluyendo la definicion de una Politica Nacional de Cambio Climéatico en 2017, asi
como la aplicaciéon de diversas politicas sectoriales, el Uruguay ha realizado
considerables esfuerzos para fortalecer su capacidad institucional para afrontar la
problematica del cambio climdtico. Entre estos se encuentra la creacion en 1990 del
Ministerio de Vivienda, Ordenamiento Territorial y Medio Ambiente (MVOTMA),
cuyas atribuciones fueron entregadas al nuevo Ministerio de Ambiente en el afio 2020.
Este ultimo posee como uno de sus objetivos principales ser el punto focal ante la
Convencion (CMNUCC) y es la autoridad nacional competente para la
instrumentacion y aplicacion de esta y de sus mecanismos, debiendo presentar a la
Convencion los inventarios de gases de efecto invernadero (INGEI) las
Comunicaciones Nacionales, los Informes Bienales de Actualizacion y asimismo las

comunicaciones al Acuerdo de Paris.

Los inventarios nacionales de GEI son una herramienta utilizada por los gobiernos de
cada pais y muestran las contribuciones de cada tipo de gas y sus principales fuentes
de origen. Es asi como en Uruguay, a partir del afio 1990, se han elaborado inventarios,
comunicados e informes bienales que informan las emisiones de cada tipo de gas y
sector. Los ultimos resultados de GEI reportaron un aumento del 8,5 % entre 1990 y
2017, siendo las emisiones de metano (CH4) su principal contribuyente, con un
aumento del 13,6 % en la serie temporal 1990-2016 (MVOTMA , 2019). Las emisiones
netas de metano del afio 2017 expresadas en Gg de CO2-eq, utilizando la métrica
GWPI100AR2 v gin considerar las remociones netas de COz, representan un 47,5 % del
total de las emisiones nacionales. Es asi como las emisiones de CHa del sector
agropecuario para el mismo afo alcanzaron los 734,2 Gg, siendo un 87 % del total de
emisiones de CH4 (tabla 2), proviene principalmente de la fermentacion entérica del

ganado vacuno no lechero (85,6 %) (MVOTMA, 2019).



Tabla 2. Reporte resumen del Inventario Nacional de Gases de Efecto Invernadero de
Uruguay el 2017 del total de emisiones y del sector Agricultura, silvicultura y otros

usos de la tierra (AFOLU). Adaptado de (MVOTMA, 2019).

- Emisiones CO2* .
Emisiones (Gg) (Gg)(GWP100AR?) Emisiones (Gg)
Otros
98585 1 Otros gases
haloge- h
nados d alo_ge?a-
Categorias | CO2 neto | CH4 | N20 | HFCs | PFCs | SF6 | confac- | {20 31 % | NOX | CO | COVDM | 502
torde | tor de con-
conver- version
. co2
sion
CO2*
Emisiones y
remociones 5807 | 787 | 286 | 133 | NO | 1 NO 443E-03 |57.3|804| 142 |246
totales nacio-
nales
Agricultura,
silviculturay
otros usos de -12170 734 03 |71
la tierra
3.A-Ganado 718 | 3.20E*
3.B-Tierra -12338 IE IE IE IE
3.C-Fuentes
agregadas y
fuentes de 168 | 16 | 276 03 |71
emision No-
CO2en la tie-
rra
3.D-Otros NO NO NO | NO NO NO

La elaboracion de los inventarios se desarrolla, generalmente, a partir de factores de
emision estandares para cada tipo de gas y fuente propuestos por el Panel
Intergubernamental de Cambio Climatico (IPCC). Un factor de emision es construido
a partir de valores propuestos por la literatura y consiste en aplicar un determinado
valor a una respectiva actividad humana y resolver qué cantidad de GEI es aportada
por tal. En el caso del gas metano proveniente de la actividad agropecuaria, teniendo
a la fermentacion entérica como principal contribuyente, el IPCC propone utilizar
como factor de emision la cantidad de CH4 emitido por unidad de energia bruta
ingerida (EBI) por un animal, denominado Ym (methane yield, por sus siglas en inglés).
El valor de Ym por defecto propuesto por el IPCC, (2006) para animales en
condiciones de pastoreo es de 6,5 %, mientras que para animales en condiciones de
corral es de 3 %. Estos valores son utilizados para estimar las emisiones de GEI que
tendrian una cantidad de animales en un periodo de tiempo. Sin embargo, la aplicacién

de estos factores por defecto para el calculo de las emisiones en distintos escenarios



productivos cuando no se cuenta con factores locales pueden llevar a una sub- o

sobreestimacion de los reportes de GEI (Jaurena et al., 2015).

1.6. GANADERIA Y METANO

1.6.1. Produccion de metano entérico

De los GEI producidos por la ganaderia, el CH4 entérico producido por los rumiantes
es el principal gas contribuyente, con aproximadamente un 6 % de las emisiones
antropogénicas (Gerber et al., 2013). Caso particular es lo que ocurre con el Uruguay,
ya que, a diferencia de los paises industrializados, sus principales emisiones de GEI

provienen del sector agropecuario, especificamente y en orden de relevancia, el gas

CHa y el N2O (ETIHAG, 2022, MVOTMA, 2019).

En el sector productivo ganadero, el CH4 corresponde al producto final del proceso de
fermentacion entérica de los rumiantes (Moe y Tyrrell, 1979). Su produccion,
principalmente ruminal (~90 %) y, en menor medida (~10 %), en el intestino grueso,
surge a través de las fermentaciones de carbohidratos hidrolizados, realizadas por un
grupo importante de microrganismos llamados metanogénicos, entre los que se destaca
el género Archaea (Moss et al., 2000). La mayor o menor produccion de este gas se
debe a una gran cantidad de factores, tales como: la alimentacion, la raza, la tasa de
crecimiento del animal, el nivel de producciéon y la genética del animal, asi como
también la temperatura ambiental (Sejian et al., 2011). Entre los factores mencionados,
el mas importante es la alimentacion, pues esta directamente involucrado en la
produccion de CH4 (metanogénesis) que, en mayor o menor medida, depende de la
cantidad, la calidad y el tipo del alimento ingerido (Clark et al., 2010, Hammond et al.,
2011, Johnson y Johnson, 1995).

Generalmente, los nutrientes ingeridos por el rumiante a través del alimento no estan
directamente disponibles para ser utilizados, siendo la masticacion, y el ambiente
ruminal actores claves para su aprovechamiento. La masticacion permite ejercer una
accion mecanica sobre los alimentos, mejorando, entre otras cosas, la superficie de
contacto para su digestion. En el rumen, por otro lado, los alimentos y liquidos
ingeridos se mezclan y se mantienen en condiciones anaerobicas, normalmente a un
pH de 5,6-6,7 y 39 °C (Janssen, 2010). La comunidad microbiana que reside en el
rumen, a través de distintas enzimas, es capaz de actuar sobre los carbohidratos de

reserva (almidon) y sobre los carbohidratos estructurales (celulosa, hemicelulosa y



pectinas) componentes de la pared celular, que otros seres vivos no logran digerir. Las
enzimas de estos microrganismos permiten, a través de distintas vias, la fermentacion
de estos azucares y dan lugar a la formacion de 4cidos grasos volatiles (AGV) (acético,
butirico y propionico), fundamentales para la nutricion propia del animal, asi como
también su propio crecimiento y proliferacion (De Blas et al., 2008), pero también
algunos productos como COg, calor y CH4 (McAllister et al., 1996, Figura 3). Sin
embargo, la proporcion en la que ocurran estas vias impactaran en mayor o menor

medida sobre la produccion de CHa.

COMPONENTES DE LOS ALIMENTOS

| Polimeros de pared celular ‘
|

T ————— Ruminococcus albus Prevotella ruminicola
Y ; 7 Fibrobacter succinogens Butyrivibrio fibrisolvens FERMENTADORES
Streptococcus bovis " ) PRIMARIOS
: Ruminococcus flavefaciens NH3
‘ Azlcares simples | Esqueletos carbonados ‘
Selenomonas rumination FERMENTADORES
Treponema bryantii PRIMARIOS Y
Megasphaera elsdenii SECUNDARIOS
Acetato + Propionato + Butirato + H2 + CO2 ‘
I
Methanobrevibacter rumination METANOGENOS

Methanosarcina barkeri

|

CH4

Figura 3. Vias y productos de la fermentacion ruminal del alimento ingerido.

Adaptado de McAllister et al. (1996).

En la Figura 4 se puede observar las vias de fermentacion que benefician la formacion
de los acidos grasos volatiles acético y butirico que promueven la produccion de CHa,
pues liberan H', mientras que las vias que fomentan la formacion del acido graso
volatil propidnico permite una captura de estos H" y, por lo tanto, una disminucion de

la produccion de CHa (Knapp et al., 2014).



Glucosa — 2 Piruvato + 4H
(Metabolismo carbohidratos)

Piruvato + H20 ——— Acetato + CO2 + 2H

Piruvato + 4H —— Propionato + H20

2 Acetato + 4H —— Butirato + 2 H20

Figura 4. Productos del metabolismo de carbohidratos en el rumen. Adaptado de

Knapp et al. (2014).

1.6.2. Dieta v produccion de CH4

La cantidad de ingesta del alimento afecta los procesos de fermentacion en el rumen.
En términos absolutos, las emisiones de CH4 estan directamente determinadas por el
nivel de ingesta, es decir, cuanto mayor es la materia seca ingerida DMI (dry matter
intake, por sus siglas en inglés), mayor sera la emision neta (g/d) (Moorby et al., 2015).
Sin embargo, una mejor calidad del alimento suministrado, por ejemplo, asociado a la
inclusion de granos, tendria efectos reductores en la metanogénesis, pues la
fermentacion ruminal producird mayores niveles de acido propidnico, el cual compite
por iones de H' con el proceso de produccion de CHa, lo que provoca una reduccion
en la cantidad de CHa4 entérico en el rumen (Lovett et al., 2005). Por otro lado, forrajes
de alta calidad nutricional conducen a menores emisiones de CH4 por unidad de DMI
(CHa/kg DMI) en comparacion con forrajes de baja calidad (Blaxter y Clapperton,
1965, Hammond et al., 2011, Lee et al., 2004, McCaughey et al., 1997). Esto estaria
directamente relacionado con la digestibilidad y con la cantidad de fibra contenida en
el alimento (Kebreab et al., 2008). Es decir, forrajes con niveles mas bajos de fibra
(FDN) y con una mayor digestibilidad tendrian un efecto negativo sobre la produccion
de CH4 ruminal, pues estimulan en menor medida la rumia, aumenta la tasa de pasaje
y, por lo tanto, se presenta una fermentacién con menores niveles de acido acético e
hidrégeno y mayores niveles de acido propionico (Hammond et al., 2011, Janssen,

2010).

Un alto contenido de fibra (FDN) y una baja digestibilidad son factores que
favorecerian los procesos metanogénicos en el rumen y, por lo tanto, acentuarian la
produccion y emision de CHa. Esto impacta de gran manera a Uruguay, pues sus

sistemas de produccion de carne bovina se dan, en su mayoria, bajo dietas con base



forrajera (> 80 %, MGAP-OPYPA, 2021), con una gran variacion en su calidad medida
por su contenido de FDN, existiendo forrajes cultivados con variacion entre 35y 55 %

de FDN, hasta forrajes provenientes de campo natural con valores que pueden alcanzar

50-80 % de FDN en distintos momentos del afio (Mieres, 2004).

1.6.3. Medicion de consumo v emisiones de CH4

La cantidad y calidad del alimento ingerido por el animal son variables imprescindibles
para conocer su impacto en la produccion de CHa. Existen precedentes que afirman
que los efectos de la calidad de la dieta en la produccion de CHa varian de acuerdo con
la unidad de consumo de alimento (Johnson y Johnson, 1995). Esto es uno de los
principales problemas en los sistemas pastoriles, pues, aunque existen numerosas
técnicas que permiten la estimacion del consumo efectivo del animal, estas poseen
ciertas dificultades propias del método y del comportamiento selectivo del animal que
afectan la confiabilidad de los resultados obtenidos. Estan los métodos de medicion de
consumo directos, como la medicion de pre- y pospastoreo, métodos mecanisticos, que
utilizan ecuaciones elaboradas principalmente con componentes nutricionales, y los
métodos indirectos, como los marcadores externos (ej., técnica del marcador externo
con didxido de titanio) (Ayres, 1991, Burns et al., 2015, Dini et al., 2018, Oliveira et
al., 2016, Smith et al., 2021).

1.6.4. Intensidad de emision de CH4

Uno de los parametros ampliamente aceptado en la discusion cientifica y recomendado
por el IPCC es el rendimiento de conversion de metano, Ym (por sus siglas en inglés).
Este corresponde al metano producido por unidad de alimento ingerido, es decir,
cuanto de la energia bruta ingerida (EBI) en el alimento es transformado en metano
(Lassey, 2007). Este valor estd muy relacionado con la dieta y al tipo de alimento que
es ingerido (Johnson y Johnson, 1995). En dietas con predominio de concentrados el
(IPCC 2006) recomienda valores de Ym cercanos a 4 %, mientras que para dietas con

predominio de forrajes valores entre 6 'y 7 %.

Con estos antecedentes en un escenario productivo utilizando una dieta forrajera y un
valor Ym de 6,5 %, al considerar el contenido de EBI que, en su mayoria, para los
forrajes es de 18,4 MJ por cada kg de MS, y, a su vez, tomando en consideracion el
contenido energético del metano (55,65 MJ/kg), en términos de intensidad de emision,

los valores de intensidad por kg de materia seca ingerida corresponderian a 21,49 g

10



(Lassey, 2007). Sin embargo, estos valores de intensidad de g de CHa/kg DMI, asi
como también de Ym, han sido ampliamente discutidos (Jaurena et al., 2015). Dini et
al. (2018) realizaron mediciones in situ en vaquillonas Hereford en pastoreo con
distintas calidades de forraje durante invierno y primavera. La calidad fue definida por
la composicion quimica (PC y FDN) y la digestibilidad del forraje en la pastura.
Durante el invierno se presentaron valores de entre 21,6 y 23,6 g CHa/kg DMI,
mientras que para la primavera los valores oscilaron entre 14,3 y 16,8 g CHa/kg DMI
para dietas de alta y baja calidad de forraje, respectivamente. Este mismo estudio
propone valores de Ym de 7 % y 7,9 % para el invierno consumiendo una dieta de alta
y baja calidad, mientras que para la primavera fue de 5,2 % para un forraje de baja
calidad y de 4,2 % para alta calidad. Como es posible observar, la intensidad de
emision y de el factor Ym presentan una importante variabilidad y se relacionan con
las condiciones de cada tipo de produccion y alimentacion (Jaurena et al., 2015). Por
lo que utilizar un valor fijo de Ym como una medida estandarizada para toda una region
podria estar generando una sub- o sobreestimacion de las emisiones que luego serian

reportadas en los inventarios nacionales.

1.7. MODELOS DE PREDICCION DE EMISIONES

Cuantificar las emisiones de CHs entérico es complejo, mas ain cuando estas se
desarrollan en ambientes con una gran variabilidad (Lassey, 2007). Por esto se han
desarrollado como herramienta de estimacion el uso distintos modelos de ecuaciones
para la emision de CHa entérico. Estos modelos utilizan distintos pardmetros dentro de
sus ecuaciones tales como el peso vivo o bien algin componente nutricional de un
determinado alimento (Benaouda et al., 2019). Sin embargo, la capacidad de predecir
con precision la produccion de metano esta limitada a los supuestos y condiciones que
deben cumplirse para cada ecuacion en particular (Goopy et al., 2016, Santiago-Juarez
et al., 2016). En la actualidad, se pueden encontrar varios estudios realizados con la
finalidad de establecer ecuaciones de prediccion para emisiones de metano (Ellis et al.,
2010, Moraes et al., 2014) y evaluar cual de ellas se ajusta mas a un valor observado
(Benaouda et al., 2019, Escobar-Bahamondes et al., 2016). La mayoria de estas
ecuaciones de prediccion parten de la base de conocer el consumo de materia seca,
debido a que la produccion de este gas depende directamente de este factor (Escobar-
Bahamondes et al., 2016, Jonker et al., 2018). Sin embargo, se conoce que la emision
de metano también depende de la calidad del alimento ingerido (Boadi y Wittenberg,

2002). Es asi como surge la inclusion como variable a los modelos la energia bruta
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ingerida y la concentracion de FDN, estableciendo ecuaciones predictoras que
minimizan el error (Santiago-Juarez et al., 2016). Si bien estas ecuaciones pueden
resultar de utilidad, la elevada variabilidad reportada en los valores de emisiones,
sumado a los supuestos y condiciones que deben considerarse para cada ecuacion,

pueden limitar su capacidad de prediccion (Escobar-Bahamondes et al., 2016).

1.8. JUSTIFICACION DEL ESTUDIO

Si bien existen antecedentes de investigacion nacional sobre la cuantificacion de las
emisiones GEI, esta aun es escasa; por lo tanto, hace necesario conocer en forma
detallada y cuantitativa las emisiones de gran variedad de sistemas de produccion, con
las particularidades que cada uno posee. Desarrollar factores de emision locales
propios y evaluar alternativas de manejo que mejoren la eficiencia productiva y
mitiguen las emisiones de GEI sin duda favorecera la sostenibilidad de los sistemas
agropecuarios del Uruguay. Ademads, frente a la creciente presion de los mercados
internacionales, que responden a consumidores finales cada vez mas exigentes en
cuanto a los procesos de produccion de los productos alimenticios que consumen, se
fuerza ain mas la necesidad de generar alternativas ambientalmente sostenibles que al

mismo tiempo aseguren la rentabilidad econdmica de los sistemas de produccion.

La importancia que presenta para el Uruguay la produccion ganadera bajo dietas
forrajeras, la relevancia que esta implica en la matriz de GEI del pais, las posibles
limitaciones de los modelos de prediccion, sumado a las dificultades que implican las
mediciones de consumo en pastoreo, hacen necesario desarrollar el conocimiento que
permita cuantificar de forma certera las emisiones. Por otro lado, resulta de interés
evaluar los efectos de la variacion en el contenido de fibra en una dieta con base
forrajera sobre las emisiones de CHs. Ademas, disponer en el dmbito nacional de
informacion sobre la emision de CH4 para la fase final del ciclo productivo de novillos
puede ser un gran aporte a las estrategias a adoptar para la sostenibilidad de los

sistemas productivos del pais.

1.9. HIPOTESIS Y OBJETIVOS

1.9.1. Hipotesis

Una dieta forrajera con menor contenido en FDN reduciria las emisiones de metano y
la intensidad de las mismas, en comparacion con la misma dieta forrajera con mayor

contenido en FDN.
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1.9.2. Objetivo general

Evaluar las emisiones de CH4 entérico de novillos de carne bajo dietas forrajeras con

distintos contenidos de fibra.

1.9.3 Objetivos especificos

i. Identificar el efecto de dietas forrajeras con distinto contenido de fibra (FDN)

sobre el consumo y la ganancia media de peso de novillos en terminacion.

ii. Cuantificar las emisiones de CH4 entérico segun contenido de FDN de la dieta
suministrada.

iii. Evaluar la prediccion de modelos de estimacion sobre las observaciones de emision
de CHa4 entérico en distintos trabajos, obtenidas a través de la medicion in situ de

animales consumiendo dietas con base forrajera.
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Simple Summary: Methane (CHy) is one of the main GHGs that is emitted by ruminant production
systems, making its quantification important. A total of two forage diets with different fiber contents
were fed to beef steers, and their enteric CHy emissions were evaluated. Additionally, the predicted
values from different models were compared with the observations from different studies. The

animals with a moderate fiber diet had better performance and lower intensity of CH4 emissions.

The model with the best accuracy and precision was the one that was suggested by the IPCC
2006 Guidelines.

Abstract: Understanding the methane (CH;) emissions that are produced by enteric fermentation is
one of the main problems to be solved for livestock, due to their GHG effects. These emissions are
affected by the quantity and quality of their diets, thus, it is key to accurately define the intake and
fiber content (NDF) of these forage diets. On the other hand, different emission prediction equations
have been developed; however, there are scarce and uncertain results regarding their evaluation of
the emissions that have been observed in forage diets. Therefore, the objectives of this study were to
evaluate the effect of the NDF content of a forage diet on CHj enteric emissions, and to evaluate the
ability of models to predict the emissions from the animals that are consuming these forage diets. In
total, thirty-six Angus steers (¥ = 437 kg live weight) aged 18 months, blocked by live weight and
placed in three automated feeding pens, were used to measure the enteric CHy. The animals were
randomly assigned to two forage diets (n = 18), with moderate (<50%, MF) and high (>50%, HF) NDF
contents. Their dry matter intake was recorded individually, and the CH, emissions were measured
using the SFg tracer gas technique. For the model evaluation, six prediction equations were compared
with 29 studies (1 = 97 observations), analyzing the accuracy and precision of their estimates. The
emission intensities per unit of DMI, per ADG, and per gross energy intake were significantly lower

(p < 0.05) in the animals consuming the MF diet than in the animals consuming the HF diet (21.7 vs.

23.7 g CH4/kg DML, 342 vs. 660 g CHy/kg ADG, and 6.7% vs. 7.5%, respectively), but there were no
differences in the absolute emissions (p > 0.05). The best performing model was the IPCC 2006 model
(2 = 0.7, RMSE = 74.04). These results show that reducing the NDF content of a forage diet by at least
10% (52 g/ kg DM) reduces the intensity of the g CH4/kg DMI by up to 8%, and that of the g CHy/kg
ADG by almost half. The use of the IPCC 2006 model is suitable for estimating the CH; emissions
from animals consuming forage-based diets.

Keywords: cattle; mitigation; intake; forage; sulfur hexafluoride; quality
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1. Introduction

Consumers worldwide have shown great concern about climate change and its conse-
quences, especially those due to the greenhouse gas (GHG) emissions that are associated
with animal and agricultural production systems. These systems produce approximately
17% of the global anthropogenic GHG emissions, and methane (CHy) and nitrous oxide
(N;0) are the most commonly emitted gasses [1]. In Uruguay, the livestock sector is iden-
tified as one of the anthropogenic activities that contributes to GHG emissions the most,
contributing 70% of the total emissions. Most of these are CH, gas emissions, with enteric
fermentation being the main contributor (46%) [2]. In addition, the enteric production of
CHy gas by cattle is a loss of energy from the feed consumed, resulting in a productive
inefficiency [3-5]. Thus, improving the environmental efficiency of beef production systems
would contribute to mitigating these GHG emissions and thus climate change [6].

The production of CH4 (methanogenesis) in ruminants is a by-product of the rumen
(~90%) and large intestine (~10%) digestion that is derived from the fermentation of
consumed carbohydrates [7,8]. In recent decades, scientists have made efforts to understand
the factors affecting methanogenesis in the rumen, evaluating effects from animal genetics
to livestock management techniques [6]. However, nutritional quality and the amount of
feed intake are the main regulatory factors that have been identified which determine CHy
production [9]. In Uruguay, beef cattle systems are mainly based on diets with a high forage
inclusion (>70%) [10] that show great variations in their nutritional quality [11]. Frequently,
such a variation in quality results from the proportion of the structural carbohydrates that
are present in the diet, which are expressed as components of neutral detergent fiber (NDF).
The variability in the NDF content is mainly due to the plant species that are present in the
forage diet, the maturity stage of such species, the pasture management, and the climate
conditions [12,13]. The NDF content in climate template forages has been reported to vary
from 35 to 55% in cultivated forages and between 50 and 80% in natural forages [11,14].

It is known that low quality diets with a high NDF content may favor and stimulate
the methanogenic processes in the rumen [15,16]. However, studies that have aimed to
explain how the increment in NDF intake affects the CH, emissions have come to no clear
conclusions. For example, Primavesi et al. [17] compared the CH4 emissions from animals
that were fed with two sugarcane varieties with contrasting NDF values (44.2% and 54.7%
NDF) and found that, despite no difference in the intake, the use of the lower NDF variety
produced 30% less CHy emissions than the higher NDF diet. On the other hand, Hammond
etal. [18] evaluated the addition of NDF to chopped straw and soy hulls, (+47 g/kg DM) in
two types of forage diets (corn silage and grass silage), finding no difference in the intake
but also no difference in the methane emissions. Both studies included supplementation
with different feeds, and this could be hiding the actual effects of reducing the NDF content
on the measured variables.

The effects of diet quality on CHy production also vary as a function of the quantity
of the feed intake [16,19,20]. A higher feed intake results in higher CH, emissions, mainly
due to the increment in the amount of feed that is available for fermentation. This relation
was shown by Boadi and Wittenberg [21], who evaluated the effects of cattle breed type
and forage quality on the methane production under ad libitum, and restricted the feeding
conditions. In both situations, the level of feed that was offered affected the CH4 production,
and the dry matter intake (DMI) was strongly correlated with methane production (2 =0.8).

The individual feed intake of the forage under grazing conditions appears to be
difficult to determine. In this sense, indirect methods of intake measurement, such as
external markers, can generate uncertainties that, in turn, prevent the measurement of
accurate results [22,23]. On the other hand, the use of automatic feeders, in which cut
forage is offered to cattle, is an effective alternative to avoid this problem and could be
considered to be an accurate tool to measure individual intake [4,24]. Therefore, the use
of such techniques could give precise DMI results and improve our understanding of the
effect of the NDF content of forage diets on enteric CH4 emissions.
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In recent years, different prediction equations (Tier 2 approach) have been developed
as a strategy to help estimate the methane emissions from livestock [25-28]. Using different
dietary variables to estimate the enteric CH4 production, these equations have shown a
good accuracy. A set of them has been developed using the NDF variable as one of its main
components [25,29]. Furthermore, Escobar-Bahamondes et al. [27] and Benauda et al. [30]
evaluated the performance of such prediction equations, finding correlation coefficients of
up to 0.6 and 0.5 for the diets with a high forage inclusion and for the diets with different
NDF qualities, respectively. Although the validation of these equations for diets with a
high forage inclusion and different NDF contents is still limited, they are a particularly
useful and promising approach to defining CH, emissions while considering the NDF
diet content.

In the present study, we hypothesize that a forage diet with a lower NDF content
would reduce the methane emissions and the intensity of these emissions, when compared
with the same forage diet with a higher NDF content. Therefore, the objective of this study
was to evaluate the effect of the NDF content of a forage diet on the enteric CH4 emissions
of cattle growing steers. To achieve this objective, the following specific objectives were
proposed: (i). to identify the effect of increasing the fiber content (NDF) on the intake,
digestibility, average daily gain, absolute enteric CH4 emissions, and emission intensity;
and (ii). to evaluate the predictive power of the different enteric CHy prediction equations
that have been proposed for feeding forage diets and NDF.

2. Materials and Methods

The study was conducted at the Experimental Station INIA La Estanzuela (Colonia,
Uruguay, GPS Coordinates: S Latitude 34°20' 23,72 S, W length 57°41' 39,48"" W) during
the months of April to July 2021 (97 days). All the procedures involving animals were
approved by the Committee for the Ethical Use of Animals at the National Institute of
Agricultural Research (INIA-Uruguay, Protocol number 2020-5).

2.1. Experimental Design and Animals

The study was conducted using 36 18-month-old Angus steers with an average live
weight of 437 + 7 kg (BW). The study was carried out between April and July (97 days) of
2021. The animals were blocked by BW and randomly assigned to one of two treatment
groups (n = 18). The steers were distributed into three different pens, where each pen had
four automatic feeders (INTERGADO, Minas Gerais, Brazil) with access-limiting doors.
Before beginning the trial, the animals were subjected to a 47-day common feeding period
on the automatic feeders, which consisted of ad libitum grass haylage. This acclimatization
period was used to accustom the animals to their environment and feeding system, and to
reduce any latent influence of their previous nutritional management. The daily intake for
each steer was registered automatically using the ear tag of each steer and the electronic
scales of each feeder. During the experiment, the corresponding treatment was offered ad
libitum three times a day at 06:30 h, 13:00 h, and 19:30 h.

2.2. Treatments

The treatments consisted of two forage diets of different qualities: (1). The moderate-
fiber (MF) forage diet, which consisted of 100% alfalfa and orchard-grass haylage; and
(2). the high-fiber (HF) forage diet, which consisted of 70% alfalfa, plus orchard-grass
haylage, and 30% barley straw. The complete chemical composition of both diets is shown
in Table 1. To avoid selectivity of diet components by the animal, the forage was offered
homogeneously. For this purpose, the differences in the fiber sizes (<=70 mm) were
avoided, both at the time of the forage conservation (harvesting, airing, and preservation)
and during the administration (chopping and mixing). The amount of feed that was offered
was adjusted daily to guarantee a daily refusal of 5% of the total amount that was supplied,
in order to ensure ad libitum intake. The feeders were cleaned, and the refuse was removed
and discarded three times per week.
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Table 1. Chemical composition of forage diets with moderate fiber content (MF) and high fiber
content (HF).

Diet
Parameter Moderate Fiber (MF) High Fiber (HF)
DM, g/kg of fresh matter 579 631
-------------------- g/kg, DM basis—-----------------

OM 877 880
NDF 491 543
ADF 332 392
Lignin 74 82
CP 148 121

EE 28 24
Ash 123 120
NFC 210 192
NFC:NDF 0.43 0.35

DM: dry matter; OM: organic matter; NDF: neutral detergent fiber; ADF: acid detergent fiber; CP: crude protein;
EE: ether extract; and NFC: non-fiber carbohydrates.

2.3. Chemical Analysis of Feed

The food samples were collected three times a week from the feeding pens, making
monthly pools for the chemical analysis. The feed samples were dried in a forced-air oven
at 60 °C for 48 h and were ground through a 1 mm screen before the chemical analysis. The
dry matter (DM) concentration was determined by drying at 105 °C in an oven for 24 h
(UNIT-ISO 6496:1999), and the ash content was determined by incineration at 600 °C for 4 h
(UNIT-ISO 5984-2002). The crude protein (CP) was determined using the Kjedahl method
(7.021 procedure), according to A.O.A.C [31]. The ether extract (EE) was determined
with an ANKOMX!! extractor, using petroleum ether extraction (AOCS AM 5-04, Ankom
Technology Corp., Fairport, NY, USA). The NDF and ADF were determined with an Ankom
Fiber Analyzer (ANKOM®2%%i, Ankom Technology Corp., Fairport, NY), using the filter
bag technique. The acid detergent lignin (Lig.) was determined using a sequential analysis
and is expressed exclusively in terms of residual ash, according to the method of Van Soest
et al. [32]. The gross energy (GE) was determined using an adiabatic bomb calorimeter
(Gallenkamp Autobomb; Loughborough, Leics, UK). The concentration of the non-fiber
carbohydrates (NFC) was calculated as suggested by the NRC [33] (Equation (1)).

NFC (%) = 100 — (NDF% + CP% + EE% + Ash%) )

2.4. Feed Intake and Animal Performance

The individual daily feed intake of each animal was recorded and monitored through-
out the period by the automatic feeders INTERGADO, Minas Gerais, Brazil). Each animal
was identified with an electronic ear tag, which was linked to the door of each feeder and
its corresponding diet. The steers” LWs, without fasting, were recorded every 14 d. The
weighing was performed before 0630 h, when the first meal was provided. The average
daily gain (ADG) was calculated as a lineal regression of the LW (unshrunk) slope for each
steer, as recommended by Crews and Carstens [34]. The daily intake of the OM, CP, NDF,
ADF, Lig, Ash, EE, and GE were estimated for each steer by multiplying its individual
intake by the content of each chemical component of the diets.

2.5. Digestibility of Diet and Fiber

For the determination of the apparent digestibility of the digestive tract, individual
feces samples were extracted directly from the rectum. The samples were collected over
five consecutive days [35], and at the end of the experimental period. They were air-dried
at a temperature of 65 °C for 72-96 h. The samples were analyzed via the insoluble acid
ash technique as an internal marker of digestibility (UNIT-ISO 5985-2002). In addition, an
analysis of the digestibility of the NDF was carried out with the NDF content of the fecal
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samples, the total fecal excretion that was estimated from the previously analyzed apparent
digestibility, and the individual intake of each animal.

2.6. Determination of CHy Emissions

The determination of the enteric CHy emissions was performed using the sulfur
hexafluoride (SFg) tracer technique [16], adapted by Gere and Gratton [36]. A total of ten
days before the beginning of the measurements, each animal was given an oral permeation
tube that was filled with SFg, using a plastic dosing applicator. The permeation rates of the
SF¢ from the tubes were, on average, 6.57 mg/day. Burped and breath air samples were
collected for five consecutive days before the end of the 97-day experimental period. The
CHy collection devices for each animal consisted of two stainless steel cylinders of 0.5 L,
which had been previously cleaned with high-purity nitrogen gas (N,) and pre-evacuated
(<0.5 mb). Both the cylinders were coupled to a muzzle and placed on each side of a
backpack that was adjusted on the animal. Each cylinder was connected to an airflow
regulator that was restricted by a steel ball bearing, which ended approximately 3 cm from
the animal’s nostril. The inflow regulators were calibrated before each collection event, in
order to allow a vacuum to remain in the steel cylinders of approximately 500 mb by the
end of the sampling period (five days). In total, three additional cylinders were placed on
each feeding pen in the experimental area to collect the air samples that represented the
environmental CHy and SFg concentrations (background samples).

Following the procedure that was performed by other authors [37-39], at the end of
the five-day sampling period, the cylinders were removed and the post-sampling pressure
was measured. The containers with pressure values of 400-600 mb were considered to be
valid and ensured good quality samples [36]. The containers with pressure values <400 or
>600 mb were removed from the experiment. In total, 86% of the samples were considered
to be valid for analysis. A total of four sub-samples were extracted from each container
and stored in 6 mL vacutainers for determining the CHy and SF concentrations using gas
chromatography.

2.7. Gas Analysis and Calculation

The concentrations of the CHy and SFy were determined with chromatography. The
sub-samples were analyzed using a gas chromatograph (Agilent 7890A, Santa Clara, CA,
USA), with a flame ionization detector (FID) and an electron capture detector (ECD), for
determining the CHy and SFs concentrations, respectively. The maximum delay between
the collection and the determination of the CH; and SF¢ concentrations was 20 days. After
conducting a chromatographic analysis of the samples, the emissions of the CHy per animal
were calculated using the permeation rate of each SF4 capsule (PR) and the atmospheric
(atm) and enteric (ent) concentrations of the CHy and SF, considering the molecular weight
(MW) of each one (Equation (2)).

CHy (g day‘l) = SFg PR (mg day‘]) x [CH4 ent — CHy4 atm (ppm)/SFg ent — SFq @
atm] (ppt)] x [(16 (MW CHy))/(146 (MW SFg))] x 1000

The methane conversion rate (Ym) was calculated following the equation that was
proposed by the IPCC 2006 Guidelines [40], based on the conversion efficiency value of the
gross energy intake (GEI) of the CHy4 (Equation (3)).

Ym (%) = GEI (MJ/kg DM/day)/CHy (g/day) 3)

2.8. Prediction Equation Models
2.8.1. Database

A database of 97 observations (including our study) was used to assess the perfor-
mance of the models predicting the CHy emissions from ruminants. This database (Table A1,
Appendix A) included 29 studies from 9 countries in 3 different continents. Studies from
the Americas accounted for 80 of the observations from 24 of the studies, with Brazil being
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the main contributor. Europe accounted for 15 of the observations from 4 of the studies, and
Asia accounted for 2 of the observations from 1 study. The enteric CH; emissions that were
included in this database were measured using respiration chambers (8/97, 8%), the SFq
tracer technique (75/97, 77%), and emission monitoring chambers (GreenFeed™, C-Lock
Inc., Rapid City, SD, USA; 14/97, 15%). They were classified into two different production
and measurement conditions: in confinement (20/97, 20%) and grazing (55/97, 80%).

2.8.2. Data Pre-Processing

Data pre-processing was performed, as the collected data were sometimes incomplete
(with missing values or variables of interest) or inconsistent (with different names or
units for the same variable). The inconsistent data were corrected by using the same
names and units across the studies. Some of the data on the gross energy content and
the variables of the chemical composition that were not available were simulated using
NRC 2016 software [41] to obtain them. The ranges of the variables that were chosen to
be evaluated in the models were NDF (34-78%), forage (61-100%), GE (11.3-21.8 MJ/kg
DM), digestibility (35-84%), body weight (233-712 kg), DMI (4.2-25.2 kg/day), and CHy
emissions (80-656 g/day).

2.8.3. Selection Model

The CH4 emission estimation models that were chosen for this study were extracted
from the work of Escobar-Bahamondes et al. [27] and Benauda et al. [30], based on forage
diets and including the fiber variables in the equations (Table 2). Only the models with pre-
dictor variables or required information that were available in our database and experiment
were selected. The IPCC 2006 tier 2 model [40] was chosen because it is frequently used
in national inventories and scientific reports. The Ellis 2007 (a,b,c) models are described
in [25], and the Moraes 2014 (H_AL) and (DL) models are described in [29]. The selected
models are presented in the following table:

Table 2. List of authors, models, equations and references to estimate CHy emissions evaluated in
this study.

Author, Year Model Equation Reference
IPCC, 2006 IPCC 2006 CHy = (0.065 x GEI)/0.05565 [40]
Ellis et al., 2007 Ellis 2007 (a) CHy = (3.14 + 2.11 x NDFI)/0.05565 [25]
Ellis et al., 2007 Ellis 2007 (b) CHy = (5.58 + 0.848 x NDFI)/0. 05565 [25]
Ellis et al., 2007 Ellis 2007 (c) CHy = (—1.02 + 0.681 x DMI + 4.81 x forage)/0.05565 [25]
Moraes etal., 2014  Moraes 2014 (H_AL)  CHj4 = —1.487 + 0.046 x GEI + 0.032 x (NDF, %) + 0.006 x BW [29]
Moraes et al., 2014 Moraes 2014(DL) CHy= —0.163 + 0.051 x GEI + 0.038 x (NDF, %) [29]

CHy: enteric methane (g/day); GEI: gross energy intake (MJ/day); NDFI: neutral detergent fiber intake (kg/day);
DMI: Dry matter intake (kg/day); forage: forage proportion in the diet (%); NDF: neutral detergent fiber (%); and
BW: body weight (kg).

2.9. Statistical Analysis

All the animal and emission data were analyzed using Infostat 2020 software [42]. The
normality test (Shapiro-Wilks test) was applied to all the variables. The model that was
obtained was the following mixed model, Yijk = u + Ti + Pj + Bk + eijk, where Y is the
dependent variable; u is the overall mean; T (i = moderate or high fiber) is the treatment
effect, P (j = 1-3) is the pen effect, both as fixed effects; B (k = 1-12) corresponds to the block
effect as a random effect; and e is the associated error. The means were compared with
Fisher’s LSD test. The significance was declared as p < 0.05, and trends were considered
when p > 0.05 and p < 0.10.

The linear regression and Pearson’s correlation coefficients (r?) were calculated using
R software (version 4.1.1) (R Foundation for Statistical Computing, Vienna, Austria) [43]
to examine the relationship between the variables of the dry matter intake, NDF intake,
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and CHy emissions. The significance was declared as p < 0.05, and trends were considered
when p > 0.05 and <0.10.

For the analysis of the observed versus predicted emission models, the conclusions that
were presented in Pifieiro et al. [44] were taken into account. R software (version 4.1.1) [43]
with the “metric” and “biod3d” packages was used, evaluating the linear regression, with
Pearson’s coefficient (12), root mean square error (RMSE), and deviation (RMSD) being
used as the parameters for determining the effectiveness of the models at estimating the
emissions of the CHy.

3. Results
3.1. Intake and Digestibility

The feed intake that was recorded for both groups of steers ranged from 1.8% to 2.25%
of the BW (Table 3). The total DMI was higher for the MF diet compared with the HF diet
(p < 0.05). For most components, except for ADF, the intake was higher in the MF than
the HF diet (p < 0.05). In addition, the apparent digestibility (DMD), as well as the NDF
digestibility (NDFD), was higher by ten percentage points when comparing the MF diet
with the HF diet (p < 0.05).

Table 3. Intake of nutritional components, apparent digestibility, and NDF of steers fed forage diets
with moderate fiber content (MF) and high fiber content (HF).

Diet
Parameter Moderate Fiber (MF) High Fiber (HF) SEM p-Value
DM, kg/day 99 82 023 <0.001
OM, kg/day 75 6.2 0.17 0.001
NDEF, kg/day 49 45 0.12 0.02
ADF, kg/day 33 32 0.08 049
Lignin, kg/day 074 067 0.02 0.02
CP, kg/day 15 1.0 0.03 <0.001
EE, kg/day 0.28 0.20 0.01 <0.001
Ash, kg/day 12 1.0 0.03 <0.001
DMD, % 60.7 50.4 1.02 <0.001
NDFD, % 56.6 47.6 14 <0.001

DM: dry matter; OM: organic matter; NDF: neutral detergent fiber; ADF: acid detergent fiber; CP: crude protein;
EE: ether extract: DMD: dry matter digestibility; and NDFD: neutral detergent fiber digestibility.

3.2. Animal Performance

At the end of the experimental period, the average live weight was different between
the two treatments (Table 4). It was observed that animals fed the MF diet weighed on
average 41 kg of LW more than animals fed the HF diet (p < 0.05). Likewise, this difference
is reflected in the difference that was presented in the average daily gain (ADG), which
was twice as high in the MF group than in the HF group (p < 0.05).

Table 4. Productive and methane emission variables of steers fed forage diets with moderate fiber
content (MF) and higher fiber content (HF).

Diet
P Moderate Fiber (MF) High Fiber (HF) SEM p-Value
Production
Initial LW, kg 447 441 9.02 0.62
Final LW, kg 513 472 875 0.002
ADG, kg/day 0.65 0.32 0.02 <0.001
Emission
CHy, g/day 214 193 7.56 0.054
CHy, g/kg ADG 342 649 48.7 <0.001
CHy, g/kg DMI 21.7 23.7 0.64 0.022
CHy, g/kg NDF intake 44.09 43.77 127 0.97
Ym, % 6.7 75 0.2 0.008

LW: live weight; ADG: average daily gain; DML: dry matter intake; and Ym: methane yield.
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3.3. Methane Emissions

The absolute enteric methane emissions (g CHy /day) did not show significant differ-
ences (p > 0.05) (Table 4). The methane emission intensity per kilogram of the dry matter
intake (g CHy/kg DMI) was lower under the MF diet compared with the HF diet (p < 0.05).
However, this difference was not present in the emission intensity that was evaluated per
kg of the NDF consumed (p > 0.05). In the same sense, the emission intensity of the MF diet,
which was expressed in relation to the average daily gain (g CHy/kg ADG), was almost
half that of the HF diet (p < 0.05). Moreover, the methane conversion rate (Ym) was lower
under the MF diet than under the HF diet (p < 0.05).

A linear regression analysis for the DMI variable and the absolute methane emissions
(g/day), including all the observations that were obtained from our experiment, can be
seen in Figure 1. A correlation value of ” =051 (p = 0.0043) was obtained. On the other
hand, a linear regression analysis for the variables of the FDN intake and the absolute
methane emissions (g CHy/day) showed a correlation value of r* = 0.45 (p = 0.013), as can
be seen in Figure 2.
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Figure 1. The relationship between dry matter intake (DMI) and CHy production of steers fed
moderate-fiber (MF, black triangle) and high-fiber (HF, cross) diets. 2 =051, p=0.0043,and Y =
12.79x + 87.53.

350.0
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Figure 2. The relationship between neutral detergent fiber intake (NDFI) and CHy production of
steers fed moderate-fiber (MF, black triangle) and high-fiber (HF, cross) diets. 2 =045, p=0.013,and
Y = 27.52x+ 74.89.
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3.4. Models” Equations Evaluated

The six models that were selected and evaluated are presented in the observation
versus prediction plots (Figure 3). The averages of the variables that were used in the evalu-
ation of the equations were: NDF (50.5%), forage inclusion (91.8%), GE (17.63 M]/kg DM),
DMD (64.8%), BW (426 kg), DMI (11.18 kg DM/day), NDF intake (5.5 kg DM/day), and
GEI (196.7 M] /day). The mean of the observed emissions was 236 g CH4/day, while the
means of the emissions of the prediction equations that were evaluated were: IPCC 2006 =
229 g CH,/day, Ellis 2007 = a, 265 g CH4 /day, Ellis 2007 = b, 184 g CH4/day, Ellis 2007 = ¢,
197 g CH4/day, Moraes 2004 H-AL = 210 g CH4/day, and Moraes 2004 DL = 211 g CH, /day.
The IPCC 2006 model obtained a lower RMSE (74.07 g CHy) and RSMD (128.29 g CHy). The
best correlation was that of the IPCC 2006 model (1% = 0.70, p < 0.001). The models with the
lowest correlation were Ellis 2007 (a), and Ellis 2007 (b), with 2 = 0.28 for both. Ellis 2007
(a) and Ellis 2007 (b) presented the highest RMSE values of 118 and 131 g CHy, respectively.
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Figure 3. Observed vs. predicted CHy emissions value plots using 97 observations (black points)
from 29 different studies in the six models selected. Regression lines are shown in red. RMSE: Root
means square error; RMSD: Root means square deviation; and r2: Pearson’s coefficient.
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4. Discussion

The present study explored how the manipulation of the fiber content (NDF) in a
forage diet can affect its CH, emissions and animal performance. The study focused on
evaluating forage diets with high and moderate fiber contents (>, <50% NDF).

The chemical composition showed similarities with forages at a medium stage of
maturity that are found in temperate climate zones (Table 1). Forage diets are characterized
by a high proportion of structural carbohydrates in their composition [45]. As expected,
the addition of fiber (+5% NDF, 52 g/kg DM) led to an increase in the fiber content of
the diet, and consequently, a decrease in the other components (CP, EE) and in the non-
structural/structural carbohydrate ratio in the HF diet. This ratio is used to define diet
quality [46], and for this reason, we can define the MF diet as being of a better quality than
the HF diet in terms of fiber.

The dry matter intakes (DMI) presented in Table 3 are similar to those reported for the
same animal category fed forage-based diets [47]. The higher intakes that were observed
from the animals consuming the MF diet (+20%) caused more of the chemical components
of the diet to be ingested, when compared with the HF diet. Likewise, although the MF
diet contained less NDF per kg of the DM than the HF diet, 0.49 vs. 0.54, respectively, the
intake of this component by the animals was higher in the MF diet than in the HF diet.
Regarding the ADF intake, similar results are presented between both the diets; however,
the lower ADF content in the MF diet allowed the animals to obtain a higher intake of the
DM, making it possible to observe the regulating effect of the ADF on the intake [48]. The
intake of forage diets is mainly regulated by the rumen’s filling and distension, so that a
higher amount of fiber content would result in a lower rate of degradation and less passage
of feed through the rumen [45,49,50], thus causing a decrease in the intake in the animals
that consumed the HF diet.

On the other hand, there were differences in the digestibility between both of the diets.
The digestibility was 17% higher for the dry matter and 19% higher for the fiber in the MF
diet compared with the HF diet (Table 3). These differences in the digestibility may lead to
differences in the intake [51,52]. Assuming a linear relation between the marginal increase
in the NDF digestibility and animal responses, Oba and Allen [53] proposed that, for each
point decrease in the NDF digestibility, the intake decreased by 0.17 kg DM/day, which is
very similar to the results of our study, with 0.19 kg DM/day. An increase in the retention
times of the liquid phase of the feed in the rumen, and therefore a lower digestibility, led to
a decrease in the animal intake [54]. Thus, Van Soest [45] proposed that the forage intake
decreases when the digestibility is lower, and that this is related to the ratio between the
soluble and structural carbohydrates (NFC:NDF) and lignin content. In our results, the
NFC:NDF ratio was 0.43 vs. 0.35, and the lignin was 74 vs. 82 g/kg DM for the MF and HF
groups, respectively. However, other studies have shown opposite results, as presented
by Hammond et al. [55], where chopped barley straw and soybean hulls were added as
fiber (+5% NDF) to a forage-based diet (corn or grass silage); however, this addition did
not cause differences in the animal intake.

Another important point that could have affected the difference in the NDFD, DMD,
and consequently, the intake (DMI), could be the levels of the crude protein intake, which
was 0.5 kg DM/day higher for the MF diet than the HF diet (Table 3). Fiber degradabil-
ity is strongly conditioned by the levels of ammonia (N-NH3) that are available in the
rumen [56]. The microorganisms that are responsible for fiber degradation, especially
cellulolytic microorganisms, require adequate levels of NH3 (endogenous or exogenous)
and energy to act, which can affect the digestibility and intake of a forage diet [56]. Olson
et al. [57] experimented with steers to evaluate the effects of two supplements at different
proportions of starch and a degradable protein intake on the forage utilization and rumen
function in a low-quality diet (tallgrass hay, 4.5% CP and 72% NDF). Their results showed
a linear increase in the intake when the protein supplementation was increased (p < 0.01).

For the production variables (Table 4), the first aspect to highlight is the difference in
the average live weights (LW) at the end of the period. Likewise, this difference is reflected
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in the difference that was presented in the average daily gain, this being two times higher
in favor of the MF group. These differences have a strong economic productive implication,
with possible negative effects in terms of the weights of the hot carcass [24,58], time, and
a delay in the finishing phase of the HF animals. This delay, in turn, has environmental
consequences, as the longer the animal has not reached its productive objective (slaughter),
the greater its contribution to the emission of GHGs into the environment [59].

The absolute methane emissions (g CH4/day) showed no differences when comparing
the steers that were consuming the forage diets with contrasting fiber contents (Table 4).
In recent years, studies have been carried out comparing the effects of forage diets with
different NDF contents on CHy emissions. Primavesi et al. [17] compared the CHy emis-
sions from grazing animals that were supplemented with two sugarcane varieties with
contrasting NDF values, reporting that the use of the variety with a lower proportion of
NDF reduced the CHy4 emissions by 30%, relative to the diet with a higher NDF content.
Aguerre et al. [60], on the other hand, determined the effect of feeding diets with different
forage-to-concentrate ratios (F:C), resulting in a positive correlation between the amount of
NDF and the enteric CHy emissions. In these terms, a diet with differences in its NDF con-
tents should show a difference in its enteric methane production; however, this difference
was not demonstrated in our study, although there is a positive correlation between the
NDF intake and CHy emissions (Figure 2). Nevertheless, there are other studies that did
not find differences in the emissions of CHy, despite comparing diets of very contrasting
qualities. This is the case in the work that was presented by Dini et al. [61], which compared
the effect of low- and high-quality pasture under grazing conditions in two seasons (winter—
spring); however, no differences in the emissions were observed, despite the difference in
qualities; 70% vs. 42% NDF in the winter and 55% vs. 41% NDF in the spring, for low and
high quality, respectively.

It appears that the NDF content of a diet alone does not explain its enteric methane
(CHy4) emissions. Different studies have shown that a higher amount of forage intake causes
an increase in the fermentation processes in the rumen, and therefore presents a higher
CHy4 emission rate (g/d) [62—66]. Boadi and Wittenberg [21] proposed that consumption
predicts 64% of the variations in daily emissions. This is related to the results of our work,
as the higher consumption presented by the MF group of steers could influence their
emissions, which would show that a diet with a lower percentage of NDF emissions would
not be different (Table 4). This is shown in Figures 1 and 2, where a correlation of the CHy
emissions is shown with both the DMI and NDF intake, with r values of 0.51 and 0.45,
respectively. Similar results were presented by Pinares-Patifo et al. [64] and Beauchemin
and McGinn [50]. The latter reported a correlation of 0.82 between the DMI and methane
emissions, while Pinares-Patino et al. [64] reported correlation values for the absolute
methane emissions, with a DMI of 0.53 and 0.42 with NDFI. Likewise, Alemu et al. [67]
performed these regressions on accurate intake and emission measurement techniques,
such as GreenFeed (GEM) and respiration chamber (RC). For both techniques, the increment
values per kg of the DMI, of 12.3 g (+6%) and 15.2 g (+8.2%) of CH4, were presented for
GEM and RC, respectively, which was very similar to that which was presented in our study,
of 12.8 g CHy (+6.7%). However, Alemu et al. [67] presented correlations of only 0.19 and
0.28 for GEM and RC, respectively. On the other hand, Kurihara et al. [62] reported higher
correlation values (0.99) and also reported a positive linear regression, but with an increase
of 41 g of CHy per kg of the DM that was ingested (+14%). It is interesting to observe the
behavior of these relationships with their respective diets, as they are apparently dependent
on the scenario in which they are evaluated, and may be important when developing
emission factors and different mitigation strategies [6].

Dall-Orsoletta et al. [68] compared the methane (CHy) emissions from dairy cows that
were consuming diets with the same NDF content (TMR vs. PMR). A higher intake of
NDF (6.6 vs. 6 kg/day, respectively) implied higher emissions (656 vs. 546 g CH4/day),
even though both diets had a similar digestibility. However, others have pointed out that
increasing the digestibility of the diet would reduce the CHy emissions [52,69]. A high rate
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of fluid passage can reduce archaeal populations, leading to an accumulation of H; and a

reduction in CHy emissions, because of the feedback inhibition of the H, production [69,70].

The CHy4 emissions should be analyzed, while taking into consideration both the intake
and the quality of the feed that was supplied [71].

Different studies have indicated that the best way to evaluate methane (CH,) emissions
is through intensity, especially in relation to intake [72]. In terms of the emission intensity
per DMI, the MF group was lower than the HF group (Table 4). With an increasing feeding
level, due to a good digestibility and high intake, there would be a higher efficiency of
energy consumed, and thus, a lower CHy production relative to the intake [20,61,73,74].
Different results of g CHy/kg DMI have been reported. Andrade et al. [75] reported values
between 22.9 and 25.4 g, Dini et al. [37] reported values between 21.6 and 22.7 g, and Dini
etal. [61] reported values between 17.9 and 20.2 g, which are all intensities that are within
the ranges that were found in this study (15.3 to 29.5 g CH,/kg DMI). However, Gere
et al. [76] reported DMI values between 11.8 and 12.1 g CH4/kg, which are well below
those that were presented in this work, and is probably due to the higher consumption
that was presented in that study. In turn, the emission intensity per kg of the NDF that
was ingested did not show significant differences (p > 0.05), most likely due to the low
difference in the NDF content between the two diets (5%), and therefore, the intake of this
component [3]. On the other hand, the emission intensity of the MF animals, which was
expressed in relation to the average daily gain (g CHy/kg ADG), was almost half that of the
HF group (p < 0.05). This is much higher than that which was reported by Maciel et al. [5],
where the grazing intensity of Nellore and Angus steers was evaluated, which presented
with similar ADG values (with a mean ADG intensity value of 129.5 g CH, /kg). This can
be explained by the worse feed conversion that was presented in our study, which was,
on average, 18.1, much higher than the 8.8 average that was presented by Maciel et al. [5],
which is possibly due to the supplementation that these animals received.

Methane (CHy) production is considered to be an energy loss [16]. The Ym value
that was obtained for each of the forage diets that were evaluated (Table 4) confirmed
that their quality, which was defined according to the NDF content, can generate major
differences in feed use efficiency, and therefore CHy emissions. In this experiment, the
MF group presented a Ym value of 6.7%, a figure that was close to the 6.5% +/— 1% that
was proposed by the IPCC for animals that are fed forage-based diets. On the other hand,
the Ym value that was obtained in the HF diet group (7.5%) is more in line with that
which was proposed by the IPCC [40] for animals that are fed low-quality forage diets.
Previous studies in Uruguay have determined different Ym values; for grazing dairy cattle
of 6.6% [37], while for beef steers in relation to their residual intake (RFI), it was 6.7% for
low RFI animals and 9.17% for high RFI animals [77]. Comparing pastures of different
quality, Dini et al. [61] reported values of 4.2% to 7.9% for the winter and spring periods,
respectively. Studies conducted in Argentina on pasture-fed beef cattle have shown variable
values of 4.3% to 8.2% [76].

The analysis of the observed vs. predicted methane (CH4) emissions is presented in
Figure 3. This analysis allowed for the evaluation of the prediction equations that have
been proposed by different works for diets with a high inclusion of forage resources (>60%).
The equation that presented the best performance was that of the IPCC 2006 Guidelines,
followed by Moraes 2004 (a). Both equations have in common the use of gross energy
intake as a component; however, only the second one also included the NDF and BW as
components. Escobar-Bahamondes et al. [27] used a high-forage dataset to determine the
best fit equations, whereas the International Panel on Climate Change Tier 2 method is
presented as the best performing, with an r? = 0.71 and RMSE of 39.8 g CHy/day, which
has very similar accuracy but more precision when compared with our study (r* = 0.7 and
RMSE of 128 g CH,/day). The relatively good performance of the IPCC [40] equation for
the high forage diets may reflect that the Ym that was used (6.5%) is from a wide range
of diets, with a high proportion of forage. However, Ellis et al. [26] demonstrated that the
accuracy of the IPCC (2006) Tier 2 methodology is low, and therefore, when used at the
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farm scale, this approach could lead to an inaccurate estimate of the CHy released. This
is probably because the datasets that were used in these papers did not consider the idea
of separating by feed type and forage proportion [27]. When used for the cattle that were
fed high grain diets, the existing CH, prediction models were generally inaccurate and
lacked precision. In the work presented by Benauda et al. [30], the IPCC model performed
moderately well, because it did not take into account the differences in dietary lipids, NDF
and starch contents, and diet quality effects. In this same work, the author pointed out
a particularly important point, which is that the uncertainties and discrepancies that are
associated with CHy measurement techniques were expressed as coefficients of variation
(CV), which can range from 20 to 27%, depending on which emission variable is considered.
In the same vein, Benchaar et al. [63] stated that the accuracy of the models depends on the
assumptions of the model, as well as on the accuracy of the input values that are needed to
use the model.

Within this analysis, emphasis was placed upon the studies that were mainly con-
ducted in the Americas, principally in South America (58 observations and 18 studies),
which showed different results when comparing diets of different qualities and the methane
emissions in absolute terms (g CHy/day). For example, in Uruguay, Dini et al. [61] and
Oscarberro et al. [78] reported grazing average emission values of 109-177 g CH4/day and
140-329 g CH,4/day for heifers, respectively. For grazing lactating cows, Loza et al. [79]
reported values between 353 and 374 g CH4/day, while in Argentina, for the same animal
category and grazing system, Gere et al. [76] reported values from 157 to 203 g CH,/day.
Studies in Brazil, for example, those by Maciel et al. [5], Oliveira et al. [4], and Hoffman
etal. [80], which measured heifers and steers with forage diets, showed results with a wider
range of 80-184 g CH,/day. All are very similar values to the ranges that were presented
in our study (151 and 293 g CH,/day), despite being in different categories but using the
same forage diets.

It should be noted that many of these studies and measurements were performed on
different categories of animals and under different grazing conditions, a factor to consider
since our study was performed on housed steers that did not harvest their own feed.
Undoubtedly, the measurement of the feed intake of pasture-raised animals is still costly
and of a low precision [4,22,23]. This, combined with the errors that are associated with
enteric methane production measurement techniques [81,82], can lead us to erroneous
conclusions. For this reason, this study, through the confinement of the animals, allowed
us to evaluate the effects of a forage diet by controlling the quality and quantity of the diet
that was ingested by the animal.

5. Conclusions

Supplying a high-quality forage diet with a moderate fiber content not only showed
important positive implications for the animal’s performance, but also in the environmental
sustainability of the system. This improvement in productivity was also accompanied by a
lower intensity of the enteric CHy emissions that were expressed per kg DM intake, per kg
of ADG, and per unit of GEI converted into CHy (Ym). When comparing the estimation
values of the model equations versus the observed emission values of the diets with a
high forage inclusion, despite its relative simplicity, the performance of the IPCC Tier 2
equation is the best, when compared to other, more complex equations that consider diet
composition.
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Appendix A

Table A1. Database of studies used for observed vs. predicted analyses.

Author, Year Country Measurement Technique System Reference
Gere et al., 2019 Argentina SFg Grazing [76]
Maciel et al., 2019 Brazil SFg Grazing [5]
Oliveira et al., 2016 Brazil SFg Grazing [4]
Cota et al., 2014 Brazil SFg Confinement/Grazing 3]

Batalha et al., 2020 Brazil SFg Confinement [83]

Hoffmann et al., 2021 Brazil SFg Grazing [80]

Dall-Orsoletta et al., 2016 Brazil SFq Confinement/Grazing [68]
Koscheck et al., 2020 Brazil SFg Grazing [84]
Teobaldo et al., 2022 Brazil SFg Grazing [85]
Silvestre et al., 2021 Brazil SFg Confinement [86]
Beauchemin and McGinn, 2006 Canada Respiration chamber Confinement [50]

Alemu et al., 2017 Canada Respiration chamber Confinement [67]
Manafiazar et al., 2016 Canada GEM Confinement [87]

Boadi and Wittenberg, 2002 Canada SFq Confinement [21]
McCaughey et al., 1997 Canada SFg Grazing [73]
Muioz et al., 2015 Chile SFg Grazing [88]
Munoz et al., 2016 Chile SFe Grazing [89]
Pinares-Patifo et al., 2003 France SFg Grazing [64]

Doreau et al., 2011 France SFg Confinement [90]

Jonker et al., 2018 New Zealand GEM Grazing [66]
Hammond et al., 2016 UK GEM Confinement [55]
Richmond et al., 2015 UK SFg Grazing [71]
Santander et al., 2023 Uruguay SFg Confinement [This study]

Dini et al., 2019 Uruguay SFg Confinement [77]

Dini et al., 2018 Uruguay SFg Grazing [61]

Orcasberro et al., 2021 Uruguay SFg Grazing [78]

Loza et al., 2021 Uruguay SFg Grazing [79]

Dini et al., 2012 Uruguay SFg Grazing [37]

Aguerre et al., 2011 USA Respiration chamber Confinement [60]
GEM: emission monitoring chamber GreenFeed ™.
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3. DISCUSION GENERAL

Una de las estrategias para reducir las emisiones de metano (CH4) entérico se basa en
el manejo de la dieta animal (Sejian et al., 2011). En este sentido, la medicion del
consumo es una herramienta fundamental para evaluar y obtener conclusiones sobre
el efecto de la dieta en las emisiones, tanto por la cantidad ingerida como por su
composicion. Por este motivo, la posibilidad de registrar de manera precisa el consumo
a través del uso de alimentadores automatizados jugd un rol clave en este estudio. Esto
cobra aun mas relevancia al evaluar dietas de base forrajera, ya que las mediciones en
pastoreo presentan las dificultades propias de las metodologias de medicion (Burns et
al., 2015, Smith et al., 2021) y del comportamiento selectivo que pueden presentar los

animales (Montossi et al., 2000).

Los consumos registrados por ambos grupos de novillos fueron entre 1,8 % a 2,25 %
del PV, similar a los rangos de consumos reportados para animales bajo distintos
sistemas de alimentacion con base forrajera (Zubieta et al., 2021). Los resultados
muestran una diferencia en los consumos presentados por cada grupo de animales (9,9
vs. 8,2 kg DMI), que estarian estrechamente relacionados con el contenido de fibra (%
FDN) de la dieta (Van Soest, 1965). Menores contenidos de FDN reducen los tiempos
de retencion de la fase liquida del alimento en el rumen, lo que permite al animal
aumentar su consumo (Hammond et al., 2014). Van Soest, (1994) sugiere que el
consumo de forraje se incrementa cuando la digestibilidad es mayor, y esta, a su vez,
tiene relacion con la proporcion de carbohidratos solubles sobre carbohidratos
estructurales y el contenido de lignina. Ambos argumentos estarian relacionados con
la diferencia de consumo presentado en este estudio, pues los animales que
consumieron una dieta con mayor contenido de fibra y menor digestibilidad tuvieron

su consumo significativamente mas reducido (p < 0,05).

Distintos trabajos publicados sefalan que la digestibilidad de un alimento esta
correlacionada con la produccion de metano (CHa4) entérico (Beauchemin et al., 2008,
Janssen, 2010), asi como también existe una fuerte relacion entre la produccion de
metano y la fibra consumida (Pinares-Patifio et al., 2003). Un alimento de mayor
digestibilidad aumentara la tasa de pasaje de liquido, lo que reducira las poblaciones
de arqueas, lo que posteriormente llevaria a una acumulacion de H2 y a una reduccion

en la emision de CH4 como resultado de la inhibicion por retroalimentacion en la



produccion de Hz (Janssen, 2010, Moss et al., 2000). Por otro lado, un mayor contenido
de fibra en el alimento aumentaria la fermentacion y los tiempos de digestion de la
fibra en el rumen, lo que incrementaria, en consecuencia, la produccion de CHa

(Pinares-Patifo et al., 2003).

Estos argumentos son respaldados por distintos resultados publicados en la literatura.
Por ejemplo, Dall-Orsoletta et al. (2016) reportaron que animales que presentaron
iguales consumos de materia seca registraron diferentes emisiones de CHa, y dichas
diferencias fueron asignadas, principalmente, al efecto de los distintos contenidos de
FDN en las dietas. Del mismo modo, Primavesi et al. (2003) compararon las emisiones
de CH4de animales en pastoreo que recibieron una suplementacion con dos variedades
de cafia de azicar con valores contrastantes de FDN. Estos autores reportaron que el
uso de la variedad con una menor proporcion de FDN redujo en un 30 % las emisiones
de CHa en relacion con la dieta de mayor contenido de FDN. Bajo estos términos, una
dieta con mayor digestibilidad y menores contenidos de FDN mostraria una menor
produccion de metano entérico. Sin embargo, en el presente estudio, las emisiones de
CHa4 no presentaron una reduccion para los animales que recibieron la dieta MF con
respecto al HF, e incluso con una tendencia a ser mayor (p = 0,054), esto a pesar de las

diferencias de calidad presentadas a favor de la dieta MF (> digestibilidad, < FDN).

Distintos trabajos con resultados similares han sido desarrollados en Latinoamérica,
en los que se comparan dietas forrajeras con distintas calidades y sus respectivas
emisiones (g CHa4/dia) (Congio et al., 2021, Zubieta et al., 2021). Por ejemplo, Dini et
al. (2018) evalu6 las emisiones de CH4 en dos estaciones (invierno y primavera)
comparando forrajes de baja y alta calidad; en primavera fueron, en promedio, 164 y
177 g, respectivamente, sin diferencias. Sin embargo, en invierno, a pesar de no haber
diferencias, se presentaron valores promedio de 109 y 160 g para baja y alta calidad,
respectivamente, presentandose una clara tendencia (p = 0,065) a una mayor emision
por parte del grupo que consumio6 una dieta de mayor calidad. Asimismo, Gere et al.
(2019) compararon recursos forrajeros de distintas calidades (campo natural vs. sorgo
y campo natural vs. heno de alfalfa) y reportaron un 20 % mayor de emisién de CH4
para los animales que recibieron la dieta de mayor calidad en comparacion con los
forrajes de calidad inferior. EI argumento que explicaria estos resultados y que
coincidirian con los nuestros se debe al mayor consumo en los tratamientos de mejor

valor nutritivo generando mayor produccion de CH4 en términos absolutos.



Distintos trabajos muestran que una mayor cantidad de ingesta de forraje provocaria
un aumento de los procesos de fermentacion en el rumen y, por tanto, presentaria una
mayor tasa de emision de CHa (g/dia) (Jonker et al., 2018, Lovett et al., 2005, Moorby
etal., 2015, Pinares-Patifio et al., 2003). Bajo este contexto y analizando los resultados
obtenidos, se puede argumentar que posiblemente el consumo presentado por el grupo
MF impidi6 reducir las emisiones. Es decir, el efecto de una menor digestibilidad,
controlada principalmente por el contenido de fibra, provocé que los animales del

grupo HF redujeran su consumo y, por tanto, sus emisiones.

Por otro lado, hubo diferencias en las intensidades de emisiéon de CHa, siendo estas
siempre inferiores para los animales alimentados con la dieta de fibra media (MF) en
comparacion con el grupo alimentado con una dieta alta en fibra (HF). Distintos
estudios sefialan que la mejor forma de evaluar las emisiones de CHs es a través de las
intensidades, pues serian un indicativo de la «eficiencia» del sistema de produccion.
Esta puede ser relacionada al consumo (g CHa/kg DMI), a la ganancia de peso (g
CH4/ADG), asi como también a la energia consumida (% Ym; Congio et al., 2021). Al
aumentar el nivel de alimentacion a través de una dieta con mayor digestibilidad y
calidad, se presentaria una mayor eficiencia del alimento consumido y, por tanto, una
menor intensidad de emision de metano con relacion al consumo (Dini et al., 2018,
Hammond et al., 2011, Lee et al., 2004, McCaughey et al., 1997). Distintos resultados
de intensidades con relacion al consumo han sido reportados. Por ejemplo, Andrade et
al. (2016) reportaron intensidades de 22,9 a 25,4 ¢ CHs/kg DMI, mientras Dini et al.
(2012) muestran intensidades de 21,6 a 22,7 g CHs/kg DMI, y Dini et al. (2018)
presentaron intensidades promedio de entre 17,9 y 20,2 g CHs/kg DMI, todas
intensidades dentro de los rangos encontrados en este estudio. Sin embargo, Gere et al.
(2019) reportaron valores muy por debajo (11,8 a 12,1 g CHa/kg DMI), lo que
probablemente se deba a los mayores consumos presentados en tal estudio. En el
mismo sentido, la intensidad de emision de los animales MF expresada con relacion a
la ganancia de peso vivo (g CHa/kg ADQG) fue casi dos veces menor al compararse con

los animales del grupo HF.

En el ultimo tiempo se ha incrementado el uso de este tipo de evaluacion de las
emisiones (Congio et al., 2021); sin embargo, las emisiones solo estdn siendo
evaluadas por producto y no como las emisiones totales producidas. Esto viene siendo
discutido en, por ejemplo, el trabajo de Beauchemin et al. (2020), los cuales sefalan

que, aunque haya una disminucion de la intensidad de las emisiones debida al aumento



de la eficiencia de produccion, su efecto es modesto (< 1 %/afno) y podria ser
insuficiente para compensar el aumento de las emisiones derivado de la creciente

demanda de proteinas animales.

Desde un contexto nutricional, las intensidades de emision pueden ser interpretadas
como cuan eficiente energéticamente (Ym) es una dieta con respecto a otra. Esto
debido a que la produccién de metano es considerada una pérdida de energia, debido
a los gastos energéticos derivados de su produccion en el rumen (Johnson y Johnson,
1995). El valor de Ym obtenido para cada una de las dietas forrajeras evaluadas
confirm6 que la calidad de esta, definida segtin el contenido de FDN, puede generar
importantes diferencias en cuanto a la eficiencia en el uso del alimento y, por tanto, a
la emision de CHa. En este experimento, el grupo MF present6 un valor de Ym = 6,7 %,
cifra muy cercana al 6,5 % propuesto por el [IPCC para animales alimentados con dietas
con base forrajera. A su vez, el valor de Ym obtenido en el grupo de animales con dieta
de HF (7,5 %) se ajusta mas bien a lo propuesto por el [IPCC para animales alimentados
con dietas forrajeras de baja calidad. Estos valores son ampliamente encontrados en
los estudios, tanto nacionales como internacionales, y que en gran manera van a
depender principalmente de la base alimentaria de la dieta ofrecida (Johnson y Johnson,
1995). Un ejemplo es lo realizado por Dini et al. (2012), que determinaron valores
promedio de Ym para ganado de vacas lecheras a pastoreo de 6,6 %. Comparando
pasturas con diferente calidad, Dini et al. (2018), para periodos de invierno-primavera,
reportan valores de 4,2 % a 7,9 %, respectivamente. Estudios en Argentina para ganado
de carne alimentado sobre pasturas muestran resultados variables desde 4,3 % a 8,2 %,

(Gere et al., 2019).

Otro de los resultados interesantes encontrados es lo referido a la relacion del consumo
de materia seca (DMI) y de fibra ingerido (NDFI) con la emisiéon de CH4 en g/dia. En
ambos casos se presentaron correlaciones positivas y significativas; sin embargo, se
presento un factor de correlacion mayor entre la variable de DMI y la emisién de CHa.
Esta diferencia probablemente pueda estar definida por el limite del componente fibra
como factor principal en la regulacion del consumo, que llevo a que ambos grupos de
animales presentasen iguales consumos del componente fibra (NDFI) y que impidi6
relacionar con la emision de CHa4. Es decir, las emisiones de metano estarian mas
relacionados al consumo de materia seca que a la ingesta de FDN en dietas con
moderados y altos niveles de fibra. La ecuacion de regresion obtenida entre DMI (kg

DM/dia) y produccion de CH4 (g/dia) muestra una relacion positiva con un incremento



promedio de emision de 6,7 % por cada kg de DM consumida. Comparando con otros
estudios, se encuentra muy cercano a lo reportado por Alemu et al. (2017) con un
promedio de 7 %, utilizando una dieta con inclusion de 90 % de forraje, pero muy por
debajo de lo presentado por Kurihara et al. (1999), que present6é un aumento de 14 %

en la emision de CH4 por cada kg de DM consumida.

Se evaluaron las estimaciones de distintos modelos de prediccion de emision y se
compararon con mediciones observadas en distintos estudios bajo dietas de base
forrajera (> 60 % de inclusion). Para ello se graficaron los valores observados y
predichos (Pifieiro et al., 2008) a través de 6 modelos distintos. El modelo con mejor
nivel de exactitud y precision fue el modelo IPCC 2006, seguido muy de cerca por el
modelo Moraes 2004 (a). Ambos alcanzaron un 72 de 0,7; sin embargo, el modelo IPCC
2006 alcanz6 una mejor precision (< RMSE). No obstante, en los analisis realizados
por Moraes et al. (2014) y Ellis et al. (2010), la ecuacion propuesta por el [IPCC (2006)
presento bajos niveles de exactitud, mientras que para Benauda et al. (2019) presento
moderados rendimientos en su prediccion. Se debe considerar que muchas de las
ecuaciones desarrolladas son elaboradas bajo dietas limitadas tanto en mediciones y
repeticiones, por lo que su uso debe ser contextualizado (Benaouda et al., 2019). Por
ejemplo, la ecuaciéon propuesta por el IPCC (2006) se desarrolld tomando en
consideracion la energia bruta. Si bien este valor es uno de los mejores estimadores
para la determinacion de las emisiones (Escobar-Bahamondes et al., 2016) por no
presentar una gran variacion en dietas forrajeras, cuando las dietas se basan en
alimentos concentrados esta puede variar ampliamente y llevar a una prediccion menos
precisa (Escobar-Bahamondes et al., 2016). Asi también, se deben considerar las
incertidumbres y discrepancias asociadas a las técnicas de medicion de CHa,
expresadas como coeficiente de variacion que puede oscilar entre el 20 y el 27 %

(Benaouda et al., 2019).

4. CONCLUSION GENERAL

En lineas generales, la elaboracion de esta tesis permitio abordar uno de los temas mas
controversiales del ultimo tiempo como es el cambio climatico y su relacion con la
ganaderia. Sin lugar a duda, hay mucha informacion en la literatura con respecto a esto
y distintos enfoques que buscan responder y dar solucion a esta problematica. Este

trabajo de tesis intento presentar la mayor cantidad de fuentes de informacion sobre



como una dieta de origen forrajero con una determinada composicion y calidad puede
influir en las emisiones de metano entérico. Se ven resultados claros: una mejor calidad
de dieta, sostenida en un menor contenido de fibra, ayudaria a reducir las intensidades
de las emisiones. Sin embargo, la diferencia de calidad no alcanzd para mostrar una
baja en las emisiones absolutas. Esto es una reflexion que no debe quedar sin destacar,
pues en términos absolutos no estariamos reduciendo las emisiones. Otro punto
importante fue el hecho de realizar una revision de los modelos de ecuaciones de
estimacion que pueden ser una herramienta importante en las cuantificaciones y, en su
defecto, en los inventarios de gases de efecto invernadero (GEI). Sin embargo, se debe
tener presente el alcance de los modelos predictores, pues muchos de ellos son
desarrollados bajo un cierto escenario dietario que no necesariamente es el mismo en

el que se esta trabajando.

Por otro lado, seria importante, que ademas del gas metano, fuera incorporado a las
mediciones otro de los GEI importantes en la ganaderia como lo es el 6xido nitroso
(N20). Esto permitiria darnos un panorama mas completo del fenomeno estudiado y

contribuir en desarrollar estrategias que involucren a ambos gases.
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