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Abstract 

Enteric methane produced by ruminants is a dietary inefficiency that contributes to global warming. 

Feeding diets containing starch to ruminants has been reported to decrease enteric methane emissions. 

The feeding of methane mitigating agents such as supplemental fat, nitrate and 3-nitrooxypropanol (3-

NOP) to ruminants has also been reported to decrease enteric methane emissions, but the degree of 

methane mitigation may depend upon the basal diet offered to the animal. Furthermore, data are lacking 

on the net impact of 3-NOP and nitrate on whole farm greenhouse gas (GHG) emissions across different 

production systems. The aim of this thesis was to quantify the productivity and mitigation potential of 

these methane mitigating agents when they were included in different diets, and to model the effects of 

feeding 3-NOP and nitrate on whole farm GHG emissions and on the economics of dairy and beef 

farms. Initially, the methane mitigating agents were tested in vitro, they decreased methane production 

(MP) and their methane mitigating efficacies were not affected by basal diet. In the following in vivo 

experiment feeding supplemental fat to dairy cows decreased methane yield in cows fed either wheat 

or corn based diets. A modelling study predicted that both 3-NOP and nitrate would decrease whole 

farm GHG emissions; however, 3-NOP had a greater effect on enteric methane, and thus whole farm 

emissions, than nitrate. The research of this thesis indicates that the antimethanogenic responses to fat, 

nitrate and 3-NOP are not affected by substrate type, suggesting that these compounds could be effective 

in ruminants fed wheat grain, which is routinely fed to ruminants in Australia. Feeding 3-NOP could be 

economical for beef and dairy farms, depending on the cost of 3-NOP. It is concluded that 3-NOP could 

make an important contribution to reducing whole farm GHG emissions; however, either a production 

benefit would have to be demonstrated or a carbon offset method would have to be in place to 

incentivize its use in the livestock industries. 
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1.1 General introduction 

In the last century, the earth’s atmospheric temperature has increased by approximately 0.7°C and 

current projections indicate that temperatures will continue to increase by an additional 0.2°C per 

decade over the next 20 years (Buddle et al. 2011; IPCC 2014). This phenomenon known as global 

warming will have other significant climate change impacts. These include reduced water supplies, 

desertification, change in precipitation regimes, shifts in seasonal cycles, alterations in the range and 

numbers of pests and diseases that affect plants, animals and humans and direct impacts on human 

populations such as deaths due to heat stress, inundation of low-lying coastal cities and the mass 

migration of affected populations (Moss et al. 2000). Climate change is caused by the accumulation of 

greenhouse gases (GHG) such as carbon dioxide, nitrous oxide and methane in the atmosphere (Denman 

et al. 2007; Ramachandra et al. 2015). It has been estimated that agriculture is responsible for 

approximately 15% of global GHG emissions and approximately 30% of the GHG emissions generated 

by agriculture is methane from enteric fermentation and manure management (Patra 2014; Persson et 

al. 2015).  

 

One option for decreasing the impact of agriculture on climate change would be to decrease 

livestock production. However, with the world’s population growing and increased demand for animal 

sourced food, producers are faced with the task of constantly increasing food production (Godfray et 

al. 2010). Furthermore, it is important to consider that livestock production practiced under smallholder 

farmer-dominated landscapes is necessary for sustaining food security in many developing world 

countries (Sansoucy et al. 1995; Tscharntke et al. 2012). In this context, it has been stated that official 

statistics often underestimate the overall contribution of livestock and especially their multipurpose 

contributions to food and agricultural production in developing countries (Sansoucy et al. 1995). 

Livestock are a major component of the agricultural economy, they are the living bank for many 

farmers, provide draught power and manure for fertiliser and fuel and are also closely linked to the 

social and cultural lives of millions of resource-poor farmers for whom animal ownership ensures 

varying degrees of sustainable farming and economic stability (Sansoucy et al. 1995). However, it is 

important to consider that these small-holder and subsistence type livestock production systems are 

usually more inefficient and are consequently associated with greater GHG emissions per unit of 

productive output when compared with the more intensive systems (O’Mara 2011). It has therefore 

become necessary to investigate technologies that can decrease the environmental footprint of livestock 

production systems that can be applied to both intensive and extensive agricultural systems.  

 

In Australia, the dairy industry is the nation’s third largest rural industry (Dairy Australia 2018). It 

is comprised of 1.56 million cows that produce on average 6,070 litres of milk per year (Dairy Australia 

2018). Dairy production is predominantly based in south-eastern states of Victoria and New South 

Wales (Dairy Australia 2018). Australian dairy systems rely predominantly on seasonal spring calving 
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and the cows’ diet is pasture based with the supplementation of predominantly wheat grain (Dharma et 

al. 2012; Meale et al. 2013). Of the Australian dairy cattle population 83% have a Holstein genetic 

background and 17%, a Jersey genetic background (Bell et al. 2015). 

 

Several dietary strategies have been proposed for decreasing enteric methane emissions from 

ruminants. Feeding diets that contain starch has been shown to decrease ruminal methane production 

(MP) (Moate et al. 2017). There are also methane mitigating agents such as fat, nitrate and 3-

nitrooxypropanol (3-NOP) that have each been shown to decrease enteric MP when added to the diets 

fed to ruminants (Moate et al. 2011; Van Zijderveld et al. 2011a; Hristov et al. 2015).  

 

There is ample evidence that dietary fats (i.e. lipids) decrease MP (Beauchemin & McGinn 2006; 

Moate et al. 2011). Dietary fat is not fermented in the rumen and is able to reduce MP as it i) exerts 

toxic effects on the cellulolytic microbiota, ii) inhibits the methanogen population in the rumen, and iii) 

provides an alternative sink for hydrogen to saturate unsaturated fatty acids (Grainger & Beauchemin 

2011; Bodas et al. 2012; Pirondini et al. 2015). Methane emissions from dairy cows have been decreased 

by 7.2% through the feeding of 24 g/kg dry matter intake (DMI) of additional fat in the diet (Moate et 

al. 2011). In beef cattle, enteric methane emissions were lowered by 32% through feeding 46 g/kg DMI 

of additional fat in the diet (Beauchemin & McGinn 2006).  

 

Nitrate has been observed to decrease MP, because nitrate is reduced to ammonia in the rumen 

which requires the uptake of hydrogen that would otherwise be available for MP (Van Zijderveld et al. 

2011a; Callaghan et al. 2014; Mamvura et al. 2014). Reductions in in vitro MP of over 30% have been 

observed when 5 mM nitrate was added to the incubation medium (Patra & Yu 2015). Furthermore, MP 

was decreased by 15 to 32% when the diet of sheep was supplemented with nitrate at rates of 20 to 21 

g/kg DMI (Van Zijderveld et al. 2011a; De Raphélis-Soissan et al. 2014), and by 16 to 32% when the 

diet of cattle was supplemented with nitrate at rates of 20 to 30 g/kg DMI (Lund et al. 2014; Newbold 

et al. 2014; Velazco et al. 2014).  

 

The compound 3-NOP, when included in the diet of ruminants, inhibits the enzyme methyl-

coenzyme M reductase involved in methane synthesis in the rumen. Across different studies, there has 

been a wide range in the magnitude of MP reductions with dietary supplementation of 3-NOP. In dairy 

cows fed a high forage diet, MP was decreased by 30% when their diet was supplemented with 3-NOP 

at 80 mg/kg DMI (Hristov et al. 2015), by 23 to 37% when 3-NOP was added at 66 to 136 mg/kg DMI 

(Haisan et al. 2017), and by 60% when supplemented at 126 mg/kg DMI (Haisan et al. 2014, 2017). In 

beef cattle, MP was decreased by 33% when 3-NOP was added at 200 mg/kg DMI to a forage-based 

diet (Romero-Pérez et al. 2014; Vyas et al. 2016a) and by 49% when added at 200 mg/kg DMI to a 

grain-based diet (Vyas et al. 2016a).  
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1.2 Research questions 

At the commencement of this thesis, it was identified that the School of Veterinary and Agricultural 

Science of the University of Melbourne possessed numerous Ankom GP devices suitable for in vitro 

studies with ruminal fluid and ruminant feedstuffs. The Ankom GP system is a commercially available 

in vitro system that has been used in many research institutes around the world, to conduct kinetic 

studies on the production of total fermentation gas (Machado et al. 2014). It has not been widely used 

for studies to quantify MP because the Ankom system vents fermentation gases during the course of 

the fermentation and this complicates the estimation of MP (Hannah et al. 2016). It was decided that if 

an appropriate protocol using the Ankom GP system could be developed to accurately measure MP, 

this would facilitate in vitro studies associated with the major aim of this thesis. As far as could be 

ascertained, there have been no published studies that have reported validation studies on the use of 

vented in vitro systems with collection of vented gases in gas collection bags as a means for measuring 

in vitro MP. Furthermore, there have been no studies that have compared, reported and validated the 

different equations used for calculating MP from vented in vitro systems, nor have there been studies 

that have tested or ranked their agreement against a method that sampled all the gases produced under 

a wide range of incubation scenarios.  

 

Recently, Yañez-Ruiz et al. (2015) reviewed issues related to conducting in vitro fermentation 

studies aimed at determining MP. Despite covering many issues in their review, they did not thoroughly 

address the issue of how the diet of the donor animals used for the source of ruminal fluid may influence 

the outcome of the fermentation study. With respect to the aims and objectives of this thesis, when two 

or more grains that induce different ruminal conditions in vivo are to be screened for their methane 

mitigation potential, it was unclear if these grains should be incubated in ruminal fluid from cows fed 

the same diet or if each grain should be incubated with ruminal fluid from donor cows adapted to that 

specific grain type. Moreover, there was little evidence available as to how different forage to grain 

ratios of wheat and corn grain influence in vitro MP of wheat and corn grain. Therefore, the first research 

question in this thesis was: How can in vitro MP using the Ankom GP system accurately be measured? 

Hence, in this thesis, chapter 3 and 4 involve studies associated with the development of an appropriate 

protocol for measuring MP using the Ankom GP system.   

 

Previous studies have identified dietary starch, fat, nitrate and 3-NOP as viable supplements that 

have potential to mitigate methane emissions. Most previous research on the methane mitigation of 

these agents have been undertaken in North America and Europe with basal diets that include corn or 

barley grain (Troy et al. 2015; Hristov et al. 2015; Vyas et al. 2018). In contrast, in Australia, only a 

small amount of corn is fed to dairy cows (DEDJTR 2017). The Australian dairy industry is unique in 

that substantial amounts of wheat are fed to dairy cows (Moate et al. 2016). Given the different modes 

of action of fat, nitrate and 3-NOP for inhibiting methanogenesis, there have been reports that the 
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efficacy of these additives and degree of methane mitigation may vary depending upon type of animal 

and diet fed (Chung et al. 2011; Castro-Montoya et al. 2012; Bayat et al. 2017). However, no study that 

examines these methane mitigating agents in basal diets that contain wheat grain has been published. 

Therefore, the second research question of this thesis was: What is the effect of wheat supplementation 

on methane mitigating efficacy of fat, nitrate and 3-NOP? Due to the current regulatory environment, 

it is impractical to conduct in vivo experiments with 3-NOP. Also, the use of nitrate in in vivo 

experiments involves considerable health risk to dairy cows because the feeding of nitrate supplements 

to ruminants may cause nitrite toxicity. Thus, for these practical reasons it was concluded that only in 

vitro experiments would be feasible to investigate the methane responses to 3-NOP and nitrate.  

 

In addition, a change in an animal’s diet will not always result in a net decrease of GHG emissions 

from the entire farm, due to the potential increase from other sources (Beauchemin 2013). Before 

recommending the use of additives as enteric methane mitigation strategies, it is necessary to assess 

their effect on whole farm GHG emissions and economic viability across different production systems 

(Cottle et al. 2016). Therefore, to adequately assess the effect of proposed mitigation strategies on net 

whole farm GHG emissions, it is necessary to use a whole system modelling approach, such as life 

cycle assessment (LCA), that accounts for GHG emissions arising from farm inputs and outputs 

(Beauchemin 2013). Thus, the third research question of this thesis was: What is the whole farm GHG 

mitigation potential of nitrate and 3-NOP fed to beef and dairy cattle? 

 

1.3 Research aims 

 To develop an accurate method for measuring in vitro methane production using the Ankom 

GP System 

 To study the effect of wheat grain supplementation on methane mitigating efficacy of fat, nitrate 

and 3-NOP 

 To study the effect of nitrate and 3-NOP on net whole farm GHG emissions from comparative 

beef and dairy case study farms in Australia and Canada 

 

1.4 Thesis outline 

In this thesis the first two chapters are introductory to the thesis and the topic. The third and fourth 

chapters focus on the development of in vitro methodology. The realization of this thesis required three 

studies aimed at the development and validation of a suitable in vitro method using the Ankom GP in 

vitro system. The fifth chapter of the thesis explores the potential interaction effects between basal diet 

and methane mitigating agents through three in vitro experiments. The sixth chapter explores the 

potential interaction effects between basal diet and methane mitigation from dietary fats through an in 

vivo experiment conducted using Holsten-Friesian dairy cows. The seventh chapter of this thesis applies 
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the results from the two previous chapters into an LCA to calculate the effect of enteric methane 

mitigation from nitrate and 3-NOP on whole farm greenhouse gas emissions and farm revenue of 

intensive and extensive beef and dairy systems. 
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1.5 Hypotheses  

1.5.1 General hypotheses 

 The method used to collect vented gas will affect the in vitro GP and MP in the Ankom GP 

system. 

 Methane mitigation from fat, nitrate and 3-NOP supplementation will occur irrespective of the 

type of grain in the basal diet. 

 Feeding nitrate or 3-NOP will decrease whole farm greenhouse gas emissions from both beef 

and dairy farms in Australia and Canada. 

1.5.2 Specific hypotheses 

It was hypothesized that: 

Chapter 3:  

1. Connecting a gas line to the system’s venting tube would affect the estimations by the Ankom 

GP system of the volume of GP. 

2. Connecting a gas line to the system’s venting tube would lead to a change in the head space 

methane concentration in the incubation vessel. 

3. Methane production estimation from the four methods relying on a single head space gas 

sample would be concordant with the gold standard method, but that some methods would be 

more closely concordant than others.  

4. Discordance between the four methods relying on a single head space gas sample with the gold 

standard method would depend on substrate material as well as measurement error associated. 

Chapter 4:  

1. The in vitro fermentation of grains would produce more methane when incubated with ruminal 

fluid from cows adapted to each specific grain type (homologous ruminal fluid) compared with 

incubated in ruminal fluid not adapted to that specific grain type (heterologous ruminal fluid). 

2. When incubated with ruminal fluid from cows adapted to each specific grain type (homologous 

ruminal fluid) MP would be negatively related to the proportion of grain (i.e. wheat or corn) in 

the substrate incubated. 

Chapter 5: 

1. The incubation of wheat grain would produce less methane than the incubation of corn grain. 

2. The addition of nitrate, fat and 3-NOP would decrease MP irrespective of grain type incubated. 

3. The effect of combining wheat grain with nitrate, fat or 3-NOP would be greater than the 

individual methane mitigating effects of wheat grain, nitrate, fat or 3-NOP. 

Chapter 6: 

1. Cows fed a diet containing wheat would produce less methane and have lower MY than cows 

fed a diet containing corn. 
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2. Methane mitigation from fat supplementation would occur irrespective of the type of grain in 

the basal diet. 

Chapter 7: 

1. Feeding 3-NOP or nitrate would decrease whole farm GHG emissions. 

2. Feeding 3-NOP would have greater effect than nitrate on whole farm GHG emissions.  

3. With current carbon prices, feeding 3-NOP and nitrate could be economical for use on farm.  
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Chapter 2 

Review of scientific literature 
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2. 1. Introduction 

In the 50 years between 1950 and 2000 the world’s population has increased from under three billion 

to over six billion (Alexandratos & Bruinsma 2012; Meale et al. 2012; Knapp et al 2014). This growth 

has put intense pressure on the food industry which is faced with the task of sourcing enough products 

to feed the world’s growing population (Pacheco et al. 2014). In addition, food consumption patterns 

have changed, as higher incomes and personal preferences have led to an increased consumption of 

animal sourced products, which has intensified the pressure on this sector of the food industry (Thornton 

2010; Pacheco et al. 2014; Philippe & Nicks 2015). The food industry has responded by expanding and 

incorporating new technologies in order to become more intensive, productive and efficient 

(Alexandratos & Bruinsma 2012; Adler et al. 2013; Knapp et al. 2014). However, as the world’s 

population continues to expand, there are predictions suggesting that by 2050 the world’s population 

will be approximately nine billion (Alexandratos & Bruinsma 2012). There is therefore an increasing 

concern regarding the food industry’s capacity to meet this growing demand (Alexandratos & Bruinsma 

2012; Meale et al. 2012). Furthermore, there is increasing concern amongst consumers and retailers 

regarding the environmental impact of the food industry, as under current practices, the food industry 

is a cause for diverse sources of pollution which have negative consequences for the environment 

(Knapp et al 2014; Bueno et al. 2015). These concerns are putting the industry under pressure to 

incorporate practices that will both increase its productivity while improving its environmental 

sustainability (Pacheco et al. 2014). 

 

One of the main sources of pollution caused by agriculture is related to greenhouse gases (GHG) 

emissions including nitrous oxide, carbon dioxide and methane, which contribute to climate change 

(Maheswarappa et al. 2011; Bhatta et al. 2015; Persson et al. 2015). The main sources of GHG emissions 

are deforestation, combustion of fossil fuels, wetlands, urban activities and agriculture (Ramachandra 

et al. 2015). Agriculture GHG emissions result from the application of nitrogenous fertilisers, 

combustion of fossil fuels, growing rice in paddies and production of livestock, especially ruminants 

(Maheswarappa et al. 2011; Bhatta et al. 2015). It has been estimated that the livestock sector is 

responsible for producing approximately 15% of global GHG emissions (Chaokaur et al. 2015; Persson 

et al. 2015; Philippe and Nicks 2015). Currently, 27% of the GHG emissions generated by agriculture 

and 80% of the GHG emissions generated by livestock consist of methane from enteric fermentation 

and manure management, with methane being the largest source of GHG from agriculture (Patra 2014; 

Persson et al. 2015). Globally, methane emissions from enteric fermentation are over 96 million tonnes 

per year, which represents 44% of total anthropogenic methane emissions (Gerber et al. 2013; Berends 

et al. 2014; Pal et al. 2014). When expressed as carbon dioxide equivalent (CO2e), estimations for global 

enteric methane emissions were 2,079 Mt CO2e in 2010 and this value is expected to increase to 2,344 

Mt CO2e per year by 2020 (Hristov et al. 2013a; Gemeda & Hassen 2015). In addition, there is a further 
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18 million tonnes of methane per year estimated to be emitted from manure management (Pal et al. 

2014; Patra 2014).  

 

Reducing worldwide ruminant production does not seem to be a feasible solution for this problem, 

as ruminants have the unique capacity to consume and digest pasture and plant materials which are 

inedible for humans due to their high cellulose content. Ruminants convert plants into important sources 

of protein and calories such as meat and milk, and also into other products such as wool and leather, 

whilst not competing with humans for food (Buddle et al. 2011; Knapp et al. 2014). Furthermore, as the 

demand for animal sourced products is predicted to double by 2050, it is expected that the number of 

ruminants farmed will have to increase, especially in developing countries where the majority of the 

population growth is occurring (Buddle et al. 2011; Brown et al. 2012; Meale et al. 2012). Developing 

countries in Asia, Africa and Latin America are also the major contributors of enteric methane, due to 

larger inefficiencies within their production systems (see point 2.6.1) (O’Mara 2011). In addition, the 

effects of climate change will increase the pressure on agriculture, which will face the challenge of 

increasing its production in order to satisfy this growing demand while adapting and coping with the 

effects of climate change (Buddle et al. 2011; Sakschewski et al. 2014). Therefore, it has become a 

priority amongst governments and researchers to find effective strategies to mitigate the negative 

consequences of GHG emissions on climate change (Pacheco et al. 2014; Philippe & Nicks 2015).  

 

2.2. Greenhouse gases and climate change 

Over the last 100 years, the earth’s atmospheric temperature has increased by approximately 0.7°C, and 

the last six decades have experienced a temperature increase of 0.17°C per decade, in a phenomenon 

known as climate change (Lal 2004; IPCC 2007; Maheswarappa et al. 2011). This has led to the average 

temperatures recorded in eleven of the last twelve years being ranked as the warmest since 1850 (IPCC 

2007; Maheswarappa et al. 2011). Furthermore, it is expected that atmospheric temperatures will 

continue to increase by 0.2°C per decade over the next 20 years, and the next century may experience 

average temperature increases of up to 5.4°C (Beauchemin et al. 2009; Buddle et al. 2011). This climatic 

phenomenon has contributed to the melting of ice sheets in the Arctic and Antarctic areas as well as 

melting of glaciers in alpine regions, which has led to a rise in global sea levels of 5-44 cm (Moss et al. 

2000). In addition, it is projected that climate change in the near future will reduce water supplies, cause 

desertification, change precipitation regimes, shift seasonal cycles and alter the range and numbers of 

pests and diseases that affect plants, animals and humans (Moss et al. 2000; Lascano & Cárdenas 2010; 

Brown et al. 2012). Under current scenarios, climate change and its environmental consequences 

already constitutes a serious threat for agricultural systems in many parts of the world. Furthermore, as 

climate change intensifies it will become a challenge for many agriculture related industries to remain 

productive in coming decades (Moss et al. 2000; Beauchemin et al. 2009). 
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The increase in concentrations of GHG such as carbon dioxide, nitrous oxide and methane in the 

atmosphere in the last century is a major contributor to climate change (Denman et al. 2007; 

Beauchemin et al. 2009; Ramachandra et al. 2015). Greenhouse gases are normally present in the 

atmosphere. They function to maintain the earth’s temperature as they absorb and emit infrared radiation 

which is emitted by the earth, the clouds and the sun (Moss et al. 2000; Ramachandra et al. 2015). 

However, when the concentrations of these gases in the atmosphere increase they absorb more infrared 

radiation emitted from the earth’s surface; this radiation is then re-emitted back to the atmosphere 

leading to excessive temperature increases (Moss et al. 2000; Lascano & Cárdenas 2010; Ramachandra 

et al. 2015).  

 

Methane is a potent GHG in the sense that is has a global warming potential (GWP) that is 28 times 

that of carbon dioxide on a 100-year basis and 84 times that of carbon dioxide on a 20-year basis (Myhre 

et al. 2013). More than 50% of methane emissions are caused by anthropogenic sources such as landfills, 

extraction and use of fossil fuels and natural gas and agriculture, while the remaining emissions are 

produced by natural causes such as wildfires, wetland soils, wild ruminants, permafrost and fresh water 

bodies (Waghorn et al. 2002; Buddle et al. 2011; Persson et al. 2015). In order to measure the rate at 

which atmospheric methane concentrations have changed over the centuries, air bubbles trapped in 

polar ice have been measured for their methane concentration (Khalil et al. 1993; Johnson & Johnson 

1995; Wuebbles & Hayhoe 2002). Through these measurements, atmospheric methane levels for the 

last 420,000 years have been calculated. It has been established that methane concentrations in the 

atmosphere were relatively stable during this period and remained around 750 ppb until the early 20th 

century when methane concentrations began to rise by 1% per year, although since the 1990’s the 

increase has slowed down to 0.4% per year (Johnson & Johnson 1995; Petit et al. 1999; Ramachandra 

et al. 2015). Currently methane concentration in the atmosphere is around 1800 ppb, which is higher 

than any value recorded in the last 420,000 years, with an additional 500 Tg is emitted to the atmosphere 

every year (Johnson & Johnson 1995; Petit et al. 1999; Ramachandra et al. 2015). At this rate, the 

amount emitted exceeds the earth’s and the atmosphere’s oxidation capacity and it is estimated that 

over the next 50 years, methane will be responsible for 15-17% of global warming (Johnson & Johnson 

1995; IPCC 2007). 

 

2.3. Greenhouse gas emissions related to meat and milk production from ruminants 

Of the total of enteric methane emitted anually, dairy cattle produce 22% while beef cattle contribute 

65% (McMichael et al. 2007; Beauchemin et al. 2009). It is estimated that globally, dairy production 

contributes 5% of total GHG emissions (Bell et al. 2011; Alexandratos & Bruinsma 2012; Hawkins et 

al. 2015). Ruminants emit GHG mostly as methane generated by enteric fermentation but also through 

their manure, especially if their manure is managed as a liquid (Vanderzaag et al. 2014; Adler et al. 

2015). In contrast, in farms where manure is stockpiled, the majority of methane emissions are from 
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enteric sources and only 20% is caused by manure (Vergé et al. 2007). Ruminant production also emits 

nitrous oxide through the application of manure and nitrogen fertilisers to pastures and the 

denitrification of nitrogen which is present in the cows’ urine (Eckard et al. 2010; Adler et al. 2013; 

Adler et al. 2015). In addition, GHG are emitted by the production and transportation of purchased 

concentrate feeds and feed supplements (Guerci et al. 2013; Colombini et al. 2015). It is estimated that 

in developed countries, enteric methane emissions are approximately 350 g/d in the case of dairy cows 

and between 145 and 156 g/d in the case of beef cattle, and dairy emissions are 1 to 1.6 kg CO2e/kg 

milk (Beauchemin et al. 2009). However, the contribution of each country to global GHG emissions 

from ruminant production depends on the characteristics of their industry. Generally in countries with 

highly productive and intensified agriculture such as the United States and members of the European 

Union the contribution of ruminant production to national GHG inventory is relatively low, while in 

countries with pastoral agriculture such as Ireland and New Zealand or countries with large cattle 

populations such as Brazil and India, ruminant production is responsible for a large proportion of their 

national GHG inventory (O’Mara 2011; Knapp et al. 2014). In Australia, enteric fermentation by cattle 

is responsible for 8.4% of total national GHG emissions (Charmley et al. 2016). 

 

Global milk production has expanded over the last decades, and important progress has been made 

regarding production efficiency due to improvements in management, nutrition and breeding (Capper 

et al. 2009; Bell et al. 2014). However, as methane emissions constitute a loss of energy, there are still 

concerns about methane production being a dietary inefficiency, additionally, as methane is a GHG, it 

can be considered a pollutant (Bell et al. 2014; Doole & Kingwell 2015). Methane produced in the 

rumen represents an energy loss of up to 12% of the animals’ gross energy intake (GEI), and it is 

considered one of the largest inefficiencies of ruminant production systems (Johnson & Johnson 1995; 

Eckard et al. 2010). It is therefore necessary to mitigate enteric methane emissions to increase the 

production efficiency of the industry and minimise the contribution to climate change (Hansen et al. 

2007; Alcock et al. 2015). However, it is possible that efforts to regulate and mitigate the emissions of 

methane from ruminant production systems will cause an increase in production costs, which means 

that any mitigation strategy will have to consider and address its effect on the cost to benefit ratios 

before being implemented (Aluwong et al. 2011; Leytem & Dungan 2014). 

 

In Australia, agriculture is responsible for over 16% of all GHG emissions and 60% of 

anthropogenic methane emissions. Methane emitted by farm animals represents more than 10% of 

Australia’s total GHG inventory and 95% of this is caused by enteric emissions (Denman et al. 2007; 

Tomkins et al. 2011). The livestock industry in Australia is estimated to produce approximately 1 tonne 

of methane per tonne of live weight gain and 19-22 g of methane per kg of milk produced (Moate et al. 

2011; Meale et al. 2012). It is estimated that as the global demand for animal sourced products increases, 

ruminant production will also expand in Australia to a point where by 2020 livestock emissions in 
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Australia will represent 72% of the national GHG inventory (Alcock et al. 2015). There are currently 

government initiatives being implemented to incentivize Australian livestock producers to develop and 

implement mitigation strategies (Cottle et al. 2016). 

 

2.4. Methane production in the rumen 

Ruminants have the ability to digest cellulose rich feeds which are indigestible for most monogastric 

animals (Hungate 1966; Pinares-Patiño et al. 2003a). This is partly due to the symbiotic relationship 

between the ruminant and the resident microorganism ecosystem (Lascano & Cárdenas 2010; Callaghan 

et al. 2014; Gemeda & Hassen 2015). In this relationship, the animal maintains the rumen in an 

anaerobic state with a stable temperature of around 39°C and a pH generally maintained between 6 and 

7, all of which are ideal for microbial growth (Pinares-Patiño et al. 2003a; Janssen 2010; Knapp et al. 

2014). Symbiotically, rumen microorganisms which include bacteria, protozoa, fungi and archae, 

ferment and digest the feed consumed by the animal and provide nutrients for the animal (Pinares-

Patiño et al. 2003a; Lascano & Cárdenas 2010; Knapp et al. 2014). The fermentation of plant 

polysaccharides by the rumen microorganisms leads to the production of a wide variety of end products; 

for ex ample volatile fatty acids (VFA) such as acetate, propionate and butyrate are produced, as well 

as microbial protein and ammonia along with gaseous by-products such as carbon dioxide, methane and 

hydrogen (Martin et al. 2008; Janssen 2010; Lascano & Cárdenas 2010). The VFA are important sources 

of energy and carbon for the animal, and are absorbed through the rumen wall into the bloodstream 

(Janssen 2010; Abdalla et al. 2012; Callaghan et al. 2014). Methanogenic archaea, also known as 

methanogens, use the hydrogen that results from the fermentation of feed as an energy source for their 

growth and produce methane and water through reducing carbon dioxide with hydrogen (Moss et al. 

2000; Janssen 2010; Van Zijderveld et al. 2010). The resulting methane is emitted by the animal mostly 

through eructation (Boadi et al. 2004).  

 

Methanogens are anaerobic microorganisms that have three coenzymes that have not been observed 

in any other microorganisms, which allow them to produce methane from methyl coenzyme M (Baker 

1999; Boadi et al. 2004; Saengkerdsub & Ricke 2014). There are numerous species of methanogens in 

the rumen, and it has been estimated that there are between 360-1000 species, however until this point 

only 6 genera have been identified and 8 species have been cultured (Meale et al. 2012; Poulsen et al. 

2013; Knapp et al. 2014). The predominant genus in the rumen is Methanobrevibacter and from this 

genus the most predominant species are ruminantium, smithii and mobile (Carberry et al. 2014; 

Saengkerdsub & Ricke 2014). Most methanogens grow at a pH between 6 and 8, although some species 

can survive in a wider range from 3-9.2 (Jones et al. 1987; Boadi et al. 2004).  

 

It is estimated that a cow produces 250-500 g methane/d (Johnson & Johnson 1995). However, the 

exact amount produced will depend on the cow’s feed intake as methane production (MP) is 
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proportional to dry matter intake (DMI) (Beauchemin et al. 2009, Charmley et al. 2016). Furthermore, 

the type of VFA produced will also affect MP as acetic and butyric acid cause the release of hydrogen 

leading to higher methane emissions, while propionic acid is associated with the uptake of hydrogen 

thus reducing the amount of hydrogen which is available for MP (Martin et al. 2008; Knapp et al. 2014; 

Bhatta et al. 2015). Therefore, any effort to favour propionic acid production instead of acetic and 

butyric acid will reduce MP (Van Nevel & Demeyer 2008; Knapp et al. 2014). 

 

2.5. Methane measuring techniques 

There has been much discussion regarding the contribution of each farm and each country to global 

GHG emissions, partly due to the vast difference between production systems that make it complicated 

to estimate emissions from different systems (Johnson & Johnson 1995). In 2015, the Paris Agreement, 

which is a global agreement to combat climate change, was adopted under the United Nations 

Framework Convention on Climate Change (UNFCCC 2015). The Paris Agreement requires that the 

participating countries submit national plans that spell out their intentions for addressing the climate 

change challenge after 2020. This involves each country estimating its National Greenhouse Gas 

Inventory, which includes emissions from animal agriculture (UNFCCC 2015). It has therefore become 

highly important to accurately measure methane emissions with methods that are reliable, repeatable 

and simple and that can adapt to the characteristics and circumstances of each system (Berends et al. 

2014; Knapp et al. 2014). 

 

In vitro methods are techniques which simulate the conditions of the rumen in a laboratory 

environment to measure ruminal fermentation (Stern et al. 1997; Getachew et al. 1998). This is a 

relatively cheap technique that delivers fast results and is well standardized, it is useful for measuring 

methane emissions from large numbers of different diets, feed additives and plant extracts, without the 

errors associated with animal variation observed with in vivo techniques (Getachew et al. 2005; Hristov 

et al. 2013a; Hatew et al. 2015a). The initial technique was developed by Tilley & Terry (1963) and 

important modifications have been introduced by Menke et al. (1979), Theodorou et al. (1991) and Pell 

& Schofield (1993). Overall, the method consists of incubating rumen fluid with a buffer solution along 

with the desired feedstuff, and in some cases an additive, in a culture bottle kept at a stable temperature 

of 39°C. Gas production is then measured manually with syringes or through automated gas transducers 

and methane concentration is subsequently measured through gas chromatography (Getachew et al. 

1998; Muetzel et al. 2014). Although this method delivers results from more treatments faster than the 

in vivo methods, it also has weaknesses. Fermentation gas samples are usually only taken once after 24 

or 48 h, thus the complexities of the digestion dynamics and passage kinetics are not considered. 

Furthermore, it does not consider the possibility of adaptation of the rumen ecosystem to the mitigation 

strategy which might occur in vivo (Ramin & Huhtanen 2012; Hristov et al. 2013a). There is also great 

variation between different in vitro techniques due to different rumen fluid collection procedures, 
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different types of buffer solution and different types of equipment used (Cattani et al. 2014). 

Furthermore, it has been observed that results from in vitro analysis are not always applicable in vivo. 

It is therefore considered necessary to complement in vitro experiments with in vivo trials before 

specific methane mitigation strategies should be implemented on farms (Moate et al. 2011; Knapp et 

al. 2014; Hatew et al. 2015a). One in vitro system that is used in many research institutes around the 

world is the Ankom GP system. The Ankom GP system has mainly been used to research the kinetics 

of gas production, but some researchers have used the Ankom GP system to estimate MP (Machado et 

al. 2014; Cattani et al. 2016). However, Hannah et al. (2016) reported that the methods used in previous 

studies were overestimating MP and so they developed equations capable of more accurate estimates. 

The equations developed by Hannah et al. (2016) were not compared with actual MP values and hence 

validation is required.  

 

The traditional in vivo method for measuring methane emissions directly from the animal is the use 

of a respiration chamber, which is considered an enclosure technique (Boadi et al. 2004; Muñoz et al. 

2012; Berends et al. 2014). It involves placing an animal inside a chamber maintained at a stable 

temperature and humidity. The animal is provided with food and water for a period of between 24-48 h 

and during this time, gas samples can be taken from the intake and exhaust ducts and methane emissions 

can be measured using infrared gas analysis or gas chromatography (Johnson & Johnson 1995; Tomkins 

et al. 2011). This technique is used to compare gas emissions from ruminants fed different diets, 

evaluate GHG mitigation strategies and to study different emission rates between individual animals 

(Harper et al. 2011; Li et al. 2015). Chambers that can house a whole animal are expensive and require 

advanced technical support. While other enclosure techniques such as head boxes and face masks are 

less expensive and require less space and infrastructure; however, these methods require more animal 

training and don’t consider the methane produced in the hindgut and emitted from the rectum, which is 

between 2-13% (Murray et al. 1976; Tomkins et al. 2011; Muñoz et al. 2012).  

 

Enclosure techniques have been questioned regarding the validity of their results for grazing 

animals, as the environment in the chamber is highly artificial which will cause modifications to feed 

intake and thus emissions (Boadi et al. 2004; Harper et al. 2011; Tomkins et al. 2011). For example, 

grazing animals are highly selectiveand so, with their options limited feed intake is usually reduced 

within respiration chambers. Additionally, fresh pasture plants introduced in the chamber will continue 

to respire until consumed by the animal (Grainger et al. 2007; Pinares-Patiño & Clark 2008; Li et al. 

2015). Furthermore, measurements can only be made from a limited number of animals simultaneously 

(Johnson & Johnson 1995). 

 

The sulphur hexafluoride (SF6) tracer technique is a method that was designed to allow 

measurement of methane emissions from grazing ruminants (Zimmerman 1993). The SF6 method was 
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first used by Johnson et al. (1994) and later modified by Deighton et al. (2014). This technique measures 

individual daily methane emissions by utilizing a permeation tube placed in the animal’s rumen. The 

permeation tube SF6 gas, which is released at a known release rate into the rumen of each cow. The SF6 

is then eructed along with methane produced by fermentation in the rumen. Gas samples are taken from 

around the nostrils of the animal and methane emissions are calculated through through analysis of the 

methane to SF6 ratio in the gas sample (Muñoz et al. 2012; Berends et al. 2014; Moate et al. 2015). The 

SF6 technique enables simultaneous measurements of methane emissions from numerous individual 

animals without interfering with their normal grazing behaviour (McNaughton et al. 2005; Hristov et 

al. 2013a; Moate et al. 2015). Although it has been argued that the SF6 technique might either 

underestimate or overestimate methane emissions when compared with whole animal gas chambers, 

numerous studies have found statistical agreement between the measurements of the two techniques 

(Ulyatt et al. 1999; McGinn et al. 2006; Pinares-Patiño et al. 2011). However, it has been observed that 

the SF6 release rate from the permeation tubes declines over time, which should be accounted for and 

adjusted for in the calculations (Lassey et al. 2011; Muñoz et al. 2012; Moate et al. 2015). This 

adjustment can be performed by determining and predicting the SF6 release rate from the permeation 

tube through the Michaelis-Menten kinetics parameters (Moate et al. 2015). 

 

Other in vivo methane emissions measuring techniques which do not interfere with animal 

behaviour or feed intake are the micrometeorological techniques, such as the inverse dispersion analysis 

and the integrated horizontal flux (Harper et al. 2011). These methods incorporate factors such as 

modelling emissions by a specific source, which then through analysis of wind movement and 

dispersion rate can establish the emission rate from that source (Johnson & Johnson 1995; McGinn et 

al. 2006). Although micrometeorological methods enable the measurement of methane emissions from 

a large group of animals in a farm environment, they require substantial instrumentation, offer limited 

opportunities to use replication and are only applicable to small paddocks (Harper et al. 2011). One 

option for measuring emissions from a relatively large area source is open path Fourier transform 

infrared spectrometry, which measures gas concentrations simultaneously from an extended area and is 

used to measure air pollution and GHG emissions from landfills and industrial sites and has shown 

correlation with measurements from conventional methods (Bjorneberg et al. 2009). Other novel 

techniques include calculating methane emissions through the known methane to carbon dioxide ratio 

using carbon dioxide as a tracer gas, and the GreenFeed head chambers (C-lock Inc, Rapid City, South 

Dakota, USA), which measures methane emissions by a tracer technique when the cow inserts its head 

into the feeder station to access the pelleted feed. These novel methods have been compared with 

conventional techniques and have shown promising results, however further research is necessary to 

validate their accuracy (Hristov et al. 2013b; Laubach et al. 2013; Hammond et al. 2015). 
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Finally, through systems modelling a simulated or real farm can be analysed through a life cycle 

assessment (LCA) where whole farm emissions can be modelled and calculated according to the 

different characteristics of the farm (Cottle et al. 2011). This technique is useful for comprehensively 

simulating the biophysical data of a farm in order to assess the net abatement potential of a strategy 

aimed at reducing methane emissions and identifying the most cost effective approach (Eckard et al. 

2010; Adler et al. 2015; Alcock et al. 2015). 

 

2.6. Methane mitigation strategies 

Several approaches for reducing enteric methane emissions from dairy cattle have been investigated by 

researchers from all over the world (Buddle et al. 2011; Hansen Axelsson et al. 2015). The aim of these 

strategies is that through farm interventions it is possible to reduce the overall contribution of livestock 

industries to GHG emissions and climate change while increasing farm productivity (Alcock et al. 

2015). However, due to the variability between dairy farms, the end result of a mitigation strategy 

cannot be generalized to all farms and within the viable options each farm must find the mitigation 

approach that best suits their system (Knapp et al. 2014). Furthermore, many methane mitigation 

options require extended periods of research until practical strategies can be developed and commercial 

products produced for implementation on farms (Eckard et al. 2010). Therefore, different strategies 

have aimed at reducing MP through interventions at different points of the production system (Aluwong 

et al. 2011). Overall, methane mitigation strategies can be grouped into the strategies that focus on 

modifying farm and animal management practices, and the strategies that focus on modifying the diet 

offered to the animals (Aluwong et al. 2011; Pacheco et al. 2014; Patra 2014). 

 

2.6.1 Animal management strategies 

Animal breeding 

Breeding animals based on desired traits such as milk production, fertility and growth is a common 

practice in the livestock industry (Moss et al. 2000). It has been observed that there is considerable 

individual variation regarding methane emissions from ruminants (Bell et al. 2014). For example, 

Lassey et al. (1997) and Pinares-Patiño et al. (2003b) noticed a large inter-sheep variability in daily 

methane emissions, while Roberston and Waghorn (2002) reported that New Zealand Friessian cows 

lost 8-11% more of their GEI as methane than Dutch/US cross Holstein cows. Bell et al. (2014) also 

reported significant differences between cows’ emissions on commercial dairy farms. In addition, Clark 

et al. (2005) reported differences of up to 15% between the methane emissions of dairy cattle. These 

findings have led to an increased interest in research regarding cattle breeding strategies that would 

reduce methane emissions, as genetic improvements are considered both cumulative and permanent 

(Wall et al. 2010; Hansen Axelsson et al. 2015; Pickering et al. 2015). 
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It has been suggested that the variation between animals is related to the residual feed intake (RFI) 

of the cows, which is a measure of net feed efficiency (Beauchemin et al. 2009; Buddle et al. 2011). An 

animal’s RFI is defined as the difference between its actual feed intake and its expected feed intake to 

meet maintenance and production requirements. A low RFI is associated with higher efficiency and as 

such an animal with a low RFI would produce less methane compared to an animal that had a high RFI 

but the same intake as inefficient animals (Alford et al. 2006; Hegarty et al. 2007; Hristov et al. 2013b). 

Variations in RFI between animals are mostly related to variations in protein turnover, tissue 

metabolism, rumen volume and rate of outflow of rumen digesta (Pinares-Patiño et al. 2003b; Herd & 

Arthur 2009; Hristov 2013b). According to De Haas et al. (2011) the heritability of RFI in dairy cattle 

is 0.40, which means that in theory it is possible to select and breed dairy cattle for reduced RFI and 

MP (Hristov et al. 2013b). This trait of feed efficiency has now been incorporated into the Australian 

National Breeding index for dairy cows as the “Feed Saved” estimated breeding value (Pryce et al. 

2015). By selecting more efficient animals, it is possible to increase milk production without increasing 

dietary input (Boadi et al. 2004). In this context, modelling performed by Bell et al. (2011) estimated 

that selective breeding for increased feed efficiency would reduce whole farm GHG emissions of a 

modelled dairy farm by 6.5%.  

 

Another option for reducing emission intensity (EI), which is the MP per unit of productive output, 

is to introduce cattle of higher genetic merit (Hristov et al. 2013b). Animals of high genetic merit 

prioritize productivity over maintenance, and thus production can be maintained with less feed (Boadi 

et al. 2004; Alcock et al. 2015). In this context, Kirchgessner et al. (1995) claimed that introducing cows 

of higher genetic merit in the European Union would double milk production. Although net methane 

emissions would also increase, when EI this would decrease as productivity increases (Hristov et al. 

2013b). It is important to consider that when introducing cattle of higher genetic merit, usually these 

cows will have higher requirements in order to achieve their genetic potential and are less adapted to 

the local climatic conditions and less resistant to local diseases than the local breeds and require a higher 

replacement rate (Moss et al. 2000). Therefore, this strategy has to be managed carefully in order to 

effectively reduce GHG emissions (Hristov et al. 2013b). Furthermore, the selection criteria will depend 

on the goal of each farmer and each situation, as it has been observed that animal genotype intervention 

alone is unlikely to increase profitability and production while simultaneously reducing methane 

emissions (Alcock et al. 2015). 

 

Farm management 

Several of the options for reducing methane emissions from a farm do not involve direct manipulation 

of the animals or their diet but are focused farm management options that can be adopted to increase 

overall efficiency and reduce whole farm net emissions (Bell et al. 2014; Knapp et al. 2014). Overall, 

it has been established that low farm and animal productivity is associated with higher EI (Tomkins et 
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al. 2011). Therefore, strategies aimed at increasing overall efficiency will consequently reduce EI (Patra 

2014). As each cow produces over 250 g of methane daily, emissions can be decreased by reducing the 

number of animals on the farm or reducing the number of days an animal will spend on the farm 

(Aluwong et al. 2011; Cottle et al. 2011). In the case of beef production, the number of days an animal 

spends on the farm can be reduced by finishing the animals in feed-lots which allows for energy rich 

diets and limited exercise thus allowing the animals to reach their slaughter weight faster which 

consequently reduces lifetime emissions per animal (Clemens & Ahlgrimm 2001; Cottle et al. 2011; 

Alcock et al. 2015).  

 

In the case of dairy farms, one option for increasing overall efficiency is based on improving animal 

health and reducing morbidity and mortality (Hristov et al. 2013b). Unproductive animals emit methane 

emissions without contributing to milk production and thus increase overall EI (Eckard et al. 2010; 

Patra 2014). Replacement animals produce methane while growing but are not productive. Therefore, 

reducing mortality amongst replacement animals will reduce the number of animals that emit methane 

but never produce milk (Eckard et al. 2010; Hristov et al. 2013b; Patra 2014). Furthermore, by 

improving health of adult cattle and reducing their mortality, less replacement animals are needed 

(Hristov et al. 2013b; Patra 2014). In this context, Beukes et al. (2010) developed a mathematical model 

of whole farm methane emissions and predicted that methane emissions could be decreased by 

implementing strategies such as reducing the replacement of mature cows as this leads to a reduction in 

the total number of cows on farm. Further modelling by Bell et al. (2015) predicted that increased 

survival of cattle was among the traits that would have a desired result on both income and methane 

emissions.  

 

Stock numbers can also be reduced by early joining of cows and increasing fertility in mature cows, 

these strategies reduce the number of unproductive cows and infertile cows are usually replaced thus 

decreasing replacement rates (Garnsworthy 2004; Hristov et al. 2013b). In addition, cows that are well 

managed with regard to their reproductive program extend their period of high yield lactation (Hristov 

et al. 2013b). Furthermore, animals that require several inseminations also increase the farm’s EI as the 

unproductive period is extended (O’Brien et al. 2010; Crosson et al. 2011). Fertility can be increased 

by improving the animals’ nutritional status before insemination, more accurate insemination timing, 

improving early pregnancy detection, reducing inbreeding and reducing stressors (Mourits et al. 2000; 

Banda et al. 2012). However, highly productive animals generally prioritize milk production over 

fertility, meaning that this strategy has a limited compatibility with the selective breeding of high milk 

producing cows (Bell et al. 2011; Hristov et al. 2013b). It has also been proposed that extending 

lactation periods will reduce MP per litre of milk, however this approach is not suitable for all farms 

and in many cases it can have negative consequences on fertility, decrease total milk production and 

increase culling rate (Auldist et al. 2007; Grainger et al. 2009; Hristov 2013b). Finally, it is important 
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to consider that strategies that will increase overall efficiency of the farm through management will 

only reduce total methane emissions if output levels remain relatively constant and livestock numbers 

are reduced (Moss et al. 2010).  

 

Immunization 

Vaccination against rumen methanogens has been proposed as a methane mitigation strategy 

(McAllister & Newbold 2008; Wedlock et al. 2013; Subharat et al. 2015). The principle behind this 

technique is to induce the animal’s immune system to produce specific antibodies that will reach the 

rumen through the saliva and then reduce growth of methanogens and inhibit their function (Buddle et 

al. 2011; Hristov et al. 2013a; Subharat et al. 2015). As daily saliva production from ruminants is the 

equivalent of 1.5-2.5 times the volume of the rumen, there will be a continuous supply of antibodies to 

the rumen (Bailey & Balch 1961; Subharat et al. 2015). If an effective vaccination method can be 

developed, it would be advantageous over other methods due to being cost effective, ecofriendly and 

also relatively easy to apply to grazing animals who are routinely vaccinated and handled for other 

veterinary treatments (Buddle et al. 2011; Kumar et al. 2014).  

 

Evidence regarding this technique have been inconsistent (Wedlock et al. 2013). Research by 

Wedlock et al. (2010) was successful in generating anti methanogenic antibodies through vaccinating 

sheep. Posterior in vitro analysis demonstrated that these antibodies induced cell agglutination, reduced 

growth and inhibited MP in methanogens. Further research by Wright et al. (2004) achieved reductions 

in MP of up to 7.7% by vaccinating sheep with a three-methanogen whole cell mix, however, their 

results were inconsistent as vaccinating with a seven-methanogen whole cell mix did not reduce MP. 

On the other hand, Clark et al. (2004) were not successful in reducing MP in ewes through vaccination. 

Furthermore, findings by Cook et al. (2008) have also questioned the effectiveness of antimethanogenic 

vaccination, as in their study egg antibodies from immunised hens only achieved a transient reduction 

in MP during 24 h of in vitro incubation. In addition, Williams et al. (2008; 2009) achieved reductions 

in some methanogen strains after vaccination; however, as the number of other methanogenic strains 

increased, overall MP remained the same as the control group. Therefore, it has been suggested that 

broad spectrum vaccines should be developed to target most of the methanogen population (McAllister 

& Newbold 2008; Williams et al. 2009; Wedlock et al. 2013). This would prevent another methanogen 

species from replacing the niche left by the species that was inhibited by the vaccine (Martin et al. 2008; 

Williams et al. 2009). Difficulties with this technique are possibly caused by the influence of diet and 

geographic location on the methanogens and as ruminants are kept in vastly different conditions this 

will lead to a large variety in methanogenic communities (Wright et al. 2004; Martin et al. 2008; Eckard 

et al. 2010). In addition, the amount and type of antigens that need to be produced and delivered by the 

saliva in order to reduce MP, have not been determined (Subharat et al. 2015). Numerous studies have 

shown that many nutritional methane mitigants only induce transitory decreases in MP (Guan et al. 
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2006; Odongo et al. 2007; Moate et al. 2018b). Therefore, as with nutritional mitigation strategies, long-

term studies will be required to demonstrate that vaccination can induce a persistent inhibition of 

methane emissions. Therefore, although this technique seemed promising when first suggested, current 

results indicate that an antimethanogenic vaccination would require more work before it could be 

implemented as a practical methane abatement strategy (Buddle et al. 2011).  

 

Rumen defaunation 

It has been observed that rumen methanogens have a highly specific relationship with rumen protozoa 

(Ohene-Adjei et al. 2007; Beauchemin et al. 2009; Martin et al. 2010). It has also been observed that 

there is a correlation between MP and the number of protozoa in the rumen and that 10-20% of the 

methanogenic community are attached to protozoa (Stumm et al. 1982; Ushida & Jouany 1996; Cottle 

et al. 2011). In addition, rumen protozoa and methanogens have a symbiotic relationship as hydrogen 

transfer occurs between them (Stumm et al. 1982; Boadi et al. 2004). It has therefore been proposed 

that rumen defaunation, which is the removal of rumen protozoa performed through dietary or chemical 

manipulation, would reduce the methanogen population in the rumen and consequently reduce MP 

(Boadi et al. 2004; Hegarty et al. 2008; Knapp et al. 2014). Defaunation can be achieved through rearing 

animals in isolation, inducing drops in rumen pH through concentrate feeding and through the use of 

natural or artificial additives with defaunating properties (Machmüller 2006; Marcin & Südekum 2009; 

Buddle et al. 2011). 

 

A study by Morgavi et al. (2008) reported reductions in MP of up to 20% in defaunated sheep, this 

reduction was maintained for over 2 years, indicating that this abatement strategy can be maintained 

over an extended period of time. Further studies by Morgavi et al. (2010) achieved MP reductions of 

10% through defaunation. Furthermore, a meta-analysis performed by Eugène et al. (2004) evaluated 

90 publications and concluded that overall, defaunated animals have a more efficient use of nutrients, 

through an improved feed conversion efficency, higher propionate production and microbial protein 

outflow. These characteristics all lead to lower MP in these animals (Cottle et al. 2011). Further research 

by Hegarty et al. (2008) found no differences in MP in defaunated lambs and ewes, but reported that 

defaunation of sheep was associated with increased wool growth. A recent study by Moate et al. (2018a) 

has questioned the relationship between ruminal protozoa and methane emissions. In the study by Moate 

et al. (2018a), a treatment that reduced methane emissions also reduced the ruminal protozoa 

population, however, when the methane abatement treatment was stopped, methane emissions returned 

to a normal level within a week, and this was despite the fact that the protozoa population remained 

decimated. Furthermore, Moate et al. (2018a) also observed that defaunation of grazing dairy cows was 

associated with increased milk production. Thus, it seems that although the relationship between 

defaunation and net methane reduction is not clear, defaunation reduces wasteful degradation of dietary 
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protein in the rumen and is associated with higher productivity, which could result in a decrease in 

methane intensity. 

 

Defaunation can have negative consequences on livestock performance and animal health, and none 

of the current defaunation techniques can currently be applied to farm animals, either due to toxicity of 

the products, costs or management difficulties (Beauchemin et al. 2009; Marcin & Südekum 2009; 

Martin et al. 2010). 

 

2.6.2 Dietary strategies 

Feeding management 

As enteric methane is an outcome of the fermentation of feedstuffs in the rumen, the amount of methane 

produced will depend directly on the type and composition of the diet consumed by the animals 

(Beauchemin et al. 2009; Colombini et al. 2015). As dietary strategies can be applied immediately and 

will produce immediate results numerous studies have focused on modifying the diet of ruminants in 

order to reduce their methane emissions (Martin et al. 2008; Eckard et al. 2010; Bell et al. 2011). As 

the amount of methane produced is dependent on the feed efficiency of the animals, it has been observed 

that high quality feeds will increase the feed efficiency of the animal (Tomkins et al. 2011; Knapp et al. 

2014). The quality of the diet is related to its chemical composition and usually high structural 

carbohydrate contencentrations are associated with lower quality feeds. The consumption of lower 

quality feeds   results in higher methane yields (MY), this is quantified as the MP per unit of DMI 

(Pacheco et al. 2014). A higher MP per unit of DMI is caused by a higher neutral detergent fibre (NDF) 

contencentration, decreased passage rate in the rumen and a lower propionate production (Moe & 

Tyrrell 1979; Archimede et al. 2001; Pacheco et al. 2014). This putative mechanism is supported by the 

research of Kulivand and Kafilzadeh (2015), who reported a positive correlation between NDF and MP. 

Indeed, it has been shown that in contrast to low quality diets, high quality diets that are more digestible, 

require less microbial fermentation in the rumen and have a faster passage rate and lower retention time, 

which reduces the fermentation of organic matter in the rumen and consequently leads to lower MY 

(McGinn et al. 2004; Knapp et al. 2014).  

 

Furthermore, increasing pasture quality increases feed intake and productivity of the animal which 

consequently leads to reduced EI (Beauchemin et al. 2009; Brask et al. 2013). Although it is known that 

MP increases as DMI increases, the fraction of GEI lost as methane decreases with higher DMI (Cottle 

et al. 2011; Charmley et al. 2016). Overall, as DMI exceeds maintenance requirements, productivity 

increases in a higher proportion than MP which consequently reduces EI (Johnson & Johnson 1995; 

Hammond et al. 2014). The explanation for this is that as feed intake increases, rumen passage of feed 

also increases, limiting the microbes’ access to the feedstuff and thus reducing fermentation (Boadi et 

al. 2004; Bodas et al. 2012). This has been reported by Hammond et al. (2015), who observed that as 
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intake increased MP also increased, however as rumen retention times decreased, MY also decreased. 

Furthermore, Blaxter and Clapperton (1965) and Chaokaur et al. (2015) observed that methane to GEI 

rate decreased as feeding level increased. Furthermore, Benchaar et al. (2001) using a modelling 

approach, calculated that MY decreased by up to 28% through increasing the quality of the feeds. 

Further, Ulyatt et al. (2002) reported that NDF concentration in pasture increased during the summer 

months, and during these months, grazing sheep produced more methane, however the same results 

were not observed with grazing cows. Additionally, Banik et al. (2013) compared 13 pasture species in 

vitro and reported that their nutritive value was not an accurate predictor of MP. These results seem to 

indicate that there are other nutritional factors, besides forage quality and NDF concentration, which 

influence MP (Banik et al. 2013).  

 

A strategy that has been highly effective in reducing MP is increasing the intake of energy rich 

grains and concentrates (Lana et al. 1998; Navarro-Villa 2011; Hristov et al. 2013a). Overall this 

reduction is mediated through a lower fibre intake, which reduces the concentration of cellulose and 

hemicellulose in the diet, whose fermentation is a main source of MP (Eckard et al. 2010; Janssen 2010). 

Furthermore, diets with high concentrate content reduce ruminal pH, which has an inhibitory effect on 

rumen protozoa and increases the rumen passage rate; they will also reduce acetate to propionate ratio 

which reduces methane per unit of feed intake (Janssen 2010; Cottle et al. 2011; Kumar et al. 2014). In 

this context, Hook et al. (2011) observed rumen pH reduced to 5.8 when concentrate to pasture ratio in 

the diet of cows was increased and Johnson and Johnson (1995), Moss et al. (2000) and Poungchompu 

et al. (2009) were able to reduce MP by increasing concentrates in the diet. However, it is also important 

to consider that there is debate regarding the general effectiveness of this strategy. For example, grain 

production is likely to increase GHG emissions along the production chain through the use of pesticides, 

fertilisers required for growing the grain and the combustion of fossil fuels by machinery and transport 

(Lovett et al. 2006). Furthermore, due to the higher cost of grains, this strategy may not be applicable 

for many farmers in developing countries (Beauchemin et al. 2009; Kumar et al. 2014). In addition, 

excessive levels of grain in the diet of ruminants is also not desired because it can lead to health 

problems such as acidosis, laminitis and liver abscesses, which ultimately reduce productivity and 

increase EI (see point 2.6.1) (Gandra et al. 2012; Kumar et al. 2014).  

 

Other feed management strategies focus on the maturity of the pasture, the type of forage and the 

feeding routine. It has been recommended that the consumption of less mature pastures will reduce MP 

(Eckard et al. 2010). Generally, younger pastures contain more protein and less NDF than mature 

pastures. More mature pastures have a reduced soluble carbohydrate content and lignification of plant 

cell walls, which promotes the production of acetate in the rumen, thereby increasing the amount of 

methane produced per unit of forage digested (Pinares-Patiño et al. 2003b; Janssen 2010). Feeding diets 

rich in legumes also reduces methane emissions as legumes have a lower NDF concentration than many 
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non-leguminous species. Additionally, dietary legumes stimulate higher DMI and are more rapidly 

digested in the rumen, thereby requiring less rumen fermentation than non-legumes (Boadi et al. 2004; 

Janssen 2010; Harrison et al. 2015). Legumes also contain tannins and saponins which are secondary 

compounds that can reduce MP (Eckard et al. 2010; Navarro-Villa et al. 2011; Goel & Makkar 2012). 

  

One strategy that has shown promising results is feeding Leucaena (Leucaena leucocephala), which 

is a perennial legume shrub that grows in subtropical and tropical climates (Larsen et al. 1998; Harrison 

et al. 2015). In regions where it is available, it is commonly used in livestock production as it is highly 

palatable and also has desirable nutritional characteristics, such as high crude protein concentration and 

an ability to reduce bloating (Kennedy & Charmley 2012; Harrison et al. 2015). Leucaena has the 

potential to reduce EI by increasing production yield, as observed in vivo by Barros-Rodriguez (2014) 

in sheep and by Molina et al. (2015) in cattle. Harrison et al. (2015) also predicted a similar response 

using a systems modelling approach of a tropical beef farming system. Total enteric MP is also reduced 

due to the tannin content of Leucaena as observed in vitro by Tan et al. (2011), Soltan et al. (2012) and 

Saminathan et al. (2014). This strategy should consider whole farm GHG emissions as legume rich diets 

can lead to higher nitrogen concentration in urine due to their higher crude protein concentration, which 

can lead to higher nitrous oxide emissions (De Klein & Eckard 2008; Liu et al. 2011; Harrison et al. 

2015). However, according to the analysis of Harrison et al. (2015), in terms of reducing GHG 

emissions, the antimethanogenic effect of Leucaena outweighs the increase in nitrous oxide emissions. 

These findings suggest that Leucaena is a promising option for increasing productivity and reducing 

enteric methane EI (Kennedy & Charmley 2012; Harrison et al. 2015).  

 

Low ruminal pH has a strong inhibitory effect on rumen methanogens, and it has been proposed 

that reducing the number of feeds per day, which causes high fluctuations in ruminal pH, can have a 

detrimental effect on rumen methanogens and thus inhibit MP (French & Kennelly 1990; Boadi et al. 

2004; Saengkerdsub & Ricke 2014). Moate et al. (2017) reported that ruminal fluid pH from cows fed 

a diet containing a high proportion of wheat had a greater duration of pH below 6 which was inversely 

correlated to MP. However, this method is not applicable for all grazing animals and is not 

recommended due to possible rumen acidosis and negative effects on digestion and milk production 

(Boadi et al. 2004). 

 

Ionophores 

Ionophores are naturally occurring antibiotics that are toxic to many bacteria, protozoa and fungi and 

are used in the livestock industry to reduce bloat, prevent acidosis and increase productivity (Russel 

1996; Kim et al. 2014; Tomkins et al. 2015). The most common ionophore in ruminant production is 

monensin. Monensin is administered to ruminants either by inclusion in their diet as a premix, or by 

oral administration of a slow release capsule (Lowe et al. 1991; Beauchemin et al. 2009; Grainger & 
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Beauchemin 2011). It is used in many countries because it improves feed utilisation and increases 

propionate production in the rumen (Chow et al. 1994; Stock et al. 1995; Tomkins et al. 2015). There 

is evidence from both in vivo and in vitro studies that monensin reduces MP (McGinn et al. 2004; 

Castro-Montoya et al. 2012; Tomkins et al. 2015). Monensin is thought to reduce MP in ruminants by 

stimulating bacteria that decarboxylate succinate to produce propionate and through decreasing the 

number of rumen protozoa (Ushida & Jouany 1996; Beauchemin et al. 2009; Cottle et al. 2011). 

However, studies by Moate et al. (2017), Grainger et al. (2008) and Waghorn et al. (2008) did not 

observe a persistent reduction in MP through monensin supplementation. These inconsistencies among 

studies have two possible explanations. Firstly, it has been observed that the methane migitating effect 

of monensin is dose dependent as lower doses have not achieved any reduction in MP and doses over 

24-35 mg/kg are needed to reduce MP. Secondly it has been observed that the mitigating effect is 

transient, and persistence of results has varied between studies (Johnson & Johnson 1995; McGinn et 

al. 2004; Cottle et al. 2011). For example, while Odongo et al. (2007) achieved reductions that persisted 

for 6 months, Guan et al. (2006) observed reductions in MP of 30%, however after 2 months the 

animals’ methane emissions returned to normal values. It is believed that the transitory effect of 

monensin in the rumen is caused by the methanogens adapting and developing resistance to the 

antibiotic (Boadi et al. 2004). Additionally, differences may be related to the diet of the animals as it 

has been observed that monensin had a stronger effect on concentrate fed animals than pasture fed 

animals (Hristov et al. 2013a). 

 

When considering the use of monensin as a methane mitigation strategy, it must be considered that 

there is resistance from some sectors towards the routine administration of antibiotics to animals 

(McGinn et al. 2004). Although their use is permitted in North America and Australia, the use of 

antibiotics in livestock production, except for therapeutic reasons, has been banned in the European 

Union since 2006, which would complicate the application of this strategy in some markets (Cieslak et 

al. 2012; Meale et al. 2012).   

 

Organic acids 

A dietary supplement strategy that has been proposed for reducing methane emissions is the use of 

organic acids such as malic and fumaric acid (Moss et al. 2000; Martin et al. 2008; Eckard et al. 2010). 

Organic acids are metabolic intermediaries in the dicarboxylic acid pathway and precursors for 

propionate production. Therefore, supplementation of organic acids should stimulate propionate 

production in a process that requires hydrogen, thus acting as an alternative hydrogen sink in the rumen, 

resulting in less hydrogen available for MP (Liu et al. 2011; Pal et al. 2014; Li et al. 2015). Fumaric 

acid, is first reduced to succinate and next to propionate in a process that involves the uptake of 

hydrogen (Carro & Ranilla 2003). Research by Asanuma et al. (1999), Lopez et al. (1999), Carro and 

Ranilla (2003), Castro-Montoya et al. (2012) and Pal et al. (2014) found that MP was reduced by up to 
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76% in vitro when fumaric acid was added to the incubation. However, in vivo results have been 

inconsistent. Bayaru et al. (2001) achieved a 23% reduction in MP, while McGinn et al. (2004) and 

Beauchemin and McGinn (2006) reported no significant effect on MP when the diet of beef cattle was 

supplemented with fumaric acid. It is believed that these inconsistencies are related to the different 

dosages used, as Bayaru et al. (2001) used 20g/kg DM consumed while McGinn et al. (2004) and 

Beauchemin and McGinn (2006) used a constant amount of 80g/d and 175g/d respectively. 

Furthermore, as high doses appear necessary to achieve reductions in MP, the acidic properties of the 

organic acids cause a decrease in rumen pH which may be associated with ruminal and negative effects 

on the animals’ health, welfare and productivity (Wallace et al. 2006; Wood et al. 2009). In response to 

this it has been proposed that encapsulating fumaric acid with vegetable oils would reduce its negative 

effect on ruminal pH (Beauchemin et al. 2009). Testing this, Wallace et al. (2006) and Wood et al. 

(2009) observed that encapsulated fumaric acid reduced MP without affecting rumen pH both in vitro 

and in vivo. However, the high cost of this process means that it has not been implemented in livestock 

production (Beauchemin 2009). 

 

Within the rumen, malic acid is converted to propionate via fumarate, therefore supplementing 

malic acid should increase propionate production and reduce MP (Martin et al. 1999). However, 

research regarding this organic acid has been inconclusive. For example, Li et al. (2015) observed 

reductions in MP in vitro when malic acid was included in the incubation medium. However, the 

incubation medium also included linseed oil and fish oil which could help to explain an important part 

of the reduction in MP, as it is known that oils have an inhibitory effect on MP. Furthermore, Foley et 

al. (2009) observed a linear decrease in MP in beef cattle with increasing levels of malate 

supplementation. However, this increase in malate supplementation also caused a decrease in DMI, 

potentially reducing production. In addition, Reis et al. (2014) found that the organic acids tartaric, 

malic, fumaric and citric acid had no methane mitigating effect when incubated in vitro. Overall, these 

results suggest that the negative effect of organic acids on productivity, the high doses required, the 

inconclusive results regarding their methane mitigating effect and their elevated costs mean that it is 

currently not a viable option for methane abatement from livestock industries (Eckard et al. 2010; Cottle 

et al. 2011; Kumar et al. 2014). 

 

Plant secondary compounds  

Plant secondary compounds such as tannins, saponins and essential oils are biologically active 

molecules that are not directly involved in the plants’ main biochemical processes such as growth, 

development and reproduction, but many of them have antimethanogenic effects in ruminants (Bodas 

et al. 2012; Bouchard et al. 2013; Kouazounde et al. 2015). This abatement strategy is important because 

it constitutes an option for reducing emissions by using natural products which means they are more 

likely to be accepted by consumers (Cieslak et al. 2012; Bhatta et al. 2013; Bhatta et al. 2015).  
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 Tannins are water soluble polyphenolic compounds that bind to proteins and are classified as either 

hydrolysable or condensed (Makkar 2003; Liu et al. 2011; Gemeda & Hassen 2015). Tannins have a 

protective role in plants in that they deter herbivores from eating the plant and inhibit pathogenic 

bacteria, fungi and insects from invading the plant (Min et al. 2003; Cieslak et al. 2012; Piluzza et al. 

2014). It has been suggested that they reduce MP because they reduce the digestion of fibre in the rumen 

and therefore reduce hydrogen production or because they have an antimicrobial effect that inhibits the 

growth of rumen methanogens and protozoa (Bouchard et al. 2013; Samithan et al. 2014; Gemeda & 

Hassen 2015). As tannins bind to proteins and thus reduce the amount of protein degradation in the 

rumen, hence reducing DM digestibilty, they are considered as antinutritional (Bhatta et al. 2015). When 

present in large amounts in the diet, they can be detrimental for production, which is especially severe 

when dietary crude protein is limited (Waghorn 2008; Meale 2012; Hristov et al. 2013a). This can be 

observed in the in vitro study by Bueno et al. (2015) where total MP was reduced, however the 

percentage of methane remained constant and the reduction was caused by lower levels of total gas 

produced due to decreased in vitro fermentation. It has therefore been proposed that low levels of 

condensed tannin extracts can be an option for reducing MP without a marked antinutritional effect 

(Bhatta et al. 2002; Waghorn et al. 2008; Meale et al. 2012).  

 

Several studies have observed reductions in MP when ruminants were fed tannin rich diets. For 

example, Bhatta et al. (2009) reported that in an in vitro study, MP was reduced by 5.5% with chestnut 

tannins. There have been other studies in which reductions in MP have been recorded, however the 

reduction rate has varied between studies. For example, Grainger et al. (2009) reported reductions of 

up to 22%, Waghorn et al. (2002) reported a reduction of 16%, while Hess et al. (2006) and Cieslak et 

al. (2012), reported reductions of 8% and 13% respectively. In contrast to these findings, Beauchemin 

et al. (2007) did not detect a reduction in MP when ruminant diets were supplemented with 2% of 

condensed tannin extract. Furthermore, Moate et al. (2014) reported a 20% decrease in MP when dairy 

cows were fed tannin rich grapemarc. The variable responses on methanogenesis may be explained by 

the vast diversity in tannin structure depending on source and type of plant, and also different responses 

in different animals (Bueno et al. 2015; Gemeda & Hassen 2015). 

 

Saponins or glycosides are other types of plant secondary compound which interact with the 

cholesterol present in eukaryotic cell membranes (Patra & Saxena 2011; Bodas et al. 2012; Hristov et 

al. 2013a). Saponins do not have a direct effect on methanogens, but Guo et al. (2008) have suggested 

that they reduce MP through inhibiting rumen ciliate protozoa by altering their cell membrane 

permeability which leads to membrane destruction and cell death (Moss et al. 2000; Martin et al. 2008; 

Bodas et al. 2012). Lila et al. (2003) conducted in vitro studies with sarsaponin, which is a steroid 

saponin, and reported reductions in rumen protozoa and MP that were related to the concentration of 

sarsaponin in the incubation medium. Hess et al. (2003) reported similar in vitro results when incubating 
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crude saponins at a concentration of 12 mg/g DM, while Poungchompu et al. (2009) also reported 

similar results when feeding pellets containing saponins to dairy cattle. Furthermore, a study by Patra 

and Yu (2013) reported reductions in in vitro MP by up to 58% when incubating forages with quillaja 

saponin and nitrate. In the study by Patra and Yu (2013) the authors suggested that the decrease in MP 

was caused by an inhibition of rumen protozoa and protozoa associated methanogens, however they did 

not identify the individual effect of the saponins. A limitation of methane abatement through saponin 

supplementation or a diet based on saponin rich plants is that the antiprotozoal effect in the rumen is 

believed to be transient and high doses may have a negative effect on animal health and productivity 

(Koenig et al. 2007; Meale et al. 2012; Patra 2014). Currently, there are commercial sources of saponins 

available; however, their high cost restricts their application in livestock production (Beauchemin et al. 

2009; Eckard et al. 2010). 

 

It has also been proposed that essential oils have a methane mitigating effect (Beauchemin et al. 

2009; Hristov et al. 2013a). Essential oils are naturally occurring secondary compounds, such as steam 

volatile oils or organic solvent extracts of plants which are aromatic, lipophilic and have strong 

antimicrobial activity due to their terpenoid and phenolic compounds (Boadi et al. 2004; Bodas et al. 

2012; Meale et al. 2012). Several studies conducted by Cardozo et al. (2004), Busquet et al. (2005), 

Castillejos et al. (2005), Bodas et al. (2008), Abdallah et al. (2011), Durmic et al. (2013) and 

Kouazounde et al. (2015) have all achieved reductions in MP when essential oils were included in in 

vitro fermentations. However, similar results have not been observed in vivo, as Beauchemin and 

McGinn (2006), Van Zijderveld et al. (2011b), Staerfl et al. (2012) and Meale et al. (2014) did not 

report reductions in MP when supplementing ruminant diets with essential oils. These differences may 

be related to microbial adaptation to the essential oils in the rumen. Furthermore, doses that have been 

able to reduce MP in in vitro conditions have, in many cases, been too high to be applied in animals 

(Beauchemin et al. 2009; Hristov et al. 2013a). High doses will have a negative effect on productivity 

due to decreased palatability and feed digestibility (Martin et al. 2010; Kumar et al. 2014). 

 

Bromochloromethane 

Halogenated methane analogues such as bromochloromethane (BCM) are chemical products that can 

significantly inhibit MP in ruminants (Nevel & Demeyer 1995; Kumar et al. 2014). 

Bromochloromethane reacts with vitamin B12 and inhibits the synthesis of methyl coenzyme M by 

interfering with the cobamide-dependent methyl transferase step of methanogenesis in the final step of 

methanogenesis (Wood et al. 1982; Denman et al. 2007; Kumar et al. 2014). Several studies have 

observed important reductions in MP both in vitro and in vivo (Moss et al. 2000). In vitro studies by 

Goel et al. (2009), Sirohi and Goel (2013) and Martinez-Fernandez et al. (2013) observed dose 

dependent reductions in MP up to 98% through incubating feed substrates with BCM. Moreover, when 

supplementing the diets of goats with BCM, Martinez-Fernandez et al. (2013) also achieved reductions 
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in MP, however the reductions in MP were less than those achieved using the same dose in an in vitro 

experiment. 

 

 Denman et al. (2007), Tomkins et al. (2009), Abecia et al. (2012) and Mitsumori et al. (2012) also 

reported reductions in MP of between 30-95% when ruminant diets were supplemented with BCM. 

However, it is not clear how BCM affects methanogenesis. Denman et al. (2007) reported a reduction 

in the population of methanogenic archae in the rumen while Abecia et al. (2012) reported no such 

reduction. Furthermore, it has been suggested that the antimethanogenic effect may be transient when 

BCM is used as the sole supplement, due to the adaptation of the rumen microorganisms (Moss et al. 

2000; Kumar et al. 2014; Patra 2014). Therefore, it has been suggested that BCM should be combined 

with compounds such as -cyclodextrin to prolong its effectiveness (Moss et al. 2000; Patra 2014). 

However, in the studies by Tomkins et al. (2009) and Abecia et al. (2012), the effect of BCM as the 

sole supplement persisted for several months. An important complication for using BCM as a methane 

mitigation strategy is that it is a potentially carcinogenic product which could pose a threat for both 

animals and humans that consume the animal sourced products (Hristov et al. 2013a). 

Bromocloromethane is also an ozone depleting agent and its commercial use is therefore banned, 

however similar products with similar mode of action are likely to be important sources for future 

research (Abecia et al 2012; Hristov et al. 2013a). 

 

Algae 

In many coastal areas of the world, it is a common practice to feed algae to livestock (Wang & 

McAllister 2011; Machado et al. 2014). In this context, algae constitute a low cost and nutrient rich 

supplement in many parts of the world (Wang & McAllister 2011; Machado et al. 2014; Dubois et al. 

2013). Research by Machado et al. (2014) reported that green macroalgae could be efficient feed 

supplements for cattle in northern Australia due to their high protein and phosphorus concentration. 

Furthermore, many algae have antioxidant properties, increase the animal’s immune system function 

and reduce the effect of toxins on the animals as they have anti-viral and anti-inflammatory properties 

(Wang & McAllister 2011; Dubois et al. 2013). Recently, there has been increased interest in feeding 

algae to ruminants due to their methane abatement properties (Bach et al. 2008; O’Sullivan et al. 2010; 

Wang & McAllister 2011). There are several types of algae, thus the complex bioactive compounds 

with anti methanogenic properties vary between types of algae, however secondary metabolites which 

have been identified as having antimicrobial properties have been found in some green, red and brown 

algae (Plaza et al. 2008; Blunt et al. 2011; Dubois et al. 2013). For example, Wang et al. (2008) observed 

that phlorotannins from brown algae reduced MP in vitro, and further reports by Wang et al. (2009) 

stated that the reductions in MP from phlorotannins was likely to be related to the marked inhibitory 

effect on some species of rumen microorganisms.  
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zic et al. (2009) reported reductions of over 92% in in vitro MP when 

incubating the marine microalgae Chaetoceros. On this topic it is important to mention that studies by 

Dubois et al. (2013) and Machado et al. (2014) have analysed a vast number of algae in vitro, and 

observed that while most species analysed reduced MP, not all of them achieved reductions in MP. 

Furthermore, they also reported that there were significant differences in the amount of methane reduced 

by different species of algae, that reductions were related to the secondary compounds present in the 

algae and that red and that brown algae show more promise as methane abatement strategies. However, 

it was also reported that some algae have a strong negative effect on feed digestibility and fermentation, 

which can lead to a negative effect on productivity; this could be managed through reducing the doses 

administered (Machado et al. 2014). Furthermore, some red and brown algae have been found to contain 

halogenated compounds such as BCM (Laturnus et al. 1995; Keng et al. 2013). It is therefore necessary 

to elucidate the biochemical profile of the species of algae and its effect on rumen fermentation before 

its commercial development as a feed supplement with methane abatement properties (Chojnacka et al. 

2012; Machado et al. 2014).  

 

Starch 

Starch is an important source of energy for ruminants and it is usually provided to them through energy 

dense feeds such as grains (Beauchemin et al. 2009; Hymøller et al. 2014; Knapp et al. 2014). It has 

been reported that diets containing high proportions of starch rich grains such as wheat and corn produce 

less methane than forage-based diets (Beauchemin et al. 2009). Diets containing starch reduce enteric 

MP by inhibiting the ruminal methanogens capacity to take up hydrogen by reducing ruminal fluid pH 

and favouring the production of propionate over acetate (Kessel & Russel 1996; Pirondini et al. 2015). 

The production of propionate in the rumen reduces methane because propiogenesis utilises metabolic 

hydrogen that would otherwise be available to produce methane (Kessel & Russel 1996; Pirondini et 

al. 2015). In this context, Williams et al. (2013) reported that substituting forage in the diet of dairy 

cows with 5 kg/d of wheat grain reduced enteric MP by up to 10% without affecting milk volume. 

Furthermore, Moate et al. (2014) reported methane mitigation of 31% when 50% of dietary forage fed 

to dairy cows was replaced with wheat grain.  

 

Although grain rich diets have productive benefits and can reduce emissions intensity they can also 

have undesired consequences such as rumen acidosis (Kumar et al. 2014). Therefore, it has been 

proposed that the starch content of the diet can be increased without feeding great amounts of grains by 

feeding cereal forages that contain a highly fermentable of starch (Beauchemin et al. 2009; Grainger & 

Beauchemin 2011; Kumar et al. 2014). In this context, Hatew et al. (2015a; 2015b) reported that 

although the amount of starch in the diet had an effect on MP, the rate of starch fermentation also had 

an effect on methane emissions. Moate et al. (2017) observed that dairy cows fed 10 kg DM/d of wheat 

grain produced 33% less daily methane and 30% less MY than cows fed the equivalent amount of corn, 
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and 44% less daily methane and 38% less MY than cows fed the equivalent amount of barley. This 

difference was attributed to the daily minimum ruminal pH that was correlated to MY. Wheat has been 

observed to be more rapidly fermentable in the rumen, compared with barley and corn (Herrera-Saldana 

et al. 1990; McAllister et al. 1990). However, as observed by Hassanat et al. (2013), Lettat et al. (2013) 

and He et al. (2015) increasing starch supplementation in the diet can lead to a reduction in rumen pH, 

due to the excessive production and accumulation of VFA and lactic acid caused by the fermentation 

of great amounts of highly degradable starch (Hymøller et al. 2014). This can lead to rumen acidosis 

which can have serious welfare, health and productivity consequences (Bodas et al. 2012; Kumar et al. 

2014). Therefore, before the widespread implementation of wheat supplementation as a methane 

mitigation strategy it is important to gain further knowledge regarding the type of grains that have the 

desired effect on MP and also which management practices can be introduced in order to obtain the 

desired methane mitigation effect without causing rumen acidosis (He et al. 2015). 

 

Fat 

Dietary supplementation with different types of fat is a common practice in livestock production due to 

its capacity to raise productivity (Boadi et al. 2004; Herd et al. 2015). Generally, this supplementation 

is performed in order to increase the energy intake of animals (Boadi et al. 2004; Kumar et al. 2014; 

Pirondini et al. 2015). However, increasing the fat concentration of the diet has also been reported to 

reduce enteric MP (Beauchemin et al. 2009; Moate et al. 2011). Dietary fat reduces MP in the rumen 

by reducing hydrogen accumulation through fatty acid biohydrogenation, reducing fibre digestion and 

by inhibiting the activity of ruminal methanogens (Grainger & Beauchemin 2011; Bodas et al. 2012; 

Pirondini et al. 2015). Furthermore, the dietary fats added are not fermented in the rumen (Doreau & 

Ferlay 1994).  

 

In this context, several studies have reported a wide range of MP reduction through fat 

supplementation. For example, Czerkawski et al. (1966) reduced MP through supplementing the diet of 

sheep with long-chain polyunsaturated fatty acids. Dohme et al. (2000) supplemented ruminant diets 

with 53 g/kg DM of palm kernel oil, coconut oil or canola oil and reduced MP by 34, 21 and 20% 

respectively. Beauchemin & McGinn (2006), reported reductions of 21% when dairy and beef cattle 

diets were supplemented with canola oil at 4.6% of dietary DM. Similarly, McGinn et al. (2004) 

reported reductions of 22% when sunflower oil at 5% of dietary DMI was supplemented to the diet of 

beef cattle. Li et al. (2015) reduced in vitro MP by 23 and 34% when adding linseed oil and linseed oil 

plus fish oil respectively. Machmüller et al. (1998) reduced MP through incubating coconut oil, 

sunflower seed and linseed in vitro, however they also observed that the protozoa population was 

heavily reduced, which was possibly responsible for the reduction in MP more than the effect of fatty 

acids on methanogenesis. Similar results have been observed by Liu et al. 2011, who found that MP 

was reduced when the diet of sheep was supplemented with 25 g/kg DM coconut oil, however in this 
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study, oil supplementation also reduced the rumen methanogen and protozoa population, which could 

explain the reduction in MP.  

 

The potential of each percent of fat added to the diet of ruminants to reduce MP has varied between 

studies. Beauchemin et al. (2009) reported methane reductions of 5.6% for each percent of fat added; 

while Martin et al. (2010) and Moate et al. (2011) reported that regardless of type of fat 

supplementation, MP was reduced by 3.5% when adding 1% of dietary fat. This can be explained by 

the results of Castro-Montoya et al. (2012) who reported that the effect of a fat supplement will depend 

on the type of diet of the animal, and that generally, the reduction in MP will be higher when the animals 

are fed concentrates. In addition, Chung et al. (2011) found that methane emissions from cattle were 

reduced by 36% when a basal diet of barley silage was supplemented with a fat source (linseed), but 

there was no reduction when the basal diet supplemented was pasture hay. Thus, it seems that the basal 

diet may influence the degree of methane mitigation resulting from dietary fat supplementation. 

 

It must be noted that a high fat content in the diet of ruminants can also have detrimental effects; 

for example, when the fat content exceeds 7-8% it can lead to reduced voluntary intake, lower fibre 

digestibility and reduced VFA production, all of which will ultimately lead to lower milk yields (Boadi 

et al. 2004; Kumar et al. 2014; Patra 2014). It is also important to consider an LCA, as producing and 

transporting the supplements will emit GHG which might reduce the overall benefit on GHG emissions 

caused by the fat supplementation (Herd et al. 2015). Furthermore, fat supplementation might only have 

a temporary effect on MP. Woodward et al. (2006) reported that MP returned to normal after 11 weeks 

of fat supplementation. In this context, the longevity of enteric methane abatement through fat 

supplementation requires further research (Beauchemin et al. 2009; Hristov et al. 2013a). Additionally, 

adding fat will increase the cost of the diet, which may alter the cost efficiency of this strategy, 

especially when considering that overall methane emissions might only be modestly reduced and it 

might reduce productivity which means that the benefit:cost ratio is low (Cottle et al. 2011).  

 

One option for feeding a fat rich diet without increasing the cost of the diet or increasing emissions 

elsewhere in the production chain, is to feed fat rich by-products, as all GHG emitted from its production 

are accounted for in the emissions of the main product (Beauchemin et al. 2009; Grainger & 

Beauchemin 2011). Such is the case of dried distillers’ grains (DDG) which is the resulting by-product 

from ethanol production (Meale et al. 2012; Hünerberg et al. 2014). Ethanol production has increased 

worldwide, there has also been an increase in DDG supply which the livestock industry has responded 

to by including this product in the diet of cattle (Beauchemin et al. 2009; Li et al. 2012). As this by-

product contains between 10 to 15% fat content, it has been suggested that it would be effective for 

methane mitigation (Beauchemin et al. 2009; Hünerberg et al. 2012; Meale et al. 2012). This has been 

observed by McGinn et al. (2009), who reported that MP was reduced by 16% through supplementing 
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cattle diets with corn DDG at 35% of dietary DMI. Additionally, Wierenga et al. (2010), reported that 

triticale DDG reduced ruminal acetate to propionate ratio. However, Li et al. (2012) observed that in 

vitro acetate to propionate ratio and MP were not affected by wheat DDG. In this context, it is important 

to consider that different types of DDG have different fat composition, which can lead to different 

results with respect to methane abatement (Hünerberg et al. 2012). For example, in vitro and in vivo 

studies by Hünerberg et al. (2012; 2014) respectively, have reported that corn based DDG had a greater 

effect on MP than wheat based DDG. Before implementing DDG as a dietary methane mitigation 

strategy it must be considered that DDG also has a high crude protein content, which may lead to 

increased nitrogen excretion when animal requirements are exceeded and can lead to increased nitrous 

oxide emissions (Meale et al. 2012; Hünerberg et al. 2014). Therefore, according to an LCA performed 

by Hünerberg et al. (2014), in order to maintain the methane mitigating effect of DDG without 

increasing overall GHG emissions, DDG should be fed as a supplement only within the levels of the 

animals’ nitrogen requirements. 

 

Nitrate 

Nitrogen is usually the main limiting nutrient in tropical pastures (Callaghan et al. 2014). It is therefore 

a common practice in the livestock industry to supplement the animals’ diet with urea as a source of 

dietary nitrogen (Callaghan et al. 2014). Nitrate is another source of dietary nitrogen that can be used 

to replace urea supplementation (Hristov et al. 2013a). Additionally, nitrate supplementation has the 

potential to reduce methane emissions as the reduction of nitrate to ammonia, which occurs in the 

rumen, has a greater affinity for hydrogen compared to its affinity for carbon dioxide, so it uses 

hydrogen that would otherwise be available for MP (Leng 2008; Van Zijderveld et al. 2010; Callaghan 

et al. 2014). Furthermore, nitrate has an inhibitory effect on rumen protozoa, which also reduces MP 

(see point 2.6.1) (Sar et al. 2005; Callaghan et al. 2014).  

 

Several studies have reported that dietary supplementation with nitrate reduced MP. For example, 

in vitro research by Patra and Yu (2015) reported reductions of over 30% in MP when 5 mM of nitrate 

was included in fermentations and further reductions of up to 47% when nitrate was combined with 

saponins and sulphate. Further in vitro research by Pal et al. (2014) also reduced MP by adding 5 mM 

of nitrate to the incubation substrate. However, they reported that nitrate was more effective in 

decreasing MP in a diet with a low roughage to concentrate ratio compared to a diet with a high 

roughage to concentrate ratio, suggesting that there is a dietary effect to nitrate supplementation 

response. Overall, these results have translated well into in vivo research. Nolan et al. (2010) reported 

MP reductions of 23% when sheep diets were supplemented with nitrate at 4% of DMI. In their study, 

nitrate supplementation reduced MP by acting as a hydrogen sink and also by decreasing the rumen 

retention time. In similar studies in sheep, dietary nitrate supplementation also reduced MP (Van 

Zijderveld et al. 2010; De Raphélis-Soissan et al. 2014). Results have also been consistent in dairy cows 
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and beef cattle, as Van Zijderveld et al. (2011a), Hulshof et al. (2012), Lund et al. (2014), Newbold et 

al. (2014) and Velazco et al. (2014) have all observed reductions in MP of between 16 and 32% when 

diets were supplemented with nitrate. 

 

There are a few complications related to using nitrate as a feed supplement and methane mitigation 

strategy for ruminants. It is possible that rumen microorganisms may adapt to nitrate over time. 

Although several studies have reduced MP, more long-term studies are necessary to elucidate its long-

term application (Van Zijderveld et al. 2011a; Hristov et al. 2013a). Furthermore, as nitrate contains 

less nitrogen than urea, supplementation rate would have to be increased which would increase overall 

production costs (Callaghan et al. 2014). Another important consideration with feeding nitrate to 

ruminants, is that nitrite is an intermediary in nitrate reduction to ammonia (Zhou et al. 2012; Mamvura 

et al. 2014). In some circumstances, the amount of nitrite produced will exceed the conversion rate of 

nitrite to ammonia allowing nitrite to accumulate in the rumen and absorb through the rumen walls to 

the bloodstream (Van Zijderveld et al. 2010; Hristov et al. 2013a; Callaghan et al. 2014). In the 

bloodstream, nitrite oxidises haemoglobin to methaemoglobin thus interfering with its capacity to 

transport oxygen and leading to a condition known as methaemologbinemia (Morris et al. 1958). 

Methaemologbinemia causes hypoxia of tissues and can be fatal (Van Zijderveld et al. 2010; Callaghan 

et al. 2014; De Raphélis-Soissan et al. 2014). It has been suggested, that there are several factors 

involved in the occurrence of nitrite toxicity, such as the amount of nitrate intake, the pattern of nitrate 

intake and the adaptation of the rumen microorganisms to nitrate (Parkinson et al. 2010; Callaghan et 

al. 2014). Therefore, it has been proposed that controlling the supplement intake of the animals would 

help to prevent an excessive intake (Hristov et al. 2013a). Furthermore, a gradual introduction of the 

animals to the dietary nitrate would allow rumen microorganisms adapt to the nitrate and reduce the 

risk of nitrite toxicity (Leng 2008; Van Zijderveld et al. 2011a; Patra 2014). However, this is not always 

the case, as De Raphélis-Soissan et al. (2014) found that methaemoglobin levels increased despite an 

adaptation period. Therefore, encapsulating nitrate is another strategy that has been proposed to reduce 

the risk of nitrite toxicity. Encapsulating the nitrate would lead to a slower release rate of nitrate in the 

rumen, however further research is necessary before it can be implemented (Mamvura et al. 2014). In 

Australia, businesses can follow approved methods to generate Australian carbon credit units (ACCU) 

and then by selling these credits to the Emissions Reduction Fund (ERF), they can generate revenue. 

One of the methods approved by the ERF is feeding nitrate to beef cattle (Comlaw, 2014; Cottle et al. 

2016).  

 

Nitrooxypropanol (3-NOP) 

Methyl-coenzyme M reductase is the enzyme responsible for the reduction of carbon dioxide to methane 

in the final step of methanogenesis (Duval and Kindermann 2014; Reynolds et al. 2014; Martinez-

Fernandez et al. 2014). Compounds such as 3-NOP have the capacity to inhibit the function of methyl-
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coenzyme M reductase and have therefore been suggested as feed additives with the potential to reduce 

enteric MP (Kumar et al. 2014; Reynolds et al. 2014). Martinez-Fernandez et al. (2014) reported in vitro 

reductions in MP of up to 95% by incubating 40 and 80 μL/L of 3-NOP and in vivo reductions of 24% 

by supplementing sheep diets with 100 mg/d of 3-NOP over a 30-d period. Additionally, Haisan et al. 

(2014) observed reductions of 60% in MP by supplementing dairy cow diets with 2500 mg/d of 3-NOP. 

Romero-Pérez et al. (2014) also observed a reduction in MP of 33% when the diet of Angus heifers, 

with an average body weight (BW) of 549 kg, was supplemented with 4.5 mg of 3-NOP per kg of BW. 

However, not all studies have been consistent in their findings. Reynolds et al. (2014) reported a 

reduction in MP of only 10% when dairy cow diets were supplemented with 500 mg/d of 3-NOP, and 

this response was not dose dependent as 2500 mg/d of 3-NOP reduced MP by only 7% when compared 

to the control.  

 

It has been hypothesized that 3-NOP causes an initial strong effect on MP and that it is then 

absorbed or metabolized which dilutes its effect on MP. The effect will therefore depend on the method 

of delivery, as 3-NOP can be either administered directly once per day or mixed with the diet (Hristov 

et al. 2013a; Martinez-Fernandez et al. 2014; Reynolds et al. 2014). However, research by Hristov et 

al. (2015) reported reductions of 30% in MP by supplementing cow diets with 40-80 mg/kg DM, the 

reduction began two weeks after introducing 3-NOP in the diet and persisted for the entire 12-week 

study period. These reports suggest that 3-NOP has the potential to be an effective inhibitor of MP. 

However, further research is necessary to determine ideal dosage amounts and delivery methods in 

order to achieve a reduction in MP that is maintained over time and does not negatively impact digestion 

in animals under grazing conditions (Martinez-Fernandez et al. 2014; Reynolds et al. 2014). Currently 

(February 2019), 3-NOP has not yet been approved by the United States Food and Drug Administration 

(FDA) for use as a feed supplement for food producing animals. Furthermore, in Australia, the 

Australian Pesticides and Veterinary Medicines Authority (APVMA) has not yet approved 3-NOP for 

use as a feed supplement for animals used to produce human food. This regulatory requirement 

effectively means that if 3-NOP were to be fed to dairy cows in an experiment in Australia, the milk 

and meat from the animals would have to be discarded. At the present time, this effectively prevents in 

vivo experiments with 3-NOP in Australia. Nevertheless, if 3-NOP is approved by both the FDA and 

the APVMA, then it is likely to be used as an animal feed supplement based on the fact that it has been 

shown to increase bodyweight gain in dairy cows by approximately 1 kg week Hristov et al. (2015). 

 

3. Conclusions of the literature review 

Methane is a potent greenhouse which has an important contribution to climate change, and ruminants 

produce methane as a by product of enteric fermentation. In this context, MP in ruminants represents a 

source of GHG emissions and also a dietary inefficiency for ruminant production systems. Several 

strategies with different approaches have been proposed and investigated for their methane mitigating 
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effects and have reported a wide range of responses. One of the approaches that has reported effective 

results has been to feed methane mitigating agents such as fat, nitrate and 3-NOP. However, most 

research conducted with these methane mitigating agents have used basal diets that contained corn and 

barley grain, and there are no studies that examine these methane mitigating agents in basal diets that 

contain wheat grain. Furthermore, although these methane mitigating agents have shown promising 

results in decreasing enteric MP, their effect on whole farm GHG emissions has not been investigated.  
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ABSTRACT

In previous studies using Ankom GP vented in vitro sys-
tems (Ankom Technology, Macedon, NY), methane pro-
duction was estimated from gas production (GP) and a 
single gas sample from the incubation vessel’s headspace 
at the end of the incubation. An accurate method requires 
measurement of methane in the incubation vessel’s head-
space and in the gases vented over the incubation period. 
This research aimed to determine whether the act of col-
lecting the gas vented from the Ankom GP system in-
fluenced the estimation by the Ankom GP system of the 
volume of gas produced or the composition of the gas pro-
duced. A method involving collecting gas through a long 
(304 cm), narrow (1 mm i.d.) gas line estimated greater 
GP than a control method not involving collection of gas. 
A method involving collecting gas through a short (22 
cm), wide (4 mm i.d.) gas line did not affect headspace 
methane percentage or estimates of GP. It is concluded 
that in vitro methane production can be accurately esti-
mated by using the Ankom GP system together with col-
lection of vented gases into gas collection bags, but only if 
the Ankom GP system is connected to the gas collection 
bag via a short, wide gas line.

Key words: Ankom gas production system, gas collection 
technique, ruminant, methane

INTRODUCTION
Methane production (MP) from ruminants may be es-

timated using in vitro methods (Getachew et al., 1998). 
Previous work using vented Ankom GP in vitro systems 
(Ankom Technology, Macedon, NY) involved venting gas 
from the module when the pressure increased above a set 
limit, taking a gas sample from the module’s headspace at 
the conclusion of the incubation period, and multiplying 

the methane percentage (CH4%) in that sample by the 
gas production (GP) to estimate MP (Xu et al., 2010; Du-
bois et al., 2013; Machado et al., 2014). However, simple 
multiplication of the final headspace CH4% by the total 
gas volume vented does not account for the changing pro-
portion of CH4% in the vented gas during the course of 
the incubation and can lead to errors when estimating MP 
(Hannah et al., 2016).

Collecting the vented gas in a gas collection bag would 
allow sampling of all the gas produced. This approach 
would appear by definition to be the gold standard meth-
od for quantifying MP when using the Ankom GP system. 
However, when this approach was first implemented, the 
researchers did not independently measure the volume of 
gas vented into the gas collection bags, but instead, they 
used the volume of gas produced as estimated by the pres-
sure recordings of the Ankom GP system (Cattani et al., 
2014). The validity of this approach depends on 2 assump-
tions: (1) that the act of collecting vented gas into gas 
collection bags does not affect the accuracy of the Ankom 
GP system for measuring the volume of gas produced dur-
ing fermentation; and (2) that the act of collecting vented 
gas into gas collection bags does not affect the fermenta-
tion process and influence headspace methane percentage 
(HSCH4%). Therefore, this research aimed to validate 
the use of the Ankom GP system together with collection 
of vented gases in gas collection bags as a means for mea-
suring in vitro MP.

We hypothesized that connecting a gas line to the sys-
tem’s venting tube would (1) affect the estimations by the 
Ankom GP system of the volume of GP and (2) lead to a 
change in the HSCH4% in the incubation vessel.

MATERIALS AND METHODS
In this study, cows were cared for in accordance with 

the Australian Code of Practice for the Care and Use of 
Animals for Scientific Purposes (NHMRC, 2013). Animal 
use was approved by the Animal Ethics Committee of the 
Department of Economic Development, Jobs, Transport 
and Resources, Victoria.
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Exp. 1
This initial experiment studied the effect of 3 meth-

ods for managing the vented gas and 3 different venting 
thresholds. The experiment was conducted over 2 in vitro 
runs; in each run, each combination of vented gas method 
and venting pressure was tested in quadruplicate.

The experiment involved yeast fermentation and aimed 
to determine whether collection of vented gases in gas 
collection bags influenced the volume of gas produced 
as estimated by the Ankom GP system. Yeast (300 mg), 
sugar (0.5 g), and distilled water (100 mL) were placed 
in 310-mL incubation bottles, following the standard An-
kom validation test procedure in which yeast and sugar 
react under anaerobic conditions to produce ethanol plus 
CO2 (Shiotani and Yamane, 1981; Ankom, 2016). In the 
normal operation of the Ankom GP system, the Ankom 
GP module is placed on the top of the incubation bottle, 
and gas is vented through a silicon exhaust port on the 
side of the module. To collect vented gases, the module’s 
silicon exhaust port was connected to a gas collection 
bag via a gas line, a 3-way stopcock (Model MGT110000; 
Vitalmed, Kingsgrove, NSW, Australia), and a 16-gauge 
needle (1.194 mm i.d.; Vitalmed). All connections were 
sealed with high-vacuum silicon grease, and the modules 
and bottles were purged with CO2 before being placed in 
a water bath maintained at 39°C. The gas collection bags 
had a capacity of 400 mL and were manufactured in house 
using a 3-layered gas-impervious foil (Code 1 MAC-15UM 
Nylon/9UM Foil/80UM LLDPE; Wests Packaging Servic-
es P/L, Carrum Downs, Vic, Australia). A small quantity 
of plumber’s silicon (Selleys Roof and Gutter Speed Seal 
Silicone; Selleys, Padstow, NSW, Australia) was placed 
on 2 corners of each gas collection bag to act as septa, 
enabling needle access to each gas collection bag (after 
Moate et al., 2013).

Samples were incubated for 24 h using 3 methods for 
managing the vented gas: (1) the Ankom standard op-
erating procedure in which vented gas was not collected 
(SOP); (2) a procedure similar to SOP except gas was 
vented through a short gas line (22 cm) with a wide i.d. 
(4 mm) and the gas was collected in a gas collection bag 
(CSW); and (3) a procedure similar to SOP except gas 
was vented through a long gas line (304 cm) with a narrow 
i.d. (1.0 mm) and the gas was collected in a gas collection 
bag (CLN). Each combination of method for managing 
the vented gas and treatment was replicated in 8 bottles 
over 2 in vitro runs.

The gas lines selected were chosen because of their low 
cost, availability, and practicality for use with the Ankom 
GP system. The short, wide gas lines were made of poly-
thene, had an internal volume of 2.8 mL (Extension Line 
Type Heidelberger; Braun, Bella Vista, NSW, Australia), 
and placed the gas collection bags as close as possible to 
the incubation vessels. The long, narrow gas lines were 
made of polythene, had an internal volume of 2.4 mL (CO2 
Sampling Line CoExPE/PVC M/M Luers; Westmed, Tuc-

son, AZ), and were used to place the gas collection bags 
away from the incubation baths.

Three different venting thresholds (4.13, 5.51, and 6.89 
kPa above the starting pressure) were used to test each 
method of managing vented gas. When the pressure in 
the vessel headspace reached the threshold pressure, an 
internal valve opened for 1 s to release the gas produced. 
The Ankom GP system has been used in previous studies 
with the venting threshold pressure set at 6.89 kPa (Russo 
et al., 2017); the other pressures, 5.51 and 4.13 kPa, were 
chosen because they represent a gradual decrease from 
6.89 kPa. Venting threshold pressures below 4.13 kPa were 
not used because the identification of each venting be-
comes difficult.

Cumulative pressure measured by the Ankom GP mod-
ules was converted to units of volume using the ideal gas 
law and Avogadro’s law to calculate GP for each module 
(Ankom, 2016).

 PV = nRT, [1]

where P = pressure in psi (1 psi = 6.8948 kPa), V = 
gas volume (mL), n = quantity of gas in moles, R = gas 
constant (8.1345 L kPa/K·mol), and T = temperature in 
Kelvin. Using Avogadro’s law where 1 mol of gas will oc-
cupy 25.6 L at 39°C (312 Kelvin) with pressure converted 
to kilopascals (1 psi = 6.8948 kPa), gas measured in moles 
can be converted to gas measured in milliliters as follows:

 GP = Vj × P × 6.8948/8.3145 × 312 × 25.6. [2]

Thus, shortening Equation 2 gives

 GP = Vj × P × 0.06641, [3]

where GP = gas production (mL), Vj = headspace volume 
(mL), and P = cumulative pressure recorded by Ankom 
gas monitor system software.

Exp. 2
A second experiment involved the fermentation of 2 

feeds with ruminal fluid and was principally concerned 
with determining whether collection of vented gases in 
gas collection bags influenced the CH4% present in the 
headspace of the Ankom GP system at the end of a 24-h 
incubation. Each combination of substrate and method 
(SOP or CSW) was replicated 4 times in each of the 2 in 
vitro runs.

Ruminal fluid was collected from 2 nonlactating, rumen-
cannulated (www .rumencannula .com), Holstein-Friesian 
cows that grazed perennial ryegrass (Lolium perenne L.) 
dominant pasture. Collection occurred 1 h before morn-
ing feeding. The ruminal fluid was collected from multiple 
sites in the rumen using a copper pipe and a 100-mL sy-
ringe. One liter of ruminal fluid was collected from each 
cow, and ruminal fluids from both cows were mixed in 2-L 
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glass bottles that had been prewarmed to 39°C and then 
transported to the laboratory over a 1.5-h period in an in-
cubator (Thermoline laboratory incubator, Thermo Fisher 
Scientific Inc., Scoresby, Vic, Australia) set at 39°C (Rob-
inson et al., 1999; Russo et al., 2017). Before incubation, 
the ruminal fluid was filtered through 4 layers of cheese-
cloth to remove particles. During the filtering process, the 
fluid was under constant flow of CO2.

Alfalfa hay (Medicago sativa L.) or wheat (Triticum aes-
tivum L.) (1 g; Table 1) was incubated for 24 h in 25 mL 
of ruminal fluid and 75 mL of Kansas State buffer solu-
tion (pH 6.8) in 310-mL serum bottles equipped with an 
Ankom GP module, leaving 210 mL of headspace volume. 
The Kansas State buffer solution consisted of solution A 
containing (per liter of distilled water) 10 g of KH2PO4, 0.5 
g of MgSO47H2O, 0.5 g of NaCl, and 0.1 g of CaCl2H2O. 
Solution A was brought to a pH of 6.8 by adding solu-
tion B, which contained (per liter of distilled water) 150 
g of Na2CO3 and 10 g of Na2S9H2O (Marten and Barnes, 
1980). Each feed was analyzed for determination of starch, 
NDF, ADF, CP, and ash according to the procedures of 
Dairy One (2015). The headspace was flushed with CO2 
before the start of the experiment. The incubation bottles 
were placed in water baths set at 39°C. Ruminal fluid was 
measured for pH (Ecoscan pH +5; Eutech Instruments, 
Vernon Hills, IL) before and immediately after incubation. 
Incubations were conducted, and vented gases were either 
not collected (SOP) or collected by the CSW method as 
described for Exp. 1. Based on the results from Exp. 1, the 
CLN method was discarded for Exp. 2. In addition to the 
above treatments, 6 control or “blank” bottles consisting 
of buffer solution and ruminal fluid but no feed substrate 
were also incubated. These blank incubations were used 
to correct for GP from the fermentation of residual feed 
particles remaining in the ruminal fluid.

At the end of the 24-h incubation period, an air-tight 
glass syringe (SGE International Pty Ltd., Ringwood, Vic, 
Australia) with a capacity of 20 mL with attached needle 
was used to collect a gas sample from the headspace of 

each module and a sample from each of the gas collection 
bags, and these gas samples were transferred into separate 
Exetainers (12-mL vacuum soda glass vial; Labco Ltd., 
Buckinghamshire, UK). Methane and CO2 percentages in 
the samples of headspace gas and in the gas collected in 
the gas collection bags were determined by gas chroma-
tography (GC). Briefly, a gas chromatograph (7890A Agi-
lent, Santa Clara, CA) fitted with an autosampler (Gilson 
GX-271, Gilson Inc., Middleton, WI), and equipped with 
a HayeSep N 80/100 mesh pre-column (0.5 m × 3 mm 
stainless steel, Agilent), a Porapak QS 80/100 mesh col-
umn (2 m × 3 mm stainless steel, Agilent), and a flame 
ionization detector, was used. The injector and GC oven 
were maintained at 70°C. Interpretation of GC results was 
via 7 standards (Air Liquide, Air Liquide Australia, Mel-
bourne, Vic, Australia) consisting in 0, 25, 50, 100, 150, 
200, and 250 g/kg of CH4, with the remaining gas being 
nitrogen; standards had a purity of 99.95%. The calibra-
tion curve was developed based on the standards with a 
calibration regression of R2 >0.99. Ultra high purity he-
lium (999.99 g/kg He) was used as the carrier gas with a 
flow rate was 1.4 mL/min. The other operating gases of 
the GC were nitrogen and air.

Cumulative pressure measured by the Ankom GP mod-
ules was converted to units of volume using the process 
described in Exp. 1. Methane production was calculated 
through the formula

 MP = [(HSV × HSCH4%)/100]   

 + [(VGV × VCH4%)/100], [4]

where MP = CH4 production (mL), HSV = headspace 
volume (mL), HSCH4% = CH4 percentage (by volume) in 
headspace, VGV = vented gas volume (mL) also called gas 
production (GP), VCH4% = CH4 percentage (by volume) 
in vented gas (Cattani et al., 2014).

Statistical Analysis
Number of ventings were calculated in R 3.2.3 with un-

published R package, Invitro (see Hannah et al., 2016) 
under RStudio (version 0.99.491 Integrated Development 
for R, RStudio Inc., Boston, MA). The statistical analysis 
was performed with the Gentstat statistical package (64 
bit Release 16.1; VSN International, Hemel Hempstead, 
UK). The experimental unit was the Ankom GP module 
plus its bottle (Bello et al., 2016). Data from Exp. 1 were 
analyzed by ANOVA with factorial treatment structure 
for gas collection method and venting pressures and block-
ing structure of run and bottle within run using the fol-
lowing model:

 Yijlk = μ + Rk + αi + βj + αβij +  εijlk, [5]

where Yijlk = dependent variable for run k bottle l, μ = 
overall mean, Rk = run k, αi = gas collection method i, βj 
= venting pressure j, αβij = interaction between gas col-

Table 1. Composition of feeds used in Exp. 2

Composition1 (g/kg of DM) Wheat Alfalfa hay

CP 145 178
Soluble protein (% CP) 33.0 38.6
ADF 32 369
aNDFom 87 460
Lignin 14 93
NFC 725 244
Starch 603 15
Ash 21 90
Crude fat 21.8 27.6

1aNDFom = NDF determined on an OM basis; NFC = 
nonfiber carbohydrates.
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lection method and venting pressure, and εijlk = residual 
error.

Data from Exp. 2 were analyzed by ANOVA with gas 
collection method and substrate as treatment factors; 
GP, MP, HSCH4%, and postfermentation pH as depen-
dent variables; and a blocking structure of run and bottle 
within run using the following model:

 Yijlk = μ + Rk + αi + δj + αδij +  εijlk, [6]

where Yijlk = dependent variable for run k bottle l, μ = 
overall mean, Rk = run k, αi = gas collection method i, 
δj = substrate j, αδij = interaction between gas collection 
method and substrate, and εijlk = residual error.

For Exp. 1 and 2, statistical significance was declared 
when P ≤ 0.05.

RESULTS AND DISCUSSION

Exp. 1
Gas production estimated with the SOP method for 

managing the vented gas was not different (P > 0.05) 
from that estimated using the CSW method, but both es-
timated less (P < 0.05) GP than the CLN method (Table 
2). This was observed at all venting thresholds. Therefore, 
we reject our first hypothesis that connecting a gas line to 
the system’s venting tube would affect the estimations by 
the Ankom GP system of the volume of GP, as it is not 

true in all cases. There was no effect (P > 0.05) of vent-
ing threshold on GP nor interaction between gas collec-
tion method and venting threshold. In addition, number of 
ventings that occurred during fermentation using the SOP 
method were not different (P > 0.05) from the number of 
ventings that occurred with the CWS method, but both 
had less (P < 0.05) ventings than the CLN method. There 
was no effect (P > 0.05) of venting threshold on number 
of ventings nor interaction between gas collection method 
and venting threshold. Thus, gas production estimated by 
the Ankom GP system was not affected by connecting a 
short, wide gas line to the exhaust tube of the system. 
However, GP estimation from the Ankom GP system was 
affected when a long, narrow gas line was used. Our find-
ings indicate the assumptions of Cattani et al. (2014) are 
valid, but only when the gas line does not affect the flow 
of gas from the fermentation bottle.

The minimum pressure recorded during fermentation us-
ing the SOP method was not different (P > 0.05) from 
that observed using the CWS method. It was also not 
different (P > 0.05) from the CLN method at venting 
threshold pressures 4.13 and 5.51 kPa. However, at a vent-
ing threshold pressure of 6.89 kPa and for the mean of the 
3 pressures, the SOP method presented a lesser (P < 0.05) 
minimum pressure than the CLN method. Furthermore, 
in a typical example of absolute pressure recordings made 
by the Ankom GP system under methods SOP, CSW, and 
CLN (Figure 1), it can be observed that with the SOP and 

Table 2. Exp. 1: Influence of 3 gas collection methods1 on fermentation parameters when sugar and yeast were incubated for 
24 h in an Ankom GP in vitro system2

Venting threshold (kPa)

Method

SED3

P-value

SOP CSW CLN Method Pressure Interaction

Total gas produced (mL)
 4.13 116a 113a 126b 2.8 0.002   
 5.51 112a 112a 126b 1.9 <0.001   
 6.89 113a 115a 120b 2.8 0.03   
 Mean 115a 114a 125b 2.5 <0.001 0.38 0.16
Number of ventings
 4.13 59a 58a 74b 6.7 0.02   
 5.51 61a 63a 79b 6.5 0.04   
 6.89 61a 55a 91b 9.6 0.005   
 Mean 60a 59a 81b 8.7 <0.001 0.54 0.43
Minimum pressure recorded (kPa)
 4.13 102.6 102.7 103.1 0.65 0.65   
 5.51 102.6 103.0 103.0 0.42 0.43   
 6.89 102.0a 102.7a 103.8b 0.52 0.01   
 Mean 102.4a 102.8ab 103.3b 0.32 0.02 0.98 0.44

a,bMeans within a row followed by different superscripts are significantly different (P < 0.05).
1SOP = gas not collected; CSW = gas collected through a short, wide gas line; CLN = gas collected through a long, narrow 
gas line.
2Ankom Technology (Macedon, NY).
3SED = SE of the difference. 
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the CSW methods, there was a drop in absolute pressure 
with each venting. However, with the CLN method this 
drop in absolute pressure was less marked. One issue that 
must be considered is that the flow of vented gases out 
of such a system might be impeded, because the Hagen-
Poiseulle law states that the diameter and length of the 
gas line affect gas flow (Vennard and Street, 1982). The 
Hagen-Poiseulle law states that the flow of fluid or gas in 
pipes is inversely proportional to the pipe length and di-
rectly proportional to the pipe diameter and the pressure 
difference from one end of the pipe to the other (Vennard 
and Street, 1982). Therefore, it is likely that the long, thin 
gas line (CLN) restricted the flow of gas from the fermen-
tation bottles, as evidenced by less change in pressure for 
CLN. This effect was seen as smaller drops in pressure 
during venting and more ventings using the CLN method 
compared with the other methods (Figure 1).

Based on this, we deduce that the rate of gas flow from 
the headspace during each 1-s release period must have 
been less for the CLN method than the other methods due 
to back pressure being created in the long, thin gas line. 
We postulate that because the Ankom GP system relies on 
pressure recordings in the module’s headspace for GP cal-
culation (Equation 3), this may have resulted in progres-
sive and cumulative errors in GP estimation. It was also 
observed that the decline in absolute pressure after each 
venting in the CSW method was also less marked than in 
the SOP method, suggesting that this method also caused 
some degree of resistance to the venting of gas. However, 
this resistance did not appear to be large enough to cause 
errors in GP estimation. Thus, it is possible and practi-
cal to collect the vented gas from the Ankom GP system 
for MP measurement without interfering with GP estima-
tion based on pressure recordings. However, care should 
be given to the connecting gas line used between the gas 
collection bag and the Ankom GP system because long, 
thin gas lines can induce errors in GP estimation.

Exp. 2
There was no difference (P > 0.05) in GP, HSCH4%, or 

postfermentation pH of the incubation medium between 
the SOP and the CSW methods (Table 3). Therefore, we 
reject our second hypothesis that connecting a gas line 
to the system’s venting tube would lead to a change in 
the HSCH4% in the incubation vessel. Alfalfa fermenta-
tion had lesser (P > 0.05) GP, MP, and HSCH4% and had 
a greater (P < 0.05) pH than the wheat fermentation. 
There was no interaction (P > 0.05) between gas collec-
tion method and incubation substrate. It was not possible 
to calculate total MP from the SOP method because this 
method has no gas bag attached, and it is, therefore, not 
possible to collect and sample the vented gas. In some pre-
vious in vitro studies, it has been shown that if the venting 
of fermentation gas was impeded or prevented, then this 
could cause an increase in dissolved CO2 into the rumen 
fluid and consequently affect HSCH4% (Getachew et al., 

1998; Laporte-Uribe, 2016; Wang et al., 2016). However, 
in the present research, CH4% of the gas in the headspace 
of the incubation vessel was not affected by the connection 
of a short, wide gas line to the exhaust tube of the Ankom 
GP system. This finding also provides additional evidence 
that gas flow was not impeded by the CSW method. Sev-
eral methods not involving the Ankom GP system have 
been developed to measure MP from vented in vitro sys-
tems (Pellikaan et al., 2011; Ramin and Huhtanen, 2012). 
However, these methods require collection of up to 12 
samples of the headspace gas during the course of the 
incubation and subsequent GC analysis of these samples. 
This requires either collocation of the GC in the in vi-
tro laboratory or the posterior analysis of stored samples. 

Figure 1. Typical examples of absolute pressure recordings 
from an Ankom gas production system (Ankom Technology, 
Macedon, NY) when gas was not collected (top); collected 
through a short, wide gas line (middle); and collected through a 
long, narrow gas line (bottom).
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In either case, the analysis of multiple samples can be a 
costly exercise. The finding that there were no differences 
in results obtained for the SOP and CSW methods, even 
when widely different substrates were used in the fermen-
tation, supports the conclusion that the measurement of 
MP by collecting vented gases in gas collection bags and 
using Equation 4 can be applied generally to all feed sub-
strates.

IMPLICATIONS
Neither GP estimated by an Ankom GP system nor 

HSCH4% of the incubation vessel were affected by con-
necting a short, wide gas line to the exhaust tube of the 
system. This means a short, wide gas line can be used to 
direct gas vented from an Ankom GP system into a gas 
collection bag for capture and later analysis without af-
fecting estimations of GP based on pressure readings, or 
in vitro fermentation parameters over a 24-h fermenta-
tion period. However, long, thin tubing should be avoided 
because it restricts the escape of gas from the headspace 
of the incubation vessel, resulting in an overestimation of 
GP.
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Comparison of fivemethods for the estimation
of methane production from vented in vitro
systems
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Abstract

BACKGROUND: There are several methods for estimating methane production (MP) from feedstuffs in vented in vitro systems.
Onemethod (A; ‘gold standard’)measuresmethane proportions in the incubation bottle’s headspace (HS) and in the vented gas
collected ingasbags. Fourothermethods (B,C,DandE)measuremethaneproportion inasinglegas sample fromtheHS.Method
B assumes the samemethane proportion in the vented gas as in the HS,method C assumes constantmethane to carbon dioxide
ratio, methodD has been developed based on empirical data, andmethod E assumes constant individual venting volumes. This
study aimed to compare theMPpredictions from thesemethods to that of the gold standardmethodunder different incubation
scenarios, to validate thesemethods based on their concordance with a gold-standardmethod.

RESULTS:MethodsC,D andEhadgreater concordance (0.85, 0.88 and0.81), lower root-mean-square error (RMSE; 0.80, 0.72 and
0.85) and lowermeanbias (0.20, 0.35,−0.35)with the gold standard thandidmethodB (concordance 0.67, RMSE1.49 andmean
bias 1.26). Methods D and E were simpler to perform thanmethod C, andmethod Dwas slightly more accurate thanmethod E.

CONCLUSION: Based on precision, accuracy and simplicity of implementation, it is recommended that, when method A cannot
be used, methods D and E are preferred to estimate MP from vented in vitro systems.
© 2018 Society of Chemical Industry

Keywords: in vitro fermentation; methane estimation; vented in vitro systems; Ankom GP; ruminants

INTRODUCTION
Methane is a potent greenhouse gas with a global warming
potential that is 34 times greater than that of carbon dioxide.1,2

The livestock sector is responsible for producing approximately
15% of global greenhouse gas (GHG) emissions.3–5 Currently,
80% of the GHG emissions generated by livestock consist of
methane from enteric sources.5,6 Enteric methane is produced
when ingested plant compounds are fermented in the rumen
to produce intermediary products such as carbon dioxide and
hydrogen, which are then captured by the rumen methanogens
and converted to methane, and this is then excreted mostly by
eructation.7–9

Several strategies have been proposed for reducing enteric
methane production (MP), and in order to assess these strategies
it is important to accurately quantify MP.10,11 In vitro fermentation
is a fast and low-cost method to screen feeds and feed additives
for their methane mitigation potential.10,12,13 The in vitro method
involves incubating ruminal fluid with the desired substrate, a
buffering solution along with the desired methane mitigant in
a culture bottle kept at 39 ∘C; total gas production (GP) is then
measured and gas samples are taken to bemeasured for methane
proportion to enable the estimation of MP.11,14

Vented in vitro systems have become popular for studies mea-
suring MP.15,16 Vented systems periodically release fermented gas
from the system to prevent build-up of excessive gas pressure

and thus prevent gas from diffusing into the ruminal fluid and
inhibiting the fermentation and GP process.17–19 In most in vitro
systems, in order to ensure an anaerobic fermentation, carbon
dioxide is used to flush the headspace and incubation medium
prior to the start of the incubation.10 Thus, during early incuba-
tion, the headspace gas and vented gas mostly comprise the car-
bon dioxide that was used to flush the system. As the incubation
progresses and fermentation gas is produced, the proportion of
methane in the headspace gas (HSCH4) and in the vented gas
(VCH4) increases.

20 Thus, the changing proportions of HSCH4 and
VCH4 complicate the measurement of MP from vented systems.
The gold-standardmethod for estimating MP involves measure-

ment of total GP collection of all the vented gas in a gas-tight col-
lectionbag andmeasurement ofHSCH4 andVCH4.

19 Fourmethods
that use a single gas sample taken from the headspace at the end
of the incubation have been proposed.21–23 One of thesemethods
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involves estimatingMP as the sumof the headspace gas volume in
the incubation vessel, plus the volume of gas produced,multiplied
by the proportion ofmethane in the headspace at the termination
of the incubation.21 Two of these methods are calculated through
algorithms and rely on the assumption of a constant methane
to carbon dioxide ratio.23 A fourth method involves an empiri-
cal equation for predicting MP.22 To our knowledge, there are no
studies that have compared these differentmethods and tested or
ranked their agreement against the gold-standard method under
a wide range of incubation scenarios.
The work reported here aimed to compare the MP predictions

of a series of methods that use a single headspace sample with
the MP measured by the gold-standard method under a wide
variety of different incubation scenarios, in order to validate these
methods by evaluating their concordance with a gold-standard
method. It was hypothesized that MP estimation from the four
methods relying on a single headspace gas sample would be
concordant with the gold standard (method A), but that some
methods would be more closely concordant than others. Since
such methods require assumptions about the pattern of methane
mixing ratio throughout fermentation, it was further hypothesized
that discordance would depend on substrate material as well as
measurement error associated with individual units.

MATERIALS ANDMETHOD
All experiments involving sampling of ruminal fluid from rumen
cannulated cows were approved by the Animal Ethics Committee
of the Department of Economic Development Jobs Transport
and Resources – Victoria. Cows were cared for according to the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (https://www.nhmrc.gov.au).

Methods for estimatingMP

Method A was considered the gold standard, since it involved
collecting all the vented gas in a gas-tight gas collection bag,
measuring the volume of gas vented and measuring HSCH4 and
VCH4.

19 MP (mL) was calculated as follows:

MP =
(
HSV × HSCH4

)
+
(
VGV × VCH4

)
(1)

where HSV (mL) is the headspace volume, HSCH4 (L L
−1) is the

methane proportion (also called mixing ratio) in the headspace,
VGV (mL) is the total vented gas volume (which was also called
total GP), and VCH4 is the methane proportion in the vented gas.
For method B, the proportion of HSCH4 was multiplied by the

sum of the incubation bottle’s headspace volume and the total
volume of GP:21

MP = (HSV + GP) × HSCH4 (2)

Method C assumed that the ratio of methane to carbon dioxide
in the fermentation gas remained constant during the course of
the fermentation; by using the history of venting volumes, itmath-
ematically inferred the proportion of VCH4 from the proportion of
HSCH4 at the end of the fermentation:

23

MP =
HSCH4

Kn
× (GP + A) (3)

where Kn is a scaling constant designed to adjust for the gradual
increase in methane concentration in the headspace as fermen-
tation proceeds. Kn was calculated sequentially using headspace

pressure data as follows: K0 = 0, Ki = ri × Ki − 1 + si , with ri = Pi/Qi

and si = (Qi − Pi + Pai − Qa)/Qi , i = 1, … , n, where n is the total
number of ventings, P is the headspace pressure at the start of the
venting interval i (e.g. so that P1 was the initial headspace pressure
in the bottle), andQi is the pressure in the headspace at the end of
interval i, just before venting. Thus,Qi > Pi . Pai andQai are the aver-
aged pressures in blank control bottles at the corresponding inter-
val times, so that the difference, Pai − Qai , measures absorbance
during the same intervals.
MethodDwas an empiricalmethoddevelopedusing theAnkom

GP system.22 It also used GP and HSCH4 to estimate MP:

MP = −0.0064 ×
[
HSCH4 × (HSV + GP)

]2
+ 0.9835 ×

[
HSCH4 × (HSV + GP)

]
(4)

Method E was based on a simple equation previously proposed
in the literature.23 It also used the methane proportion in a single
gas sample taken from the incubation bottle’s headspace at the
end of the incubation:

MP =
(
HSCH4 × HSV

)
+
(
0.5 × HSCH4 × GP

)
(5)

Experimental design and treatments

MP using methods A, B, C, D and E was calculated for incubations
carried out in three separate in vitro experiments. In all three
experiments, ground lucerne hay (Medicago sativa) was used as
one of the substrates (Table 1). Cereal grain substrates including
wheat (Triticumaestivum), barley (Hordeumvulgare), and corn (Zea
mays) were used in at least one experiment. The cereal grains
were either ground, crushed or rolled. In these experiments, we
intentionally attempted to obtain a wide range in the amount of
MP in each incubation by choosing different types and amounts
of substrate and by processing the cereal grains by different
methods. In experiment I, two feedswere incubated for 24 h: (i) 1 g
DM of wheat and (ii) 1 g DM of lucerne hay. In experiment II, six
treatments involving two feed types in three different amounts of
feedwere incubated for 24 h: (i) 0.5 g DMof lucerne hay, (ii) 1 g DM
of lucerne hay, (iii) 1.5 g DM of lucerne hay, (iv) 0.5 g DM of wheat,
(v) 1 g DM of wheat and (vi) 1.5 g DM of wheat. In experiment III,
eight treatments involving four different feed types with different
types of processing were incubated for 48 h: (i) 1 g DM ground
lucerne hay, (ii) 1 g DM of ground wheat, (iii) 1 g DM of crushed
wheat, (iv) 1 g DM of ground barley, (v) 1 g DM of crushed barley,
(vi) 1 g DM of rolled barley, (vii) 1 g DM of ground corn and (viii)
1 g DM of crushed wheat. Each incubation was replicated eight

Table 1. Composition of feeds used in the in vitro experiments

Composition (g kg−1 DM)

Component Lucerne hay Wheat Barley Corn

Crude protein 178 145 100 103
Acid detergent fibre 369 32 66 23
Neutral detergent fibre 460 87 173 65
Lignin 93 14 15 9
Non-fibre carbohydrate 244 725 673 779
Starch 15 603 532 691
Ash 90 21 25 15
Crude fat 27.6 21.8 29 37.5

wileyonlinelibrary.com/jsfa © 2018 Society of Chemical Industry J Sci Food Agric 2019; 99: 109–116
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times in a single run. In eachexperiment, incubationsweremade in
two separate in vitro fermentation systems,where each systemwas
composed of independent water baths, transceiver and computer
for data recording.

In vitro fermentations
The in vitro experiment was run using the automated GP system
developed by Ankom (Ankom Technology, New York, USA), as
described in previous studies.24,25 At the end of the incubation
period, a gas sample was collected from the headspace of each
bottle and from the gas bag attached to each Ankom GP module
with the use of a needle and an air-tight glass syringe (SGE Inter-
national Pty Ltd, Ringwood, Vic, Australia), and the gas samples
were transferred into separate Exetainers® (12mL soda glass vial
Labco Ltd, Buckinghamshire, UK). Methane and carbon dioxide
proportions in the samples were determined by gas chromatog-
raphy. Briefly, a gas chromatograph (7890A Agilent, Santa Clara,
CA, USA) fitted with an autosampler (Gilson GX-271, Gilson Inc.,
Middleton, WI, USA), and equipped with a HayeSep® N 80/100
mesh pre-column (0.5m × 3mm stainless steel, Agilent, Santa
Clara, CA, USA), a Porapak® QS 80/100 mesh column (2m × 3mm
stainless steel, Agilent, Santa Clara, CA, USA) and a flame ioniza-
tion detector was used. The injector and gas chromatograph oven
were maintained at 70 ∘C. Interpretation of gas chromatography
results was via seven standards (Air Liquide, Air Liquide Australia,
Melbourne, Vic, Australia) consisting of 0, 25, 50, 100, 150, 200 and
250mL methane per litre of nitrogen; standards had a purity of
99.95%. Ultrahigh purity helium (999.99 g kg−1 He) was used as
the carrier gas.

Statistical analysis

An incubation bottle with its respective Ankom GP module and,
where relevant, its associated gas collection bag was used as the
experimental unit.26 In each experiment, each feed was replicated
eight times. Data were checked for outliers and normality. Across
the three experiments, out of 152 modules, data from nine mod-
ules were removed from the study, two caused by faulty batteries,
five caused by temporary loss of connection between the pressure
transducer and the computer and two caused by faulty modules.
MP estimation through methods A, B, D and E was calculated
using Excel and Eqns (1), (2), (4) and (5) respectively. MP estima-
tion through method C was calculated using Eqn (3) in R Studio
3.2.3 (version 0.99.491 IntegratedDevelopment for R, RStudio, Inc.,
Boston, MA) with an existing R script,23 as this method requires
counting the number of ventings that occur in each incubation
bottle during an incubation. The statistical analyses (analysis of
variance (ANOVA), Lin’s concordance, residual maximum likeli-
hood (ReML), regression analysis and Pearson correlation) for all
experiments were performedwith the Gentstat statistical package
(64 bit Release 16.1, VSN International, Hemel Hempstead, UK). In
each experiment, differences between feeds in MP and in GP were
testedbyANOVAwith substrate as treatment factor and ablocking
structure of system and bottle within system using the model

Yijk = 𝜇 + Sk + 𝛼i + 𝜀ijk (6)

where Yijk is a dependent variable for system k (1 or 2) bottle j
(1–4),𝜇 is the overall mean, Sk is system k, 𝛼i is substrate treatment
i (1–16) and 𝜀ijk is the residual error.
A simple linear regression analysis was performed with GP as

explanatory variate and HSCH4/VCH4 ratio as response variate.

Lin’s concordancewas applied to the pooledMPdata to evaluate
the agreements of methods B, C, D and E with method A, the gold
standard. Lin’s concordance correlation coefficient reflects the
degree to which predicted values adhere to the concordance line
of slope 1.0 through the origin. It consists of a product between
the Pearson correlation coefficient, which reflects precision, and a
bias factor Cb that reflects accuracy.27 The Cb factor accounts for
both mean bias and slope bias. These were estimated separately
by linear regressions using the model

ym − yA = MB + SB ×
(
yA − yA

)
(7)

where ym is the estimated MP by methodm (B, C, D or E), yA is the
Mean MP as estimated by method A, MB is the mean bias, and SB
is the slope bias.
The difference between MP predicted by each method (B, C,

D and E) and actual MP as measured by method A was also
summarized using the root-mean-square error (RMSE). The RMSE
may have contributions due to mean bias, biases due to sub-
strate treatments, and variation associated with individual bot-
tles. To quantify these, components of the MSE (RMSE2) were
calculated separately for each method using a random effects
model (ReML):

Dijk = 𝛿 + 𝜏i + 𝜀ijk (8)

where Dijk are the difference data, ym − yA, between MP estimated
and thatmeasuredbymethodA, 𝛿 is themeandifference (i.e.mean
bias for themethod), 𝜏 i is an effect for substrate treatment i (1–16)
and 𝜀ijk is a deviation for bottle j (1–4) of treatment i and system k
(1 or 2). Both 𝜏 i and 𝜀ijk were fitted as random effects, and variance
components, 𝜎2

𝜏
and 𝜎2

𝜀
, expressed on the square-root scale as

standard deviations, used to summarize variation in bias due to
treatments andbottles respectively. Under thismodel,MSE = 𝛿2 +
𝜎2
𝜏
+ 𝜎2

𝜀
. The significanceof treatment effectswas testedby change

in deviance 𝜒2 on removing 𝜏 i from the model.
The differences, Dijk as defined above, between MP predicted

by each method and the actual MP were also subjected to
the ANOVA under model Eqn (8), and 95% confidence inter-
vals were computed for the treatment means, for graphical
presentation.
Nominal standard errors of treatment means (SEMs) of MP

were summarized from the ANOVAs of MP using an error mean
square pooled from the three experiments as follows: nomi-
nal SEM = 𝜎p/n

1/2
, where 𝜎

2
p =

∑3
i=1 di𝜎

2
i ∕

∑3
i=1 di , where 𝜎

2
i and di

are respectively the residual mean square and residual degrees
of freedom for each experiment, and n = 8 is the replication. The
nominal SEM estimates the incorrect SEM that would be obtained
using method B, C, D or E in practice. In practice, these would be
calculated by ANOVA without reference to the actual MP, as mea-
sured by method A, and the treatment bias would be unknown
and incorrectly assumed zero. Accordingly, and for comparison,
an estimate of the actual SEM was also calculated by including
the variance component for treatment bias 𝜎2

𝜏
in the calculation

of SEM as follows:

actual SEM =

√
𝜎2
𝜏
+

𝜎2p

n
(9)

where 𝜎2p and 𝜎2
𝜏
are as described earlier.

Pearson correlation coefficients were calculated between
the substrate treatment means for each pair of the five
methods.
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Table 2. Methane in headspace gas (HSCH4, %), methane in vented gas (VCH4, %), total gas production (GP, mL), and methane production (MP, mL)
as calculated by method A19 (gold standard) for experiments I, II and III

Substrate Amount (g) HSCH4 (%) VCH4 (%) GP (mL) MP (mL)

Experiment I

Ground lucerne hay 1 3.5 1.2a 82a 8.4a

Ground wheat 1 3.7 2.5b 119b 10.7b

Mean 3.6 1.9 100 9.7
SED 0.16 0.2 3.2 0.2
P value 0.37 <0.001 <0.001 <0.001
Experiment II

Ground lucerne hay 0.5 2.8b 0.6a 36a 6.1a

Ground lucerne hay 1 3.4a 1.0b 72b 7.7b

Ground lucerne hay 1.5 3.5a 1.6c 94c 9.0c

Ground wheat 0.5 3.4a 2.1d 81d 8.9c

Ground wheat 1 3.3a 2.6e 117e 10.1d

Ground wheat 1.5 3.3a 2.6e 132f 10.4d

Mean 3.6 1.9 100 9.7
SED 0.16 0.2 3.2 0.2
P value 0.005 <0.001 <0.001 <0.001
Experiment III

Ground lucerne hay 1 4.3e 2.7cd 93a 11.5bcd

Ground wheat 1 3.2a 1.8a 125cd 8.9a

Crushed wheat 1 3.7bc 3.3de 142e 12.4cd

Ground barley 1 4.0cde 2.0ab 125c 10.7b

Crushed barley 1 4.1de 3.5e 123bc 12.8d

Rolled barley 1 4.0cde 3.3de 120b 12.2cd

Ground corn 1 3.5b 2.6bc 131d 10.8bc

Crushed corn 1 3.9de 3.0cde 148e 12.6d

Mean 3.8 2.8 126 11.5
SED 0.17 0.34 12.3 0.85
P value <0.001 <0.001 0.003 <0.001

Means in the same column followed by different lower-case superscript letters differ (P ≤ 0.05). SED= Standard error of the differences.

RESULTS
Mean data on HSCH4, VCH4, GP and MP for experiments I, II and
III are presented in Table 2. Across all experiments, the mean
HSCH4 was 3.6 ± SD 0.39%, whereas for VCH4 it was 2.2 ± SD
0.86%. MP ranged from 6.1 to 12.6mL. In experiments I and II,
wheat produced more methane than lucerne hay did. However,
in experiment III, wheat produced less methane than lucerne
hay did. In experiment III, ground wheat also produced less
methane than either ground barley or ground corn did, but
crushed wheat, barley and corn all produced similar amounts
of methane. In experiment III, ground wheat, barley and corn all
produced less methane than their corresponding crushed grains
did. In experiment II, MP increased with substrate mass, but was
not commensurate with the increase in mass. The mean ratio of
VCH4/HSCH4 was 0.62 ± 0.209, and this ratio was related to GP
(R2 = 0.685; P < 0.001) (Fig. 1).
Results from the concordance analysis are presented in Table 3.

Methods C, D and E presented a greater concordance in MP with
the gold standard (method A) than method B did. The Pearson
correlation was similar for all methods. The Cb was also similar
for all methods except for method B, which was lower, indicating
greater bias, visible in Fig. 2(a), which accounted for the reduced
concordance observed for this method.
MP estimates for each bottle from the three experiments using

methods B, C, D and E are shown in Fig. 2, eachgraphed againstMP

VCH4/HSCH4 = 0.0057 ± 0.00026 × GP
R2 = 0.685
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Figure 1. Vented gas methane to headspacemethane ratio (VCH4/HSCH4)
against total gas production (GP, mL) from experiments I, II and III.

usingmethodA. The data formethodBwas consistently above the
1:1 line of agreement (P < 0.001) while the data for methods C, D
and E were all distributed about the line of agreement, but with
negative slope biases (each P < 0.005).
Table 4 shows the RMSE and its components estimated under

statistics from the model given by Eqn (6). These summarize the
difference between MP estimated by the methods B, C, D and E
comparedwith actualMP,measured bymethodA. It was observed
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Table 3. Lin’s concordance correlation with confidence interval and its constituent Pearson correlation coefficient and bias correction factor (Cb) of
methane production (mL) calculated with methods B,21 C,23,22 and E23 compared with that of the gold-standard method A19

Method Concordance Lower 95% Upper 95% Correlation Cb

B 0.67 0.59 0.73 0.89 0.74
C 0.85 0.78 0.89 0.85 0.99
D 0.88 0.82 0.91 0.89 0.98
E 0.81 0.74 0.86 0.85 0.95
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Figure 2.Methane production (mL) estimates from the three in vitro experiments using method B21 (a), method C23 (b), method D22 (c) and method E23

(d) against the gold standard method A.19 MB, mean bias; SB, slope bias.

that method B presented a statistically significant (P < 0.001) pos-
itive mean bias that was 0.9–1.0mL methane greater than the
mean biases for methods C, D and E, which varied in statistical
significance (P = 0.085, P = 0.003 and P = 0.014 respectively). The
variance components for treatment were significant (P < 0.001)
under all methods B, C, D and E. The square roots of these are
shown in Table 4 as standard deviations, and they indicate that
variation in bias of up to about ±1mL methane (i.e. two standard
deviations) was associated with substrate treatments, in addition
to the mean bias for each method. The residual standard devia-
tions were of a similar order of magnitude to one another under

the different methods and were generally similar, though slightly
larger than standard deviations due to treatment.
Figure 3 illustrates the bias associated with each incubation

substrate. The mean bias differed between methods. Method
B presented a greater bias than the other methods across all
substrates, and method E had a slightly negative mean bias. The
bias also depended on substrate, and the pattern of dependence
was similar though not identical for the four methods. Barley
presented the greatest bias inmethod B, wheat and barley had the
greatest bias in method C, barley had the greatest bias in method
D, and wheat had the greatest (negative) bias in method E.
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Table 4. Summary statistics from analysis of the difference between
estimated methane production (mL) by each method B,21 C,23 D22

and E23 and actual methane production (mL) measured by method
A.19 The model applied to the difference data comprised a mean bias,
root-mean-square-error (RMSE) and random effects for incubation
treatment and for bottle summarised here by their standard deviation
(SD) and residual standard deviation (RSD) respectively

Method
Mean bias

(mL methane) RMSE

SD of
incubation 𝜎𝜏
(mL methane)

RSD of bottle 𝜎𝜀
(mL methane)

B 1.26 1.45 0.37 0.62
C 0.20 0.82 0.55 0.57
D 0.35 0.74 0.41 0.51
E −0.35 0.84 0.57 0.51

Table 5 shows correlations between the substrate treatment
means for the five methods. Correlations between methods B, C,
D, and E were all above 0.88. The correlations between each of
thesemethods andmethodAwere between 0.88 and 0.93. Table 4
also shows the nominal SEM and actual SEM allowing for a random
treatment bias. The actual SEM ranged from 31% to 89% larger
than the nominal SEM.

DISCUSSION
In the three in vitro experiments used in this study, there were
substantial differences in HSCH4, VCH4, MP and GP between type
of substrate, amount of substrate and processing of substrates.
These factors were not the focus of this research, the substrate
types, amounts of substrate and processingmethods having been
chosen purely to achieve a wide range in MP and GP in order to
test whether Eqns ((2))–((5)) could accurately predict a wide range
of MP. The MP and GP measured in these experiments encompass
values reported in the scientific literature.15,16,28

In the present study, method A was considered the most accu-
rate (gold-standard) method for measuring total MP. It involved
collection of all the gas produced and, through the measurement
of volumes and the analysis of two gas samples, constitutes the
most reliable method available for establishing the total amount
of methane produced. The main problem with this method is that
for every incubation it involves measurement of methane content
in two gas samples. This makes this method more onerous and
expensive than methods that involve measurement of methane
content in just a single sample of headspace gas taken at the con-
clusionof the incubation. The fourmethods compared in this study
(B, C, D and E) presented similar results to method A, with high
correlation and concordance. Thus, we accept our first hypothe-
sis, that thesemethods are to a large degree concordant. There are
other methods not analysed here that possibly approach method
A for accuracy, but these appear tobemoreonerous andexpensive
than any of the methods described here. For example, in previ-
ously published methods, each incubation involves the collection
during the incubation period of up to 12 gas samples from the
headspaceof the incubationbottle, andall thesegas samplesmust
then be separately analysed for methane proportions.29

When comparing between methods, it was observed that, com-
pared with methods C, D and E, method B produced the low-
est concordance and greatest bias relative to method A, and was
therefore considered inferior to methods C, D and E. Method B
was based on using a single gas sample taken from the incubation

Figure 3. Mean differences between estimated methane production for
each incubation by methods B,21 C,23 D22 and E23 and actual methane
production, measured by method A,19 with 95% confidence intervals.

bottle’s headspace at the conclusion of the incubation period. This
method relies on the implausible assumption that the methane
concentration in the vented gas is the same as the methane con-
centration in the headspace of the incubation vessel at the termi-
nation of the incubation, and this method has not been validated
against the gold-standard method.21 This is most unlikely, as the
initial ventings would have comprised mostly the carbon dioxide
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Table5. Pearson correlationbetween substrate treatmentmeans for
methane production (mL) measured by method A19 and estimated
by methods, B,21 C,23 D22 and E.23 The nominal SEM is the standard
error of mean derived from ANOVA of the methane data under each
method. The actual SEM was derived after allowing for the estimated
random bias associated with substrate treatment

SEM

A B C D Nominal Actual

A 0.31 0.31
B 0.93 0.43 0.57
C 0.88 0.94 0.38 0.67
D 0.93 1.00 0.94 0.37 0.55
E 0.88 0.98 0.98 0.98 0.35 0.67

that had originally been used to flush the headspace of the incu-
bation bottle.20 Indeed, the data in Table 2 show that, at the end of
each incubation, the VCH4 was always less than the corresponding
HSCH4, and this is especially the case for treatments producing less
GP (Fig. 1). Consequently, MP was systematically overestimated in
method B, as observed in Fig. 2, where MP estimations of method
B were consistently above the line of agreement with method A.
These results demonstrate that method B will not be an accurate
method for studying the effect of in vitro incubation on MP. How-
ever, it should be considered that method B also had a strong cor-
relation with method A (Table 3; 0.89). It is therefore likely that, in
previous published studies that have used this approach,15,16,28 the
rankings of treatments, and therefore conclusions involving com-
parisons between substrate treatments, would not have been very
different even if the authors had used method A.
It has been suggested that method C could infer MP with ade-

quate accuracy based on a single gas sample taken from the
incubation bottle’s headspace after the incubation period, by tak-
ing into consideration the venting history.23 Thismethod has been
tested for its accuracy, but the test involved simulated data and
the researchers concluded that: ‘No validation data were available.
Validation is required to determine how accurate and appropriate
are the proposed algorithms in practice for in vitro studies employ-
ing the AnkomRF system’.23 The major benefit of this method was
that, like methods B, D and E, it allowed for the calculation of MP
from vented systems without the collection of the vented gas,
ultimately reducing costs and labour. One issue associated with
this method was that it required counting the number of ventings
that occur in each incubation bottle during an incubation; this
can be onerous and error prone if done manually. Four other
algorithms were postulated for calculating MP in the original
study.23 In this analysis, we presented MP data obtained through
their Eqn (3), the most detailed.23 However, all four algorithms
presented essentially identical conclusions (data not shown).
Methods D and E allowed for the calculation of MP from vented

systems without the collection of the vented gas and without
counting the number of ventings, ultimately reducing costs and
labour. Method D had been validated in a previous study; how-
ever, the development of the equation was never described
and the authors provided only a very limited description of a
validation study involving just three concentrates and four for-
ages in 42 bottles.22 Method E is based on the assumption
that the VCH4/HSCH4 is approximately equal to 0.5. However, in
this research, the average value for this ratio was 0.62 ± 0.21.
Furthermore, as shown in Fig. 1, this ratio was positively correlated
withGP. These findings explain someof thediscrepancies between

method A and method E. We do not discount the possibility that
another method more accurate than method E, and based on the
relationship shown in Fig. 1, could be developed. Indeed, using
Eqn (1) and the equation shown in Fig. 1, it can be shown that MP
is quadratically related to GP:

MP = HSCH4 ×
(
HSV + 0.0057 × GP2

)
(10)

This equation is much simpler than Eqn (4), and further research
using an independent data set would be required to validate this
equation.
Methods C, D and E presented a strong concordance and cor-

relation to method A and a Cb close to 1, which indicates that
these methods provided a more accurate method for calculating
MP from Ankom GP systems than method B did. Thus, we accept
the second part of our hypothesis, that some methods would be
more closely concordant with method A than others. However,
all methods had bias associated with treatment. Although some
methods had a minor overall bias (C and D), individual treatments
were biased upwards or downwards by up to about 1mLmethane,
or about 10%, for all methods B, C, D and E. Much of this bias was
associatedwith substrate species (Fig. 3). Thus, we accept the third
part of our hypothesis, that thediscordancewoulddependon sub-
strate material as well as measurement error associated with indi-
vidual units. This bias couldpotentially changeMP rankingof treat-
ments, within a tolerance of about ±1mL MP. Whether or not this
is important depends on the context and purposes of the exper-
iment. If the purpose is to screen for large differences in MP (e.g.
greater than 2mL methane), these methods could be sufficiently
accurate. In this context, the significant correlations between MP
means predicted by the methods and measured by method A
(Table 5) in part due to the fact that MP ranged from 6.1 to 12.6mL
methane, a 200% difference. This study, therefore, covered amuch
broader range than typical in vitro studies.15,19,23 For these kinds of
differences, methods B, C, D and E may be adequate, depending
on the purposes of the analyses and the accuracy required.
The residual standard deviation, accounting for variation

between bottles, was on the order of 0.51–0.62mL methane
(Table 4). However, this variation is not as critical as the treatment
bias, as Eqn (7) shows that it can in principle be controlled through
increasing replication of bottles. A further limitation of using
methods B, C, D and E is that the nominal SEM that would result
from statistical analysis of the predicted MP data accounts for
variation between bottles only. It does not account for treatment
bias. If it is to be useful, however, the SEM should account for both
these sources of variation. Thus, highlighted by our analysis, is
that the nominal SEM, as customarily calculated, underestimates
the true SEM (Table 5). Treatment bias does not diminish with
increasing replication. The consequent underestimation by the
nominal SEMmay be as large as 0.5mL methane and would man-
ifest particularly in a highly replicated experiment in which the
apparent (nominal) SEMwould be quite small. In our experiments,
with eight replicates, the underestimation of SEM was at most
0.3mL methane (an apparent SEM of 0.35 instead of the actual
SEM of 0.67, in the case of method E). Note, however, that our
experiments did entail diverse substrate treatments. In an exper-
iment with less diversity, a smaller bias variance could possibly be
expected.
Although all methods presented similar results and approx-

imated method A, an ideal method should be cost efficient,
accurate and simple to perform. While method A was considered
the gold standard in this case, it is themost expensive of themeth-
ods considered here, having double the number of gas samples
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to analyse, compared with methods B, C, D and E. Method B had
a consistently greater bias than the other methods, meaning that
it was the least accurate, and method C required counting the
total number of ventings, which makes it less simple to perform.
Method E was slightly less accurate than method D (Table 3) and
presented a slight negative bias for both corn and wheat (Fig. 3).
Methods D and E were less expensive and less accurate than
method A. However, methods D and Ewere simple to perform and
canbe considered to be themore accuratemethods for estimating
MP from vented systems when using a single gas sample taken
from the headspace of the incubation vessel at the conclusion of
each incubation.
In this study we have compared method B with the

gold-standard method and showed that it is systematically
biased, in that it overestimates MP. We have compared methods C
and E, which required further validation using real data and awide
range of incubation scenarios, with the gold-standard method
and showed that these two methods are highly concordant with
the gold-standard method. Furthermore, we have compared the
empirical method D with the gold standard to provide the first
comprehensive validation of this method.

CONCLUSIONS
It is concluded that the methane proportion in a gas sample
taken from the incubation bottle’s headspace after the incubation
period is greater than the methane proportion in the vented gas.
Therefore, methods relying on a simple multiplication of HSCH4 at
the end of incubation by GP, such as method B, result in overesti-
mation of MP. Althoughmethods C, D or E did not perfectly match
method A, the gold standard, these methods were all more accu-
rate than method B for estimating MP. When method A cannot
be used, methods D and E are the preferred methods based on a
combination of accuracy and simplicity of implementation.
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Abstract

BACKGROUND: Supplementation of ruminant diets with wheat and corn grains influences ruminal fermentation. In vitro
fermentation is a methodology that can be used to screen feeds for their potential to produce enteric methane. However,
there is evidence that the diet of the donor cows could impact the results of in vitro analysis. This research investigated the
in vitro fermentation of wheat and corn grain when incubated in ruminal fluid from cows fed different grain types and different
forage-to-grain ratios.

RESULTS: The typeof grain fed to thedonor cows, aswell as forage-to-grain ratio, affected theoutcomeof fermentationofwheat
and corn grain. Differences inmethane production (MP) between grains were only observedwhen incubatedwith ruminal fluid
adapted to each specific grain type. Increasing proportions of wheat but not of corn decreased in vitro MP in a linear manner
compared withMP produced from forage only.

CONCLUSIONS: Wheat grain has a greater in vitro antimethanogenic effect than corn. However, to detect the different
fermentations between wheat and corn, grains should be incubated in ruminal fluid from cows adapted to that specific
grain type.
© 2019 Society of Chemical Industry
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INTRODUCTION
High-producing animals (dairy and beef cattle) require
high-energy diets, and this is achieved by feeding grains, such
as wheat and corn. Previous studies have demonstrated that
feeding wheat or corn grain to dairy cows has different effects
on ruminal fermentation.1–3 One of the differences reported
between feeding wheat or corn grain to dairy cows is associated
with enteric methane production (MP).2

An option for screening feeds for theirmethanemitigating effect
is the in vitro fermentation technique, which involves incubating a
test feed in a fermentation vessel containing ruminal fluid and a
buffering solution.4–6 However, some aspects within the method-
ology can affect the results, and hence the conclusions drawn. A
previously published reviewmade a series of recommendations to
standardize the in vitromethodology.6 One recommendation was
that in vitro incubations should use ruminal fluid from donor ani-
mals fed a diet similar to the substrates that are screened in vitro
in order to have an inoculum containing microbial populations
adapted to the substrate in question.6 For example, it has been
reported that starch-rich substrates ferment more rapidly in vitro
when incubated in ruminal fluid from donor cows fed a starch-rich

diet when compared with ruminal fluid from donor cows fed a
forage-based diet.7–9 Several recent studies have screened a large
number of substrates for MP using ruminal fluid from donor ani-
mals fed a common diet for all substrates.10–12 Thus, when screen-
ing two or more grains that induce different ruminal conditions in
vivo,1,2 it is currently unclear if these grains should be incubated in
ruminal fluid from cows fed the same diet or if each grain should
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be incubated with ruminal fluid from donor cows adapted to that
specific grain type.
It has alsobeen recommended that the in vitro incubation should

use a range of substrates that reflect the diet offered within a
given production system.6 In vitro studies that have tested the
methane mitigating capacity of different feeds have used a single
substrate in the incubation even though the diets fed to the
donor cows contain a mixture of ingredients.12–14 For example,
studies have measured in vitro MP with a substrate composed
of 100% corn.10 However, cows rarely eat a diet composed of a
single ingredient, with dairy cow diets commonly including up to
50% corn or wheat grain, and the rest of the diet composed of a
fibre source.15 Moreover, it has been shown that diets containing
approximately 50%wheat result in substantially lessmethane than
diets containing approximately 50% corn.2 Thus, it is unclear if MP
obtained in vitro using pure substrates has relevance to the in vivo
MP. Furthermore, even though it has been recommended that the
substrate used in vitro should reflect diets fed in vivo, there appears
to be little evidence available as to how different forage-to-grain
ratios of wheat and corn grain influence in vitro MP of wheat and
corn grain.
The research studied the in vitro fermentation of wheat and

corn grain when incubated in ruminal fluid from donor cows fed
different grain types and in different forage-to-grain ratios. We
hypothesized that (i) the in vitro fermentation of grains would
produce more methane when incubated with ruminal fluid from
cows adapted to each specific grain type (homologous ruminal
fluid) compared with incubated in ruminal fluid not adapted to
that specific grain type (heterologous ruminal fluid) and (ii) that
when incubated with ruminal fluid from cows adapted to each
specific grain type (homologous ruminal fluid), MP would be
negatively related to the proportion of grain (i.e. wheat or corn)
in the substrate incubated.

MATERIALS ANDMETHODS
Substrates, animals and ruminal fluid

This study was conducted in two in vitro experiments. The sub-
strates for these in vitro studies were ground corn, ground wheat
or ground alfalfa hay (Table 1). Substrates were analysed by Dairy
One Laboratories (Ithaca, NY, USA) for dry matter (DM), crude pro-
tein (CP), acid-detergent fibre (ADF), neutral detergent fibre (NDF),
ash and starch by chemical analytical methods according to their
published analytical procedures.16

All experiments involving sampling of ruminal fluid from
rumen-cannulated cowswere approvedby theAnimal Ethics Com-
mittee of the Department of Jobs, Precincts and Regions-Victoria.
Cows were cared for according to the Australian Code of Practice
for the Care and Use of Animals for Scientific Purposes.17

Twelve lactating Holstein-Friesian dairy cows fitted with ruminal
cannulae (www.rumencannula.com) were used to source rumen
fluid. Donor animals were offered a mixed diet containing forage
(11.0 kgDMday−1 of chopped alfalfa hay (Medicago sativa L.) and
either crushed corn (Zea mays L., n= 6 cows, rumen fluid labelled
‘C’) or crushed wheat (Triticum aestivum L., n= 6 cows, rumen
fluid labelled ‘W’), both at 10.0 kgDMday−1. For both experiments,
fresh ruminal fluid was collected 2 h after feeding, using a 100mL
syringe and copper pipe inserted through the fistula, and ruminal
fluidwas collected frommultiple sites within the rumen. The rumi-
nal fluid was kept in 2 L glass bottles that had been pre-warmed
to 39 ∘C and then transported to the laboratory in an incubator
set at 39 ∘C.18 The ruminal fluid was filtered through four layers

Table1. Drymatter (DM) content (g kg−1 freshweight) and chemical
compositions (g kg−1 DM) of hay and cereal grains fed to the donor
cows and used for in vitro experiments

Grain DM
Crude
protein ADF NDF Ash

Total
starch

Alfalfa 902 185 389 476 105 12
Corn 973 103 31 82 12 685
Wheat 975 144 25 136 17 614

ADF: acid detergent fibre; NDF: neutral detergent fibre.

of cloth to remove particles. During the filtering process, the fluid
was under constant flow of carbon dioxide. A 0.5 mL representa-
tive subsample of ruminal fluid was transferred to a 5 mL plastic
vial and then diluted with 4.5 mL of a solution containing forma-
lin (400mL L−1), saline (9 mL L−1) and methylene blue (4 mL L−1).
These samples were used to count ciliate protozoa using a count-
ing chamber (Mod-Fuchs-Rosenthal; Hawksley & Sons Ltd, Lanc-
ing, UK) andamicroscope (Leitz Laborlux S; LeicaMicrosystemsPty
Ltd, North Ryde, NSW, Australia).

Experiment designs

Experiment 1 tested the effect of donor animal diet (grain type)
on fermentationof twograin types invitro in a 2× 2 factorial design
(donor diet×grain type). Experiment 1 was conducted in four in
vitro runs. Runs 1 and 2 both used ruminal fluid from the same
group of six cows comprising three cows on wheat and three on
corn, and runs 3 and 4 both used ruminal fluid from another group
of six cows, three on wheat and three on corn. In each run, grains
were incubated separately in the ruminal fluid of each individual
cow replicated in three fermentation bottles.
In experiment 1, in each run, each type of ruminal fluid (W or C)

was obtained from three cows. Four treatments were tested: C–C,
a corn grain substrate (1000mgg−1 DM) incubated in ‘C’ ruminal
fluid; C–W, a corn grain substrate (1000mgg−1 DM) incubated in
‘W’ ruminal fluid; W–W, a wheat grain substrate (1000mgg−1 DM)
incubated in ‘W’ ruminal fluid; and W–C, a wheat grain substrate
(1000mgg−1 DM) incubated in ‘C’ ruminal fluid. At the time of
collection of ruminal fluid, the cows had been consuming their
allocated diets for 2weeks. Based on previous research, this period
was considered of adequate duration to ensure that the ruminal
microbiota were adapted to the specific diets.19

In this experiment, substrates were incubated separately in the
ruminal fluid of each individual cow replicated in three fermenta-
tion bottles. Per run, a total of 36 fermentation bottles (two types
of grains× two types of ruminal fluid× three cows× three bottles)
wereused for substrates and six fermentationbottleswereused for
‘blanks’; that is, bottles containing ruminal fluid without substrate.
Experiment 2 tested different forage to grain ratios as substrate

in a 2× 5 factorial design (donor diet× forage-to-grain ratio of
substrate). Experiment 2was conducted in two in vitro runs, where
each treatment was incubated in four incubation bottles within
each run. Based on the results of experiment 1, in experiment 2,
each grain type was incubated only in the corresponding ruminal
fluid adapted to that specific grain type in experiment 2.
In experiment 2, five treatments that contained different propor-

tions of grain (0, 250, 500, 750 and 1000mgg−1 DM) were tested.
Alfalfa hay was used as forage and was substituted with grain as
the grain proportions increased, resulting in a total of 10 treat-
ments (two grains and five proportions of grain). Ruminal fluidwas
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collected from three cows with ‘C’ rumen fluid and three with ‘W’
ruminal fluid, and fluid was mixed between the cows of the same
rumenfluid type. Substratewas incubated in ahomologous rumen
fluid type. The in vitro experiment was repeated in two runs using
ruminal fluid from the same six cows. Each run involved four fer-
mentation bottles for each grain at each grain proportion, mean-
ing that, per run, a total of 40 fermentation bottles were used for
treatments (two types of grains× fivegrainproportions× four bot-
tles), and eight fermentation bottles were used for ‘blanks’.

In vitro fermentations
All substrate samples (wheat, corn or mixtures of these grains
with alfalfa hay) for incubation were dried for 24 h at 60 ∘C,
then ground in a cyclone mill (Smartgrind® Stainless Steel Cof-
fee Grinder; Black and Decker, Baltimore, MD, USA) and passed
through a 1 mm sieve. The dried substrate was placed into 310mL
Ankom incubation bottles and 75mL of Kansas State buffer solu-
tion at a pH of 6.820 and 25mL of ruminal fluid was added, leav-
ing 210mL of headspace volume. An Ankom GP (Ankom GP;
Ankom Technology, Macedon, NY, USA) module was placed on
top of each bottle and the bottles were placed in a water bath
maintained at 39 ∘C. The fermentation bottle’s headspace was
flushed with carbon dioxide prior to commencing incubation. For
gas collection, the module’s venting tube was connected to an
empty gas collection bag through a 22 cm long extension tube
with an internal diameter of 4 mm (Extension Line Type Heidel-
berger; Braun, Bella Vista, NSW, Australia) and a three-way stop-
cock (Model MGT110000; Vitalmed, Kingsgrove, NSW, Australia).21

The gas collection bags had a capacity of 400mL and were manu-
factured in house using a three-layered gas-impervious foil (Code
1 MAC-15UM Nylon/9UM Foil/80UM LLDPE; Wests Packaging Ser-
vices P/L, Carrum Downs, VIC, Australia). A small quantity of
plumber’s silicone (SelleysRoof andGutter SpeedSeal Silicone; Sel-
leys, Padstow, NSW, Australia) was placed on two corners of each
gas collection bag to act as septa, enabling needle access to each
gas collection bag.21

Measurements

In both experiments, measurements included total micro-
bial gas production (GP), MP, degraded DM (DDM), ammonia
and volatile fatty acid (VFA) concentration in the incubation
medium, and post-fermentation pH after 24 h of in vitro incu-
bation. Measurements of GP were conducted with an Ankom
Technology in vitro cumulative GP system fitted with pressure
transducers and gas sample collection ports. In vitro incubations
were conducted over 24 h. The data were logged to a computer
spreadsheet by radio-frequency transmission with 5 min intervals.
Additionally, each time the pressure in the bottle reached 6.89 kPa
above atmospheric pressure, an internal valve opened for 1 s to
release the gas produced. This avoided the fermentation gas pro-
duced in the headspace of the fermentation bottle from diffusing
back into the ruminal fluid.22 This vented gas was collected into
the gas-impermeable bags described earlier. Blanks were used to
correct for gas produced from residual feed particles remaining
in the ruminal fluid. Ruminal fluid was measured for pH (Ecoscan
pH +5; Eutech Instruments, Vernon Hills, IL, USA) prior to and
immediately after incubation.
At the completion of the incubation period, DDM was assayed

following a previously published method,23 with the modification
that the remaining residuewasfiltered throughafilterwith 114 μm
mesh openings (54T DP Screen Mesh; GJS Machinery, Revesby,

NSW, Australia) rather than centrifuged.24 The final residue was
then dried at 60 ∘C for 48 h and weighed to establish its mass
difference with the initial sample. Ammonia concentration in the
ruminal fluid was determined with an ion-selective electrode
(SM703; Metrhom AG, Herisau, Switzerland).25 At the conclusion
of the in vitro fermentations, a 50mL sample of the fermentation
fluid was collected, chilled on ice and centrifuged at 4200×g for
10 min at 4 ∘C. A 1 mLaliquot of the supernatantwas collected and
mixedwith9 mLof adilute acidmadeupof formic acid (10 mL L−1),
orthophosphoric acid (10 mL L−1) and an internal standard of
4-methylvaleric acid (184 μL L−1). This aliquot was then stored
frozen at−20 ∘C until analysed for VFA concentrations, by capillary
gas chromatography using an (Agilent 7890B; Agilent, Santa Clara,
CA, USA) with an auto-sampler and auto-injector.18 All results were
calculated as parts permillion and converted tomillimoles per litre
for subsequent statistical analyses.
After the incubation period, a gas-tight glass syringe with a vol-

ume of 50mL (SGE International Pty Ltd, Ringwood, VIC, Australia)
with attached needle was used to collect a gas sample from the
headspace of each incubation bottle and another sample from
the gas bag attached to each module, with 20mL gas samples
transferred into separate Exetainers® (12mL soda glass vial; Labco
Ltd, High Wycombe, UK). Methane proportion in the samples of
headspacegas and in thegas collected in thebagswasdetermined
by gas chromatography as described previously.26

Calculations

Cumulative pressure measured by the Ankom GP modules over
24 h was used to estimate total GP using the ideal gas law.
Methane production measured over the 24 h period was calcu-
lated as follows:22

MP = (HPM × HV) + (BPM × BV) (1)

where HPM is the methane proportion in the headspace gas, HV
is the known headspace volume (210mL), BPM is the methane
proportion in gas voided into the collection bag and BV (mL) is
volume of gas collected in the collection bag (also called GP),
which is theequivalentof the total ventedgas volumeasmeasured
by the Ankom GP system.21

Proportion of methane (PM; mL L−1) in the fermentation gas was
calculated as follows:

PM = MP × 1000
GP

(2)

Methane produced per gram of DDM (MPgDDM, MPg−1 DDM)
was defined as

MPgDDM = MP × 1000
DDM

(3)

Statistical analysis

The statistical analysis was performed with the Genstat statis-
tical package (64-bit Release 19.1; VSN International, Hemel
Hempstead, UK). The data were analysed by analysis of vari-
ance. Experiment 1 had a 2× 2 factorial treatment structure
of ruminal fluid type (ruminal fluid from cows fed the wheat or
corn-based diets) by substrate (ground wheat and ground corn),
specified in GenStat as Diet * Substrate. The blocking structure
was nested within set, a factor with two levels distinguishing
between the first pair and second pair of runs that used different
sets of six cows. The blocking structure was specified in GenStat
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Table 2. Comparison of in vitro fermentation parameters obtained when ground corn and ground wheat were incubated in either homologous or
non-homologous ruminal fluids in experiment 1

MP PM MPgDDM GP DDM NH3 Total VFAs
(mL) (mL L−1) (mL g−1 DDM) (mL) (g kg−1 DM) (mg L−1) (mmol L−1) A : P pH

Treatment
C–Ca 64 197 97 322 659 86 112 3.7B 6.3
C–Wb 46 147 67 315 705 86 117 2.2A 6.3
W–Cc 64 190 83 334 780 74 125 2.6A 6.1
W–Wd 44 134 58 329 795 79 126 2.2A 6.2
SED within RF 2.7 9.0 6.2 4.6 28.6 3.8 2.1 0.26 0.03
SED between RF 8.1 24 12 6.7 33.4 4.6 5.5 0.43 0.06
Substrate
Corn 55 172 82 319 682 86 114 3.0 6.3
Wheat 54 162 70 332 788 77 125 2.4 6.1
SED 1.9 6.3 4.4 3.3 20.2 2.7 1.5 0.18 0.02
RF
Corn 64 194 90 328 720 80 118 3.2 6.2
Wheat 45 140 62 322 750 83 122 2.2 6.2
SED 7.8 23.0 10.9 5.8 26.6 3.7 5.3 0.39 0.06
P values
Substrate 0.567 0.157 0.022 0.002 <0.001 0.006 <0.001 0.011 <0.001
RF 0.043 0.045 0.031 0.333 0.292 0.480 0.549 0.040 0.821
Substrate× RF 0.540 0.611 0.512 0.825 0.461 0.262 0.126 0.018 0.270
Cowe 0.001 0.001 0.010 0.109 0.313 0.346 <0.001 0.023 0.003

MP: methane production; PM: proportion of methane; MPgDDM: methane produced per unit of degraded dry matter; GP: gas production; DDM:
degraded dry matter; NH3: ammonia; VFAs: volatile fatty acids; A : P: acetate-to-propionate ratio; RF: rumen fluid; SED: standard error of difference.
a Corn grain substrate in RF from cows fed alfalfa hay and corn grain.
b Corn grain substrate in RF from cows fed alfalfa hay and wheat grain.
c Wheat grain substrate in RF from cows fed alfalfa hay and corn grain.
d Wheat grain substrate in RF from cows fed alfalfa hay and wheat grain.
e Variance components of cows fed the same diet.

as Set/((Run * Cow)/Substrate)/Bottle. The analysis was conducted
according to the following model:

Yrcb = 𝜇 + 𝛼i + 𝛽j + 𝛼𝛽ij + Ss + Rr + Cc + RCrc + C𝛽cj + RC𝛽rcj + 𝜀rcb
(4)

where Yrcb is the dependent variable for run r, cow c and fermen-
tation bottle b, 𝜇 is the overall mean, with effects 𝛼i the ruminal
fluid diet i, 𝛽 j the substrate j, 𝛼𝛽 ij the interaction between rumi-
nal fluid diet and substrate, Ss the set s, Rr the run r, Cc the cow c,
RCrc the interaction of run r and cow c, RC𝛽 rcj the run by cow by
substrate, and 𝜀rcb is the residual error sample and bottlemeasure-
ment error effects. Under this model, cow was the experimental
unit for ruminal fluid diet treatment, and the cow× substrate treat-
ment interaction was the unit for substrate comparisons.
Data from experiment 2 were analysed by analysis of variance

with a 2× 5 factorial treatment structure of rumen fluid type
(corresponding to grain type fed to the donor cows) by proportion
of grain, and nested blocking structure of run split for treatment
split for fermentation bottle, using the following model:

Yrb = 𝜇 + 𝛼i + 𝛽j + 𝛼𝛽ij + Rr + R𝛼𝛽rij + 𝜀rbi (5)

where Yrb is the dependent variable for fermentation bottle b
in run r, 𝜇 is the overall mean, 𝛼i is the grain type i, 𝛽 j is the
grain proportion j, 𝛼𝛽 ij is the interaction between grain type and
proportion, Rr is run r, R𝛼𝛽 rij is the treatment by run effect, and 𝜀rbj
is the residual error, comprising individual substrate sample, bottle
and measurement error effects. The residual error was allowed

to have a separate variance for the two grain types i. Under this
model, treatment by run was the unit for treatments. Linear and
quadratic orthogonal polynomial contrasts for grain proportion
were calculated separately for each grain type and tested by t-test,
using the means and variance covariance matrix.

RESULTS
Experiment 1

Methane production in the fermented gas was not different
between substrates (Table 2). However, treatments that used rumi-
nal fluid from cows fed corn had greater (P= 0.043) MP than
treatments that used ruminal fluid from cows fed wheat. In addi-
tion, C–C had 32% greater MP than W–W. Similar results were
obtained for PM.Methane produced per gramof DDMwas greater
(P= 0.022) in treatments that used corn as substrate than in treat-
ments that used wheat as substrate, and greater (P= 0.031) in
treatments that used ruminal fluid from cows fed corn than in
treatments that used ruminal fluid from cows fed wheat. Gas pro-
duction was less (P= 0.002) in treatments that used corn as sub-
strate than in treatments that used wheat as substrate. DDM was
less (P< 0.001) in treatments that used corn for substrate than in
treatments that used wheat for substrate. Ammonia concentra-
tion was greater (P= 0.006) in the incubation medium of treat-
ments that contained corn as substrate than in treatments that
contained wheat as substrate. Total VFA was lower (P< 0.001) in
the post-incubation medium of treatments that used corn as sub-
strate than in treatments that used wheat as substrate. There
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Table 3. Total pre-fermentation protozoa count (log10 countmL
−1)

and pre-fermentation pH in ruminal fluid of six cows fed a diet
containing wheat and six cows fed the diet containing corn used as
ruminal fluid donors for experiment 1

Cow Run Diet
Ruminal
fluid pH Protozoa

1 1 and 2 Corn 6.08 5.69
2 1 and 2 Corn 5.83 5.00
3 1 and 2 Corn 6.33 5.54
4 3 and 4 Corn 6.34 5.56
5 3 and 4 Corn 6.30 5.45
6 3 and 4 Corn 6.66 5.02
7 1 and 2 Wheat 6.26 4.98
8 1 and 2 Wheat 6.21 5.00
9 1 and 2 Wheat 5.80 4.98
10 3 and 4 Wheat 6.10 5.00
11 3 and 4 Wheat 6.35 5.02
12 3 and 4 Wheat 6.13 4.89
Mean corn 6.25 5.38
Mean wheat 6.14 4.98
SED 0.14 0.12
P value 0.424 0.020

SED: standard error of the difference

was an interaction effect between ruminal fluid and grain type
on acetate-to-propionate ratio (A : P, P= 0.018) as C–C was dif-
ferent from C–W, but there was no difference between W–W
and W–C. Post-fermentation pH of the incubation medium was
higher (P< 0.001) in treatments that used corn as substrate than
in treatments that used wheat as substrate. Variance between
cows fed the same diet was significantly greater than zero for MP
(P= 0.001), PM (P= 0.001), MPgDDM (P= 0.010), VFA (P< 0.001),
A : P (P= 0.023) and post-fermentation pH (P= 0.003).
The pre-fermentation pH in ruminal fluid from cows fed diets

that contained corn or wheat was not different (Table 3). Protozoa
count was greater (P= 0.020) in cows fed diets that contained corn
than in cows fed diets that contained wheat.

Experiment 2

There was a negative linear relationship (P< 0.001) between
wheat proportion and MP; however, there was no relationship
between corn proportion and MP (Table 4). Methane production
was less (P< 0.001) in treatments that used wheat as substrate
than in treatments that used corn as substrate. Similar results were
observed for PM. When the grain in the substrate was 250mgg−1

DM, the MP from the treatments that contained wheat was 61%
of the MP from the substrate that contained corn, with this com-
parison decreasing to 47%, 43% and 42% for grain proportions
of 500mgg−1, 750mgg−1 and 1000mgg−1 DM respectively.
There was a negative linear relationship (P< 0.001) between the
MPgDDM and the proportion of wheat, and a negative linear rela-
tionship (P< 0.001) betweenMPgDDMand theproportionof corn.
Incubations that used wheat as substrate had smaller (P< 0.001)
MPgDDM than incubations that used corn as substrate. There was
a negative relationship (P< 0.001) between proportions of wheat
and GP, and there was a negative relationship (P< 0.001) between
the proportion of corn and GP. Mean GP from incubations that
used wheat as substrate was less (P< 0.001) than that of incuba-
tions that used corn as substrate. There was a positive relationship

(P< 0.001) between wheat and corn proportions and DDM; for
wheat this relationshipwas linear (P< 0.001), whereas for corn this
relationship was quadratic (P= 0.021). Ammonia concentration
in the incubation medium was not affected by the proportion
of grain or grain type. Total VFA concentration increased linearly
(P< 0.001) with the proportion of either wheat or corn and was
greater (P< 0.001) in treatments that contained wheat as sub-
strate than in treatments that contained corn as substrate. A : P
was negatively linearly related (P< 0.05) to the proportions of
wheat or corn in the substrate. The incubations that used wheat
substrate and media derived from ruminal fluid from cows fed
wheat resulted in lower (P= 0.019) A : P than those that used
corn substrate and media derived from ruminal fluid from cows
fed corn. There was a negative relationship (P< 0.001) between
proportions of wheat and post-fermentation pH, and there was
also a negative relationship (P< 0.001) between the proportions
of corn and post-fermentation pH. Incubations that used corn as
substrate and medium had greater (P< 0.001) post-fermentation
pH than incubations that used wheat.
Pre-incubation pH in ruminal fluid from cows fed corn

was 6.2, and it contained a protozoa population of 5.52
(log10 count/millilitre ruminal fluid), whereas ruminal fluid from
cows fed wheat had a pre-incubation pH of 5.8 and contained a
protozoa population of 5.32 (log10 count/millilitre ruminal fluid)
(data not shown).

DISCUSSION
Experiment 1

The greater MP of grains incubated in ruminal fluid from cows
fed diets that contained corn grain than wheat grain, despite no
difference between substrates, indicates that the ruminal fluid
used had greater effect on in vitro MP than the substrate incu-
bated. Thus, we reject our first hypothesis that the in vitro fermen-
tation of grains would produce more methane when each grain
was incubated with ruminal fluid from cows adapted to each spe-
cific grain type. The microbial population in the rumen has been
reported to adapt to the starch source fed, thereby facilitating the
in vitro degradation of the substrate and influencing its fermenta-
tion parameters.9 Whereas previous studies have found that more
total gas andmethanewere producedwhen substrates were incu-
bated in ruminal fluid from cows adapted to the substrate, this did
not occur in our study. It is well known that the rumen inoculum is
one of the key factors that influence in vitro fermentations.6 How-
ever, most previous studies that investigated this issue compared
rumen inocula fromdonor cows fed forage (low starch) versus con-
centrate (high starch) diets.7,9,27,28 Indeed, we could find no pre-
vious studies that compared impacts on MP when ruminal fluid
inoculum was obtained from donor cows fed two different grain
types. This is an important novel feature of our experiment. In this
study we found that, when donor cows were fed a diet similar to
the substrate incubated in vitro, the source of ruminal fluid had a
substantial effect on methane production. Furthermore, if we had
used only one source of ruminal fluid from this experiment mea-
suring wheat grain and corn grain fermentation, the results would
have been quite different from the results obtained when using
two different sources of ruminal fluid. Therefore, the novel finding
of this research is that we have compared the effect of two simi-
lar concentrate diets and have found that this also affected MP. In
fact, we have made the important novel finding that the source
of the donor fluid had a greater effect on MP than did the sub-
strate used in the incubation. This is an indication that the original
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Table 4. Comparison of in vitro fermentation parameters resulting from the incubation of different proportions of corn and wheat (C and W) in
homologous grain type ruminal fluid in experiment 2

RF–grain MP PM MPgDDM GP DDM NH3 Total VFAs
proportion (mg g−1)a (mL) (mL L−1) (mL g−1 DDM) (mL) (g kg−1 DM) (mg L−1) (mmol L−1) A : P pH

C–C 0 64 227 181 282 353 68 80 3.9 6.73
C–C 250 70 235 145 299 495 56 86 3.2 6.57
C–C 500 74 234 127 318 573 62 94 3.3 6.39
C–C 750 78 236 115 330 581 69 99 2.9 6.23
C–C 1000 69 209 92 332 579 71 100 2.5 6.13
W–W 0 49 170 133 285 375 58 90 3.1 6.43
W–W 250 43 147 96 291 451 62 97 2.8 6.22
W–W 500 35 120 66 301 549 64 101 2.9 6.04
W–W 750 34 110 51 310 673 53 110 2.2 5.87
W–W 1000 29 92 40 315 746 56 115 1.8 5.78
SED corn 5.7 17.3 14 2.9 4.7 22.4 3.4 0.5 0.03
SED wheat 1.9 5.9 14 2.9 4.7 22.4 2.5 0.5 0.03
P (wheat linear) <0.001 <0.001 <0.001 <0.001 <0.001 0.832 <0.001 0.017 <0.001
P (wheat quadratic) 0.266 0.134 0.105 0.788 0.882 0.823 0.873 0.463 0.010
P (corn linear) 0.220 0.394 <0.001 <0.001 0.001 0.746 <0.001 0.016 <0.001
P (corn quadratic) 0.109 0.212 0.407 0.001 0.021 0.642 0.230 0.860 0.118
Substratemeans
Corn 71.2 228 132.3 312.1 51.6 65.2 91.9 3.1 6.4
Wheat 38.1 128 77.1 300.6 55.9 58.5 102.7 2.6 6.1
SED 1.9 5.8 13.7 2.9 4.7 22.4 1.3 0.5 0.03
P (Substrate) <0.001 <0.001 <0.001 <0.001 0.072 0.518 <0.001 0.019 <0.001
P (Proportion) 0.002 <0.001 <0.001 <0.001 <0.001 0.998 <0.001 0.020 <0.001
P (Substrate× Proportion) <0.001 0.004 0.886 0.001 0.057 0.943 0.480 0.953 0.655

RF: rumen fluid; MP: methane production; PM: proportion of methane; MPgDDM: methane produced per unit of degraded dry matter; GP: gas
production; DDM: degraded dry matter; NH3: ammonia; VFAs: volatile fatty acids; A : P: acetate-to-propionate ratio; SED: standard error of difference.
a C–C: corn grain substrate in RF from cows fed alfalfa hay and corn grain;W–W:wheat grain substrate in RF from cows fed alfalfa hay andwheat grain.

recommendation that the diet fed to donor animals should be of
similar composition to the substrate incubated in vitro6 is in some
cases not enough to elucidate the different methane productions
between two different feeds.
In our study, there was no interaction between type of ruminal

fluid used and grain type in the substrate. Furthermore, the 32%
greater MP of corn grain incubated in ruminal fluid adapted to
that specific grain type, compared with the incubation of wheat
in ruminal fluid adapted to that specific grain type, was similar to
that observed in in vivo experiments, where dairy cows fed corn
produced between 30% and 33% more methane than cows fed
wheat at the same rate.2 This finding shows that the ruminal fluid
used affected the in vitro fermentation in terms of representing
the diet effect, but it would have the same effect on any type of
grain. However, these results support the need for using ruminal
fluid adapted to each specific grain type when analysing MP
from wheat and corn in vitro, as incubating these grains in the
same ruminal fluid would not mimic the differences reported
in vivo. When screening multiple grains for methane mitigating
effects, one approach would be to use ruminal fluid from donor
animals fed a mixture of the feeds to be evaluated. However,
this approach was beyond the scope of this research, and further
research would be required to elucidate the effects on methane
production of ruminal fluid from donor animals fed a mixture of
the feeds evaluated. That the variance in MP, PM and MPgDDM
from incubations using ruminal fluid from cows fed the same diet
was greater than zero further supports previous statements that
ruminal fluid from more than one cow should be used in in vitro

incubations,6 as there can be significant variation in the ruminal
fluid of individual cows fed the same diet.
The greater MP in treatments that used ruminal fluid from cows

fed a diet that contained corn compared with that of treatments
that used ruminal fluid from cows fed a diet that contained wheat
is possibly explained by the greater numbers of protozoa in the
ruminal fluid from cows fed the diet that contained corn com-
pared with the number of protozoa in the ruminal fluid from
cows fed the diet that contained wheat. It has been reported that
somemethanogenic archaea attach to the exterior surface of pro-
tozoa and within the ciliates of the protozoa in an endosymbi-
otic relationship.29,30 Approximately 10–20%of themethanogenic
archaea in the rumen are attached to protozoa, and these con-
tribute approximately 25–37% of MP in the rumen.30–32 There-
fore, the reduction of protozoa in the rumen can decrease MP
by 13–50%.33 Similarly, it has been observed that dairy cows fed
wheat at a rate of 753 g kg−1 DM had a lower ruminal protozoa
population than when the cows were fed corn at 673 g kg−1 DM.1

In experiment 1, the greater MPgDDM in incubations that used
corn as substrate than in treatments that used wheat as substrate
is at least partly explained by the lower in vitro DDM of corn sub-
strate comparedwithwheat substrate. The calculationofMPgDDM
also involves DDM, and in experiment 1 there was no difference
between substrates in terms of their MP or their PM. The different
DDM between corn grain and wheat grain is related to the struc-
ture of the grains, as the starch granules in corn grain, unlike those
in wheat grain, are almost completely embedded within a protein
matrix, which infers greater protection from enzymatic hydrolysis,

wileyonlinelibrary.com/jsfa © 2019 Society of Chemical Industry J Sci Food Agric (2019)



Comparison of in vitromethane production from wheat and corn grains www.soci.org

thus reducing rumendegradability.34,35 ThegreaterDDMobserved
in the incubationofwheat grain is possibly also associatedwith the
greater GP than that of corn grain. However, as the PM in the corn
grain was slightly higher than that of wheat grain, when using PM
and GP to calculateMP, this resulted in a lack of effect of grain type
on MP.
The main novel finding from this experiment was that it was

only when corn and wheat grain were incubated in homologous
ruminal fluid that relative differences in MP were similar to those
observed in vivo. This finding suggests that when two or more
feed ingredients that have different effects on ruminal ecosystems
are to be incubated in vitro they should be incubated in ruminal
fluid adapted to that specific feed type to better mimic in vivo
conditions. However, we suggest that further research is required
to analyse the effect of various substrates.

Experiment 2

We reject our second hypothesis, that MP would be negatively
related to the proportion of grain (i.e. wheat or corn) in the sub-
strate incubated, as MP was negatively related to the proportion
of wheat grain in the substrate but not to the proportion of corn
in the substrate. That the MP of the treatment containing wheat
at 500mgg−1 DM was 47% of the treatment containing the same
proportion of corn was similar to previous in vivo studies.2,3 In a
previous in vivo study, cows were fed diets containing either corn
or wheat at 440 g kg−1 DM intake, and cows fed wheat had an MP
that was 50% of the MP of cows fed corn.3 However, it should be
considered that in vitro experiments are used to screen substrates
for their potential methane mitigation effect; in that context,
all rates used in experiment 2 detected the methane mitigating
potential of wheat grain when compared with corn grain. It has
been suggested that ruminal fluid for in vitro studies should come
from donor animals fed a diet similar to the feed to be tested.6

This may not always be practical or desirable for the health of the
donor animals. For example, cows are rarely fed a diet containing
100%grain, and such a dietmight be expected to result in acidosis
or death.36 Nevertheless, we suggest that, when screening feed
ingredients for their methane mitigating potential, the in vitro
incubation of a pure substrate (e.g. a substrate made up 100%
of a single ingredient) could nevertheless be carried out in order
to determine the methane mitigating potential of that substrate.
However, the extent of methane mitigation as determined in
vitro should not be expected to apply to in vivo situations where
animals are fed a combination of ingredients.
In our in vitro incubations, we used a weak buffer to manifest

differences among treatments on pH to reflect the in vivo effects
of differences between grains and forages.18 Mean MP and mean
post-fermentation pH were lower in treatments that incubated
wheat substrate than in treatments that incubated corn substrate.
This was consistent with previous reports that have reported
a negative relationship between MP and pH in vitro37 and in
vivo.2,38,39 It has been reported that low pH is associated with low
MP, as the fermentation acids produced in low ruminal fluid pH
are considered to be toxic to methanogenic microorganisms.35,37

Similar results have been reported for previous in vivo studies,
where MP was decreased by up to 85% when ruminal fluid pH
declined to 5.738 and where cows fed 10 kgDMwheat per day
had a greater duration and area of ruminal pH below 6 and also
lower methane yield (MP per kilogram DM intake) than cows fed
the same amount of corn.2 This finding is likely caused by the
structural differences between the grains as previously discussed,

which leads to a faster fermentation of wheat compared with corn
and to faster formation of lactate, which decreases ruminal fluid
pH.40–42

The negative relationship between proportion of wheat and MP
could also be attributed to the ruminal fluid pH. The treatment that
containedwheat grain at aproportionof 500mgg−1 DMproduced
26% less MP than the control treatment, and the treatment that
contained wheat grain at 1000mgg−1 DM produced 40% less MP
than the control treatment. An increasedwheat content in the diet
leads to greater starch degradation, which decreases ruminal fluid
pH, favours propionate production and inhibits methanogenic
function.34,43 These results are in accordance with the results of
previous in vivo research that fed different forage-to-grain ratios
to dairy cows,39 as there was a negative relationship between
grain content in the treatments and post-fermentation pH. Similar
results have been observed in previous studies where increased
proportions of grain in the diet of ruminants decreased methane
when the proportion of grain was above 300mgg−1 DM.41

However, in our research, this effect did not occur for corn, as
there was a negative relationship between proportion of corn
and post-fermentation pH and A : P, and a positive relationship
betweenproportionof cornandDDMbutno relationshipbetween
proportion of corn andMP. A possible explanation for this could be
the small decrease in PM with increased proportions of corn grain
in the substrate, but a marked increase in GP. As the magnitudes
of both PM and GP influence the magnitude of MP, this results in
a lack of effect of increasing proportions of corn grain on MP.

CONCLUSIONS
An important novel finding from this research is that using a single
source of ruminal fluid to screen two different feed grains (wheat
and corn) may provide a misleading indication as to the methane
mitigation potential of these grains. Indeed, our results indicate
that, to mimic in vivo conditions, in vitro incubations that compare
or screen different feeds for their methane mitigation potential
should be performed using ruminal fluid adapted to each specific
feed type. Further research is necessary to test this across a wider
range of substrates. In addition, in vitro MP was reduced when
wheat was included in a grain–alfalfa hay substrate, and the
magnitudeof the reductionwas related to theproportionofwheat
in the substrate. Inclusion of corn in a grain–alfalfa hay substrate
did not reduce MP. These findings suggest that the feeding of
wheat to ruminants may be an especially effective strategy to
reduce their enteric methane emissions.
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Abstract  

Enteric methane emitted by ruminants is a nutritional inefficiency that contributes to global 

warming. Feeding substantial quantities of wheat grain to dairy cows has been reported to decrease 

enteric methane emissions compared with other feeds. Feeding methane mitigating agents such as 

nitrate, fat and 3-nitrooxypropanol (3-NOP) to ruminants has also been reported to decrease enteric 

methane emissions. This research involved three in vitro experiments that examined the combined effect 

of wheat grain with nitrate, fat or 3-NOP on in vitro methane mitigation. In each of the experiments, 

wheat grain or corn grain were incubated in combination with one of the three methane mitigating 

agents (nitrate, fat or 3-NOP). The fermentation of wheat grain produced 22% less methane than the 

fermentation of corn grain. All three methane mitigating agents decreased in vitro methane production 

and methane production expressed per gram of dry matter degraded. The addition of nitrate, fat and 3-

NOP decreased in vitro methane production by 21, 19 and 44% respectively. The methane mitigating 

effect of wheat grain in combination with nitrate, fat or 3-NOP was greater than the individual effects 

of wheat grain, nitrate, fat or 3-NOP. The feeding of the combination of wheat grain with nitrate, fat or 

3-NOP to ruminants may be effective strategies for decreasing their enteric methane emissions.  
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Introduction 

Enteric methane emitted by ruminants is a potent greenhouse gas that contributes to global warming 

(Bell et al. 2011; Alexandratos & Bruinsma 2012). Methane production (MP) in the rumen is also a 

dietary inefficiency, as up to 12% of an animals’ gross energy intake is lost as methane (Johnson & 

Johnson 1995; Eckard et al. 2010). Nitrate, fat and 3-nitrooxypropanol (3-NOP) have each been shown 

to decrease enteric MP when added to diets fed to ruminants (Moate et al. 2011; Van Zijderveld et al. 

2011; Hristov et al. 2015). In vitro MP has been observed to decrease by more than 30% when 5 mM 

nitrate was added to the incubation medium (Patra & Yu 2015). Furthermore, MP was decreased by 

between 15 and 32% when the diet of sheep was supplemented with nitrate at rates between 20 and 21 

g/kg dry matter intake (DMI) (De Raphélis-Soissan et al. 2014) and by between 16 and 32% when the 

diet of cattle was supplemented with nitrate at rates between 20 and 30 g/kg DMI (Lund et al. 2014; 

Newbold et al. 2014; Velazco et al. 2014). Dietary fats (i.e. lipids) have been shown to decrease MP 

from dairy cows by 7.2% through the feeding of 24 g/kg DMI of additional fat in the diet (Moate et al. 

2011). In beef cattle, enteric methane emissions were lowered by 32% through the feeding of 46 g/kg 

DMI of additional fat in the diet (Beauchemin & McGinn 2006).   

 

The compound 3-NOP has been reported to decrease MP in dairy cows by 30% when their diet was 

supplemented with 3-NOP at 80 mg/kg DMI (Hristov et al. 2015), by 23-37% when 3-NOP was added 

at 66-136 mg/kg DMI (Haisan et al. 2017), and by 60% when supplemented at 126 mg/kg DMI (Haisan 

et al. 2014; Haisan et al. 2017). In beef cattle, MP was decreased by 33% when 3-NOP was added at 

200 mg/kg DMI to a forage-based diet (Romero-Perez et al. 2014; Vyas et al. 2016a) and by 84% when 

added at 200 mg/kg DMI to a grain-based diet (Vyas et al. 2016a). In Australia, the feeding of wheat 

grain to dairy cows as a supplement is a common practice (Dharma et al. 2012; Moate et al. 2017). It 

has been reported that dairy cows fed wheat had lower MP than cows fed corn or barley (Moate et al. 

2017). Given the different modes of action of nitrate, fat and 3-NOP for inhibiting methanogenesis, it 

has been proposed that the efficacy of these additives and degree of methane mitigation may vary 

depending upon type of animal and diet fed (Chung et al. 2011; Castro-Montoya et al. 2012; Bayat et 

al. 2017). However, the methane mitigating potential of combining wheat grain with these methane 

mitigating agents is currently unknown. The present research aimed to determine the in vitro methane 

mitigating effects of wheat grain in combination with nitrate, fat and 3-NOP. It was hypothesized that 

1) the incubation of wheat grain would produce less methane than the incubation of corn grain, 2) that 

the addition of nitrate, fat and 3-NOP would decrease MP irrespective of grain type incubated and 3) 

that the effect of combining wheat grain with nitrate, fat or 3-NOP would be greater than the individual 

methane mitigating effects of wheat grain, nitrate, fat or 3-NOP. 
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Material and methods 

Experiment design 

Three separate in vitro experiments were conducted to test the combined effect of wheat grain with each 

of three methane mitigating agents: nitrate, fat and 3-NOP on the in vitro fermentation. Each experiment 

tested one agent and involved four treatments – corn grain (CRN), wheat grain (WHT), corn grain plus 

a methane mitigating agent (CPNIT, CPFAT and CP3-NOP) and wheat grain plus a methane mitigating 

agent (WPNIT, WPFAT and WP3-NOP). The methane mitigating agents were each included at a single 

dose found to be effective in previous published studies (Moate et al. 2011; Van Zijderveld et al. 2011; 

Hristov et al. 2015). Each experiment was replicated in two in vitro runs conducted on different days 

and within each run, each treatment was incubated in three incubation bottles.  

 

Substrates and additives 

Each bottle in each treatment contained 0.5 g of alfalfa hay (Medicago Sativa L.) and 0.5 g of either 

corn grain (Zea mays L.) or wheat grain (Triticum aestivum L.). Substrates were analyzed by Dairy One 

Laboratories (Ithaca, New York) for dry matter (DM) (Goering & Van Soest, 1970), crude protein (CP) 

(AOAC International 2000; Method 990.03), acid detergent fibre (ADF) (AOAC International 2000; 

Method 7.074), neutral detergent fibre (NDF) (AOAC International 2000; Method 2002.04), ash 

(AOAC International 2000; Method 942.05) and starch (AOAC International 2000; Method AOAC 

996.11) by chemical analytical methods according to their published analytical procedures (Dairy One 

2018). The chemical composition of the substrates is provided in Table 1.  

 

Table 1. Dry matter content (g/kg fresh weight) and chemical composition (g/kg DM) of hay and cereal 

grains fed to the donor cows and used for in vitro experiments. 

Feed Dry matter 
Crude 

protein 
 ADF1 NDF2 Ash Starch 

       

Alfalfa 902 185 389 476 105 12 

Corn 973 103 31 82 12 685 

Wheat 975 144 25 136 17 614 
1 Acid detergent fibre, 2 neutral detergent fibre 

 

The methane mitigating agents studied were nitrate in experiment 1, fat in experiment 2 and 3-NOP 

(DSM Nutritional Products, Ltd, Basel, Switzerland) in experiment 3. In experiment 1, nitrate was 

added at a rate of 20 mg/g DM of substrate (Van Zijderveld et al. 2011), with calcium nitrate tetrahydrate 

(Chem-supply, Port Adelaide, SA, Australia) used as the nitrate source. Treatments not containing 

nitrate included urea (SSA, Mitcham, Vic, Australia) to ensure that the incubations were iso-

nitrogenous. In experiment 2, fat was added at a rate of 50 mg/g DM of substrate based on the rate of 

fat inclusion in previous in vivo studies (Moate et al. 2011). Canola oil was used as fat source and was 



 

69 
 

added to the incubation bottles dissolved in a 1 mL solution of 70:30 ethanol-water (Durmic et al. 2014). 

A solution of 70:30 ethanol-water was added to controls to compensate for possible effects of solvent 

on the fermentation. In experiment 3, 3-NOP was dissolved in distilled water at a concentration of 800 

mg/L to ensure its solubility and 1 mL of this solution was added to each incubation bottle resulting in 

the inclusion rate of 0.08 mg/g DM of 3-NOP (Hristov et al. 2015). Controls in this experiment received 

1 mL of distilled water only.  

 

Sample preparation 

The in vitro experiments were conducted at the Faculty of Veterinary and Agricultural Science, of the 

University of Melbourne, and in accordance with the Australian Code of Practice for the Care and Use 

of Animals for Scientific Purposes (NHMRC 2017). Based on the recommendations to use ruminal fluid 

from donor animals adapted to each substrate incubated (Alvarez-Hess et al. 2019b), ruminal fluid from 

six donor animals separated into two groups was used for each experiment. Each group was fed a 

different diet. Each experiment used ruminal fluid from different donor cows. Ruminal fluid from each 

group was pooled and each grain was incubated only in homologous type ruminal fluid. Corn grain was 

incubated in ruminal fluid from three rumen cannulated (www.rumencannula.com) Holstein-Friesian 

cows fed 11.0 kg DM of chopped alfalfa hay, 10.0 kg DM of crushed corn, 1.8 kg DM cold pressed 

canola meal, and 0.2 kg DM minerals per day. Wheat grain was incubated in ruminal fluid from three 

rumen cannulated (www.rumencannula.com) Holstein-Friesian cows fed a similar diet to that described 

above, except that the crushed corn was replaced with crushed wheat. At the time of collection of 

ruminal fluid, the cows had been consuming their allocated diets for two weeks. This period was 

considered of adequate duration to ensure that the ruminal microbiota were adapted to the specific diets 

(Kaufman et al. 1980).  

 

The ruminal fluid was collected through a ruminal cannulae from multiple sites within the rumen 

of each cow by inserting a 100 mL syringe attached to a copper pipe through the ruminal cannulae. The 

ruminal fluid was kept in 2 L glass bottles that had been pre-warmed to 39°C and then transported to 

the laboratory in an incubator set at 39°C (Russo et al. 2017). The ruminal fluid was filtered through 

four layers of cloth to remove particles. During the filtering process, the ruminal fluid was under 

constant flow of carbon dioxide. All substrate samples for incubation were dried for 24 h at 60°C, 

then ground in a cyclone mill and passed through a 1 mm sieve. One g of dried substrate was 

placed into a 310 mL Ankom incubation bottle. Each incubation bottle contained 75 mL of 

Kansas State buffer solution at a pH of 6.8 (Marten & Barnes 1980) and 25 mL of ruminal 

fluid, leaving 210 mL of head space volume. An Ankom GP (Ankom Technology, Macedon, 

NY, USA) module was placed on top of each bottle and the bottles were placed in a water bath 

maintained at 39°C. The head space of each bottle was flushed with carbon dioxide prior to 
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commencing incubation. For gas collection, the module’s venting tube was connected to an 

empty gas collection bag through a 22 cm long extension tube with an internal diameter of 4 

mm (Extension Line Type Heidelberger; Braun, Bella Vista, NSW, Australia) and a three-way 

stopcock (Model MGT110000; Vitalmed, Kingsgrove, NSW, Australia) (Alvarez-Hess et al. 

2019a). The gas bags had a capacity of 400 mL and were manufactured in-house using a three-

layered gas-impervious film (Code 1 MAC-15UM Nylon/9UM Foil/80UM LLDPE; Wests 

Packaging Services P/L, Carrum Downs, Vic, Australia) (Moate et al. 2013). A small quantity 

of plumber’s silicon (Selleys Roof and Gutter Speed Seal Silicone; Selleys, Padstow, NSW, 

Australia) was placed on two corners of each bag to act as septa, enabling needle access to each 

bag. Gas collection bags had previously been flushed with carbon dioxide. The pH of the 

mixture of ruminal fluid and buffer was measured (Ecoscan pH +5; Eutech Instruments, 

Vernon Hills, IL, USA) prior to and immediately after each incubation.  

 
In vitro fermentation 

Incubations and gas monitoring were completed with an Ankom Technology (Macedon, NY, USA) in 

vitro cumulative gas production system fitted with pressure transducers and gas sample collection ports. 

The in vitro incubations were conducted over 24 h and measurement of total gas production (GP, mL) 

was achieved by an automated GP system. The pressure transducers of the Ankom GP system measured 

cumulative gas pressure in each module. The data were recorded into a computer spreadsheet by radio 

frequency transmission at 5 min intervals. Additionally, each time the pressure in the bottle reached 

6.89 kPa above atmospheric pressure, an internal valve opened for 1 s to release the gas produced. This 

avoided the fermentation gas being released into the head space of the incubation bottle from diffusing 

back into the ruminal fluid (Cattani et al. 2014). In this experiment, the vented gas was collected into 

the gas impermeable bags described above. In each run, six blanks containing ruminal fluid and buffer 

solution, but no substrate, were used to correct for gas produced from residual feed particles remaining 

in the ruminal fluid.  

 

At the completion of the incubation period, dry matter degraded (DMDg) was assayed following a 

previously published method (Tilley & Terry 1963) with modification such that the remaining residue 

was filtered through a filter with 114 micron mesh openings (54T DP Screen Mesh, GJS Machinery, 

NSW, Australia) rather than centrifuged (Navarro-Villa et al. 2011). The final residue was then dried 

at 60°C for 48 h and weighed to establish its mass difference with the initial sample. At the conclusion 

of the in vitro fermentations, a 50 mL sample of the fermentation fluid was collected, chilled on ice and 

centrifuged at 4200 g for 10 min at 4°C. A 5 mL aliquot of the supernatant was collected for 

measurement of ammonia concentration in the ruminal fluid using an ion selective electrode (SM703; 
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Metrhom AG, Herisau, Switzerland) (Philips 1983) and another 1 mL aliquot was mixed with 9 mL of 

a dilute acid made up of 1% formic acid, 1% orthophosphoric acid and an internal standard of 4-

methylvaleric acid at 184 mL/L and analyzed for volatile fatty acid concentration (VFA). Volatile fatty 

acid concentrations were determined by capillary gas chromatography using an Agilent 7890B gas 

chromatograph (Agilent, CA, USA) with an auto-sampler and auto-injector. All results were calculated 

as ppm and converted to mmol/L for subsequent statistical analyses.  

 

Composition of fermentation gas 

After the incubation period, a gas-tight glass syringe with a volume of 50 mL (SGE International Pty 

Ltd, Ringwood, Vic, Australia) with attached needle was used to collect a gas sample from the head 

space of each incubation bottle and another sample from the gas bag attached to each module. The gas 

samples were transferred into separate Exetainers® (12 mL soda glass vial; Labco ltd., 

Buckinghamshire, UK). Methane proportions in the samples of head space gas and in the gas collected 

in the gas bags were determined by gas chromatography (Durmic et al. 2010).  

 

Calculations 

Cumulative pressure measured by the ANKOM GP modules over 24 h was used to estimate total GP 

using the ideal gas law. Methane production (MP, mL) measured over the 24 h incubation period was 

calculated through the equation: 

MP = (HPM × HV) + (BPM × BV)  (1) 

Where HPM (mL/mL) is the methane proportion in the head space gas, HV is the known head space 

volume (210 mL), BPM (mL/mL) is the methane proportion in gas voided into the collection bag and 

BV is volume (mL) of gas collected in the collection bag.  

Proportion of methane (PM, mL/L) in the fermentation gas was calculated as: 

PM = MP × 1000/GP (2) 

Methane per unit of DMDg (MZ, mL MP/g DMDg) was defined as: 

MZ= MP × 1000/DMDg                                                                                                                           (3) 

 

Statistical analysis 

The statistical analyses were performed using Gentstat 16 (VSN International Ltd., Hemel Hempstead, 

UK). For each experiment, the data were analyzed by ANOVA with a 2 × 2, factorial fixed effects 

treatment structure of substrate (corn or wheat) by methane mitigating agent (presence or absence of 

nitrate, fat or 3-NOP). Each run formed a block and the experimental unit was specified as the treatment 

combination of substrate and methane mitigating agent within each block. Thus, the random effects 

blocking structure for the ANOVA was block split for unit, split for bottle. With bottle nested within 

units in this way, the analysis results are as if the data consisted of 6-bottle averages for each unit. The 

ANOVA model is given by the following equation: 
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= μ + + + + + + +                                                                            (4) 

Where Yijklm = dependent variable,  = overall mean, i = substrate (i = 1…2), j = methane mitigating 

additive (j = 1…2), Rl = blocking factor for run (l = 1, 2), Uijkl is a unit random effect for treatment 

ijklm = residual error, for bottle (m = 1…6).  

 

Results 

In experiment 1, across both grains, the addition of nitrate decreased (P = 0.002) GP (Table 2). There 

was a trend (P = 0.051) for greater GP in the incubation of corn grain than that of wheat grain. The 

incubation of corn grain had greater (P < 0.001) MP than the incubation of wheat grain, the addition of 

nitrate decreased (P < 0.001) MP and there was no interaction between grain type and addition of nitrate 

on MP. Similar results were observed for PM and MZ. There was an interaction effect (P = 0.014) 

between grain type and the addition of nitrate on DMDg, as the addition of nitrate decreased DMDg in 

the incubation of corn grain but not in that of wheat grain. The incubation of corn grain resulted in a 

lower (P < 0.001) proportion of VFA than that from wheat grain, but the incubation of corn resulted in 

greater (P < 0.001) A:P ratio than that of wheat grain. The incubation of corn grain resulted in greater 

(P = 0.013) final pH than that of wheat grain. 

 

Table 2. The effects of grain type (corn or wheat grain) and of nitrate addition on in vitro 

fermentation parameters in experiment 1 

Treatment GP1 MP2 PM3 DMDg4 MZ5 NH36 VFA7 A:P8 pH 

CRN9 326 78 240 619 127 52 124 2.3 6.2 

WHT10 322 63 200 600 106 56 140 1.6 6.0 

CPNit11  320 62 193 563 110 62 123 2.6 6.2 

WPNit12 320 49 152 602 81 37 140 1.7 6.1 

SED 1.6 4.1 1.3 15.0 6.8 16.5 4.4 0.1 0.1 

P (Grain) 0.051 <0.001 <0.001 0.336 <0.001 0.377 <0.001 <0.001 0.013 

P (Nit)13 0.002 <0.001 <0.001 0.020 <0.001 0.714 0.914 0.004 0.532 

P (Grain×Nit) 0.086 0.737 0.877 0.014 0.443 0.230 0.918 0.280 0.407 
1 Gas production (mL), 2 methane production (mL), 3 proportion of methane in fermentation gas (mL/L), 4 

dry matter degraded (g/kg DM), 5 methane per unit of dry matter degraded (mL/g DMDg), 6 ammonia 

(mg/L), 7 volatile fatty acids (mmol/ L), 8 acetate to propionate ratio (A:P), 9 corn grain,10 wheat grain, 11 

corn grain plus nitrate, 12 wheat grain plus nitrate, 13 nitrate. 

 

In experiment 2, the incubation of corn grain resulted in greater (P = 0.002) GP than the incubation 

of wheat grain and the addition of fat decreased (P = 0.007) GP in both grain types (Table 3). There 

were no (P > 0.05) interaction effects between grain type and fat addition on all measured variables. 

The incubation of wheat grain resulted in lower (P < 0.001) MP than the incubation of corn grain and 

the addition of fat decreased (P < 0.001) MP in both grain types. The addition of fat also decreased (P 



 

73 
 

< 0.05) PM and MZ across both grain types. The incubation of corn grain resulted in lower (P = 0.018) 

proportion of VFA and greater (P < 0.001) A:P ratio than that of wheat grain. The incubation of corn 

grain also resulted in higher (P < 0.001) pH than that of wheat grain.  

 

Table 3. The effect of grain type (corn or wheat grain) and of fat addition on in vitro fermentation 

parameters in experiment 2 

Treatment GP1 MP2 PM3 DMDg4 MZ5 NH36 VFA7 A:P8 pH 

CRN9 319 96 316 671 143 44 115 2.6 6.2 

WHT10 304 69 220 662 106 62 126 1.7 6.0 

CPFat11  306 78 259 643 122 57 109 2.6 6.3 

WPFat12 301 52 175 599 90 60 120 2.0 6.1 

SED 3.8 3.1 1.1 24.4 8.9 17.0 6.3 0.2 0.1 

P (Grain) 0.002 <0.001 <0.001 0.377 <0.001 0.385 0.018 <0.001 <0.001 

P (Fat) 0.007 <0.001 <0.001 0.146 0.007 0.633 0.171 0.396 0.277 

P (Grain×Fat) 0.086 0.796 0.478 0.569 0.697 0.550 0.964 0.331 0.906 
1 Gas production (mL), 2 methane production (mL), 3 proportion of methane in fermentation gas 

(mL/L), 4 dry matter degraded (g/kg DM), 5 methane per unit of dry matter degraded (mL/g DMDg), 
6 ammonia (mg/L), 7 volatile fatty acids (mmol/ L), 8 acetate to propionate ratio (A:P), 9 corn grain,10 

wheat grain, 11 corn grain plus fat, 12 wheat grain plus fat. 

 

In experiment 3, there was an interaction effect (P = 0.016) between grain type and 3-NOP on GP 

as the addition of 3-NOP decreased GP in the incubation of corn grain but not in the incubation of wheat 

grain. The incubation of corn grain resulted in greater (P < 0.001) MP than the incubation of wheat 

grain, and the addition of 3-NOP decreased (P < 0.001) MP across both grain types. Similar results 

were observed for PM and MZ. The incubation of corn grain resulted in lower (P = 0.037) proportion 

of VFA than that of wheat grain. There was an interaction effect (P = 0.048) between grain type and 3-

NOP on A:P ratio, and the incubation of corn grain resulted in greater (P < 0.001) pH than the incubation 

of wheat grain. 
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Table 4. The effect grain type (corn or wheat grain) and of 3-nitrooxypropanol addition on in vitro 

fermentation parameters in experiment 3 

Treatment GP1 MP2 PM3 DMDg4 MZ5 NH36 VFA7 A:P8 pH 

CRN9 332 95 293 577 176 59 125 2.2 6.1 

WHT10 313 77 246 632 122 64 129 2.1 6.0 

CP3-NOP11  317 53 158 571 88 71 124 1.9 6.0 

WP3-NOP12 314 30 95 627 48 74 127 1.9 6.0 

SED 4.6 3.9 1.5 14.0 14.6 16.1 2.2 0.03 0.07 

P (Grain) 0.004 <0.001 <0.001 0.065 <0.001 0.760 0.037 0.026 0.042 

P (3-NOP)13 0.040 <0.001 <0.001 0.846 <0.001 0.336 0.400 <0.001 0.239 

P (Grain×3-NOP) 0.016 0.334 0.420 0.989 0.507 0.963 0.597 0.048 0.614 
1 Gas production (mL), 2 methane production (mL), 3 proportion of methane in fermentation gas (mL/L), 4 

dry matter degraded (g/kg DM), 5 methane per unit of dry matter degraded (mL/g DMDg), 6 ammonia 

(mg/L), 7 volatile fatty acids (mmol/ L), 8 acetate to propionate ratio (A:P), 9 corn grain,10 wheat grain, 11 

corn grain plus 3-nitrooxypropanol, 12 wheat grain plus 3-nitrooxypropanol, 13 3-nitrooxypropanol. 

 

Across the three experiments, compared with the incubation of CRN, the incubation of WHT 

resulted on average in 22% less MP. Furthermore, compared with the incubation of CRN, CPNit 

decreased MP by 21%, while CPFat decreased MP by 19% and CP3-NOP decreased MP by 44%. In 

addition, compared with the incubation of CRN, the incubation of WPNit decreased MP by 37%, WPFat 

decreased MP by 45% and WP3-NOP decreased MP by 68%. 

 

Discussion 

Across all three experiments, the incubation of wheat grain produced less methane than the incubation 

of corn grain. Thus, hypothesis 1 that the in vitro incubation of wheat grain would produce less methane 

that of corn grain is accepted. This result is consistent with previous studies by Moate et al. (2017) 

where feeding wheat grain at a rate of 10 kg DM/d to Holstein-Friesian dairy cows resulted in 29% 

lower methane yield than cows fed corn grain at the same rate. This result is also consistent with the in 

vitro findings of Alvarez-Hess et al. (2019b), where incubating wheat grain in ruminal fluid from wheat 

fed cows resulted in 32% lower MP than the incubation of corn grain in ruminal fluid from corn fed 

cows. It has been suggested that feeding of wheat grain decreases enteric MP compared with feeding of 

other grains, as wheat grains are more rapidly fermentable in the rumen, and the fermentation of starch 

favors propionate production and decreases ruminal fluid pH, which consequently decreases MP (Van 

Kessel & Russel 1996; Martin et al. 2010; Moate et al. 2017). This is consistent with the findings of 

this research, as the incubation of corn grain resulted in greater A:P ratio and a higher final pH than that 

of wheat grain. In these in vitro incubations, a weak buffer was used to manifest differences among 

treatments on pH to reflect the in vivo effects of differences between grains (Russo et al. 2017).  
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The addition of nitrate, fat and 3-NOP to the in vitro incubation decreased MP in both grain types 

and there was no interaction effect between the methane mitigating agents and grain type on MP. Thus, 

hypothesis 2 that the addition of nitrate, fat and 3-NOP would decrease MP is accepted. In a previous 

in vitro study, nitrate had greater effect in reducing MP expressed in mL methane/g DM and mL 

methane/g digestible organic matter (OM), when added to a high forage substrate than a high 

concentrate substrate (Pal et al. 2014). Furthermore, Troy et al. (2015) in an in vivo study, showed that 

nitrate reduced methane yield (g methane/kg DMI) in steers fed a mixed diet but not in steers fed a 

concentrate diet. Similar interactions between diet and methane mitigating efficacy of methane 

mitigating agents in cattle fed high forage or high grain diets have also been reported for fat (Troy et al. 

2015) and 3-NOP (Vyas et al. 2016a). This type of interaction between diet and methane mitigating 

agent was not observed in the current research, and it was surmised that this was because both diets 

were high starch concentrate diets. In this research, the addition of nitrate to the in vitro incubation 

resulted in greater A:P ratio. This finding is consistent with results from previous studies, where feeding 

nitrate was associated with an increase in the molar proportion of acetate and decrease in the molar 

proportion of propionate in the ruminal fluid (Hulshof et al. 2012; Troy et al. 2015; Wang et al. 2016; 

Guyader et al. 2017). This result likely occurred because, in the rumen, nitrate is reduced to nitrite and 

then to ammonia, a process in which nitrate competes with propionate for hydrogen (Hulshof et al. 

2012; Wang et al. 2016).  

 

The decrease in DMDg when nitrate was included in the incubation of corn grain was in accordance 

with previous in vitro studies (Lund et al. 2014; Pal et al. 2014; Wang et al. 2016). This finding has 

been associated with the toxic effects of nitrate on ruminal bacteria and the inhibitory effect of nitrate 

on in vitro ruminal fermentation (Lund et al. 2014; Guyader et al. 2017). The lack of effect of nitrate 

addition on VFA or ammonia concentration is consistent with the findings of previous studies (Guyader 

et al. 2016; Guyader et al. 2017). The decrease of 22% in MP with the addition of 50 mg/g DM of fat 

to the substrate is greater than the 3-9% decrease reported in previous in vitro studies that incubated 

sunflower oil and linseed oil at 50 mg/g DM in a hay based substrate (Fievez et al. 2007). The difference 

in methane mitigation effects of the addition of fats between studies may be due to the potency of MP 

inhibition differing between fatty acids (Patra 2014; Troy et al. 2015). Across both grain types, the 

addition of 3-NOP to the in vitro incubation decreased MP by 44%, which is similar to the in vivo 

findings of Vyas et al. (2016b) feeding 3-NOP to beef cattle fed a high grain diet. That the addition of 

3-NOP decreased A:P was consistent with previous studies, as 3-NOP inhibits methanogenesis and 

propionate is the second most important hydrogen sink in the rumen after methanogenesis (McAllister 

& Newbold 2008). In this context, findings of this research were consistent with previous reports, where 

feeding 3-NOP to beef cattle had no effect on total concentration of VFA, but decreased the 

concentration of acetate and increased the concentration of propionate (Lopes et al. 2016; Haisan et al. 

2017; Romero-Perez et al. 2017).  
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The lack of effect of 3-NOP on DMDg contrasted with a previous in vivo study, where delivering 

3-NOP directly in the rumen of dairy cows fed a TMR diet decreased digestibility of DM and OM 

(Reynolds et al. 2014). It has been proposed, that the accumulation of hydrogen, caused by the inhibition 

of methanogenesis in the rumen, may lead to negative feedback on the process generating the hydrogen, 

resulting in detrimental effects on OM digestion (Immig 1996; Janssen 2010; Reynolds et al. 2014). 

However, later studies showed that the addition of 3-NOP had no effect on in sacco DM ruminal 

degradation (Martinez-Fernandez et al. 2014) or in vitro DM disappearance (Guyader et al. 2017; 

Romero-Perez et al. 2017). Moreover, previous evidence of the accumulation of hydrogen in the rumen 

has been reported when sheep were administered the antimethanogenic agent hemiacetyl of chloral and 

starch (HCS) at 2.0 g/kg DMI, and the concentration of methane in rumen gas decreased from 26.4% 

in the control sheep to 12.1% in the sheep fed the HCS while the hydrogen concentration increased 

from zero in the control sheep to 21% in sheep fed the HCS (Trei et al. 1972). Furthermore, the sheep 

administered the HCS had a smaller DMI than the control sheep but a greater average daily bodyweight 

gain. Thus, there is both in vitro and circumstantial in vivo evidence against the commonly promulgated 

idea that the build-up of hydrogen in the rumen has a negative effect on DMDg.  

 

It has been reported that the lack of effect of 3-NOP on ammonia concentrations has been associated 

with the lack of effect of 3-NOP on protozoa numbers, as protozoa prey on bacteria and thus contribute 

to protein turnover and ammonia production (Morrison & Mackie 1996; Ivan et al. 2001; Romero-Perez 

et al. 2014). Across the three experiments, there was variation in MP between experiments, as the CRN 

and WHT treatments in experiment 1 produced approximately 16% less MP than in experiments 2 and 

3. As each experiment used ruminal fluid collected at different times from different donor cows, this 

finding is not surprising and is consistent with previous reports by Alvarez-Hess et al. (2019b) that 

significant variation can exist in the MP of the ruminal fluid of individual cows fed the same diet. 

 

The third hypothesis is accepted, as for all experiments, the combination of wheat grain plus any of 

the methane mitigating agents had a greater effect in decreasing MP than the individual effects of wheat 

grain or mitigation agent. As far as could be ascertained this is the first study analysing the combined 

methane mitigating effects of wheat grain plus methane mitigating agents. The important novel finding 

of this research is that it showed that feeding of wheat grain combined with nitrate, fat or 3-NOP can 

be an effective methane mitigating strategy as there is no interaction between the methane mitigating 

effect of wheat grain and nitrate, fat or 3-NOP. These research findings are especially important for 

dairy industries (e.g. Australian dairy industry), where supplemental wheat grain is commonly fed to 

lactating grazing dairy cows (Moate et al. 2017). This study shows that maintaining the current practice 

of wheat grain supplementation of dairy cows and combining it with any of the three methane mitigating 

agents nitrate, fat or 3-NOP may result in an effective methane mitigating strategy that could have a 

substantial effect on decreasing the Australian dairy herd’s carbon footprint. However, in vivo studies 
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are required to confirm the effect of combining wheat grain supplementation with nitrate, fat or 3-NOP 

on methane yield of dairy cattle. 

  

Conclusions 

The in vitro methane mitigating effect of wheat grain in combination with nitrate, fat or 3-NOP was 

greater than the individual methane mitigating effects of wheat grain, nitrate, fat or 3-NOP. It is 

concluded that combining wheat grain with nitrate, fat or 3-NOP may be effective strategies for 

decreasing enteric methane emissions. 
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ABSTRACT

Diets that contain high proportions of either wheat 
or supplementary fat have been individually reported 
to reduce enteric methane production. The objective of 
this research was to determine the effect of dietary fat 
supplementation on methane emissions and milk yield 
from cows fed diets containing either corn or wheat 
grains. It was hypothesized that cows fed a diet con-
taining wheat would produce less methane and have 
lower methane yield (methane per kg of dry matter 
intake; MY) than cows fed a diet containing corn and 
that methane mitigation from fat supplementation 
would occur irrespective of the type of grain in the 
basal diet. The experiment involved 32 Holstein-Frie-
sian dairy cows allocated to 1 of 4 treatment groups 
(n = 8) and individually fed different diets restricted 
to approximately 90% of their mean ad libitum intake 
measured during a covariate period. All animals were 
offered 11.5 kg of dry matter/d of alfalfa hay, 1.8 kg of 
dry matter/d of solvent-extracted canola meal, and 1 of 
4 dietary supplements. Dietary supplements were 8 kg 
of dry matter/d of either corn or wheat, or these same 
treatments with the addition of 0.8 kg of canola oil. In 
this 5-wk experiment, d 1 to 7 served as the covariate 
period, d 8 to 14 as the transition period, d 15 to 28 
as the adaptation period, and d 29 to 35 as the experi-
mental period. Cows were fed their full treatment diets 
from d 15 to 35 during which time milk production and 
feed intake were measured daily. During d 29 to 35, 
methane production was measured for individual cows 
daily using the sulfur hexafluoride tracer method. The 
resulting averages for milk production and feed intake 
were analyzed by analysis of covariance with factorial 
grain by fat as treatment structure, animal as the unit 
within blocks, and the corresponding milk production 

or feed intake covariate averages as principal covariate. 
Data on milk fatty acids, ruminal fluid data on pH, am-
monia, volatile fatty acids, protozoa, and methane were 
analyzed by ANOVA using the same treatment and 
blocking structures excluding the principal covariate. 
Cows fed a diet containing wheat had greater MY than 
cows fed a diet containing corn. Irrespective of the type 
of grain in the diet, increasing the fat concentration 
from 2 to 6% dry matter reduced MY. It is concluded 
that the grain component in the basal diet does not 
affect the mitigating effects of dietary fat supplements 
on MY.
Key words: dairy, methane, dietary fat, wheat

INTRODUCTION

Methane is produced by ruminants through the fer-
mentation of feedstuffs (Janssen, 2010; Lascano and 
Cárdenas, 2010). Approximately 6% of gross energy in-
take is lost to the dairy cow via eructation of ruminally 
produced methane (Appuhamy et al., 2016). Methane 
is a potent greenhouse gas and interest is growing in 
abating enteric methane production (Pacheco et al., 
2014). One methane-mitigating strategy that has shown 
promising results is the addition of different methane 
mitigating agents to the diet of ruminants (Aluwong 
et al., 2011; Pacheco et al., 2014). It has been reported 
that diets containing high proportions of starch-rich 
grains such as wheat and corn produce less methane 
yield (MY) than forage-based diets (Beauchemin et 
al., 2008). Diets containing starch reduce enteric meth-
ane production by inhibiting the capacity of ruminal 
methanogens to take up hydrogen by reducing ruminal 
fluid pH and favoring the production of propionate over 
acetate (Van Kessel and Russell, 1996; Pirondini et 
al., 2015). The production of propionate in the rumen 
reduces MY because propiogenesis utilizes metabolic 
hydrogen that would otherwise be available to produce 
methane (Van Kessel and Russell, 1996; Pirondini et 
al., 2015). In this context, Williams et al. (2013) re-
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ported that substituting forage in the diet of dairy cows 
with 5 kg/d of wheat grain reduced MY by up to 10% 
without affecting milk volume. Furthermore, Moate 
et al. (2014) reported decrease in MY of 31% when 
50% of dietary forage fed to dairy cows was replaced 
with wheat grain. More recently, Moate et al. (2017) 
reported that dairy cows fed wheat grain instead of 
corn grain produced 33% less MY. This difference was 
attributed to the daily minimum ruminal pH that was 
correlated with MY (Moate et al., 2017).

Increasing the fat concentration of the diet has also 
been reported to reduce enteric methane production 
(Beauchemin et al., 2009; Moate et al., 2011). Dietary 
fat reduces methane production in the rumen by reduc-
ing hydrogen accumulation through fatty acid biohy-
drogenation, reducing the intake of fermentable OM, 
reducing fiber digestion, and by inhibiting the activity 
of ruminal methanogens (Grainger and Beauchemin, 
2011; Bodas et al., 2012; Pirondini et al., 2015). Mc-
Ginn et al. (2004) reported that MY was decreased 
by 17% when the diet of beef cattle was supplemented 
with sunflower oil at 5% of dietary DM. Furthermore, 
Beauchemin and McGinn (2006) reported that MY 
was decreased by 15% when the diet of dairy and beef 
cattle was supplemented with canola oil at 4.6% of 
dietary DM. Similarly, Mata e Silva et al. (2017) re-
ported that when the dietary fat concentration of dairy 
cows under grazing conditions was increased from 3 to 
5% of dietary DM by inclusion of sunflower oil, daily 
methane production was reduced by 21% and MY by 
20%. However, Chung et al. (2011) found that daily 
methane emissions from cattle were reduced by 36% 
when a basal diet of barley silage was supplemented 
with a fat source (linseed), but no reduction occurred 
when the basal diet supplemented was pasture hay. 
Thus, it seems that the basal diet may influence the 
degree of methane mitigation resulting from dietary fat 
supplementation.

The objective of this research was to determine the 
effects of fat supplementation on methane emissions, 
MY (methane per kg of DMI), and milk yield from 
cows fed diets containing either corn or wheat grain. 
We hypothesized that (1) cows fed a diet containing 
wheat would produce less methane and have lower MY 
than cows fed a diet containing corn and that (2) meth-
ane mitigation from fat supplementation would occur 
irrespective of the type of grain in the basal diet.

MATERIALS AND METHODS

Cows, Diets, and Management

Thirty-two lactating, multiparous, rumen-cannulated 
Holstein-Friesian cows producing 24.9 ± 4.07 kg of 

milk/d (mean ± SD) at 5 ± 2 parities, at 207 ± 13.6 
DIM, and with a BW of 635 ± 43.3 kg were used in 
the experiment. Eight blocks of 4 cows were defined by 
milk yield and the 4 treatments were assigned to cows 
within each block, subject to balance for DIM, BW, 
and age using the COVDESIGN procedure in GenStat 
(Genstat 18th edition, VSN International Ltd., Hemel 
Hempstead, UK). All 4 dietary treatments consisted of 
a base of 11.5 kg of DM/d of chopped alfalfa hay, 1.8 
kg of DM/d of solvent-extracted canola meal, 0.2 kg of 
DM/d of minerals (calcium 10.5%, magnesium 11.2%, 
potassium 4.4%, chloride 6.6%, sulfur 14.2%, and cop-
per 34.4%), and 42 mL/d of Bloat-Drench (Victorian 
Chemical Company, Coolaroo, Victoria, Australia). In 
addition to this, the corn diet (CRN) included 8.0 kg 
of DM/d of crushed corn grain, the wheat diet (WHT) 
included 8.0 kg of DM/d of crushed wheat grain, the 
corn plus fat diet (CPF) included 8.0 kg of DM/d of 
crushed corn grain and 0.80 kg/d of canola oil, and the 
wheat plus fat diet (WPF) included 8.0 kg of DM/d of 
crushed wheat grain and 0.80 kg/d of canola oil. These 
feed amounts were chosen to supply approximately 90% 
of the mean ad libitum feed intake measured during 
a covariate period. This slight restriction in level of 
feed intake was chosen to allow comparison of MY at 
similar total DMI and to ensure that the cows in both 
treatment groups consumed diets with similar forage to 
concentrate ratios. This level of feed intake restriction 
and the separate feeding of concentrate and forage also 
reflect the feeding level and feeding practice that occur 
on many Australian commercial dairy farms. The corn 
and wheat grain had been passed once through a roller 
mill. For the corn grain, 62% had a particle size greater 
than 2 mm, 27% had a particle size between 1 and 2 
mm and 10% had a particle size less than 1 mm. For 
the wheat grain, 71% had a particle size greater than 2 
mm, 21% had a particle size between 1 and 2 mm, and 
7% had a particle size less than 1 mm.

All cows were offered a common diet in the lead up 
to the experiment, and in the covariate week (d 1 to 7) 
were offered daily 2.4 kg of DM of corn grain, 2.4 kg of 
DM of wheat grain, 1.2 kg of DM of cold pressed canola 
meal, 12 kg of DM of pasture, 5.5 kg of DM of pasture 
silage, and 250 g of DM of a mineral mix. On d 8 to 14 
of the experiment, all cows were transitioned to their 
experimental diet. Days 15 to 28 served as an adapta-
tion period. Methane measurements were undertaken 
on d 29 to 35.

Cows were cared for according to the Australian 
Code of Practice for the Care and Use of Animals for 
Scientific Purposes (NHMRC, 2013). Animal use was 
approved by the Animal Ethics Committee of the De-
partment of Economic Development, Jobs, Transport 
and Resources, Victoria, Australia.



2716 ALVAREZ-HESS ET AL.

Journal of Dairy Science Vol. 102 No. 3, 2019

Feed and Milk

Diets were offered to cows in 2 equal portions: one 
portion from 0700 to 1100 h, and the other from 1600 
to 2000 h each day. Cows were fed in individual feed 
stalls within a well-ventilated animal house (Williams 
et al., 2011) and were offered their concentrate includ-
ing the grain, canola meal, mineral mix, bloat drench, 
and canola oil if needed, then alfalfa hay once all cows 
had finished their grain or 30 min had elapsed, which-
ever occurred first. Water was offered to all animals 
at least once during each feeding period. Quantities of 
concentrate offered to individual cows were weighed 
then mixed by hand before being offered. Refusals of 
concentrate were collected and removed after 30 min off 
offering and weighed, with proportions of each compo-
nent being assumed to be the same as that offered on 
a wet basis. Refusals of alfalfa hay were also collected 
and weighed after each feeding. Dry matter intake was 
determined after each feeding. Grains offered were 
representatively sampled daily during the experiment. 
Alfalfa was representatively sampled at each feeding. 
Dry matter concentration was determined by drying 
feed samples in a forced draft oven at 105°C for 24 h. 
Samples of each feed were kept frozen at −18°C, sepa-
rately bulked over the duration of the experiment, then 
subsequently freeze-dried and ground to pass through 
a 1-mm screen (GEHL 95X Feed Grinder, West Bend, 
WI).

When not in the animal house, cows were either at 
the milking parlor being milked (0630 to 0700 h and 
1500 to 1530 h) or held in an open-air loafing-pad with 
no access to additional feed.

Milk yield was measured for each cow at each milking 
using a DeLaval Alpro milk metering system (MM25, 
DeLaval International, Tumba, Sweden). Milk samples 
were collected from individual cows during morning 
and afternoon milkings on d 5 to 7 (covariate period), 
12 (transition period), 19 and 26 (adaptation period), 
and 31 to 35 (measurement period). Fat, protein, and 
lactose in these milk samples were measured by means 

of a near-infrared milk analyzer (model 2000, Bentley 
Instruments, Chaska, MN). Energy-corrected milk, 
standardized to 4.0% fat and 3.3% protein, was calcu-
lated using equation 1 (Tyrrell and Reid, 1965): ECM 
(kg/cow per d) = [milk yield (kg) × (376 × fat% + 209 
× protein% + 948)]/3,138. 

Feeds were analyzed by Dairy One Laboratories 
(Ithaca, NY) for CP (AOAC International 2000; 
method 990.03), DM (Goering and Van Soest, 1970), 
ADF (AOAC International 2000; method 7.074), NDF 
(AOAC International 2000; method 2002.04), lignin 
(AOAC International 2000; method 949.04), NFC 
(AOAC International 2000; method 992.09), starch 
(AOAC International 2000; method 996.11), crude 
fat (AOAC International 2000; method 2003.05), ash 
(AOAC International 2000; method 942.05), TDN 
(calculated), gross energy (calculated), and dietary 
cation-anion difference (calculated) by chemical ana-
lytical methods according to the published analytical 
procedures (Dairy One, 2015; Table 1).

Methane Emissions

The modified SF6 tracer technique as fully described 
by Deighton et al. (2014) was used to estimate meth-
ane emissions from individual cows. The permeation 
tubes were filled with about 2.8 g of 99.999% pure SF6 
(Advanced Specialty Gases, Reno, NV). The release 
rate of SF6 from permeation tubes was determined by 
incubating the permeation tubes in an oven set at 39°C 
and weighing the permeation tubes twice per week for 4 
wk. The SF6 release rate from permeation tubes was 5.4 
± 0.45 mg/d (average ± SD) and ranged from 4.4 to 
6.4 mg/d. Cows were dosed through the rumen cannula 
with SF6 permeation tubes on d 21. Each permeation 
tube was encapsulated in a clear gelatin capsule (size 
#10 clear veterinary capsule, Torpac Inc., Fairfield, 
NJ). From d 29 to 35, evacuated canisters of 800-mL 
capacity were used to continuously sample eructated 
gases from a sampling point located just above the cows’ 

Table 1. Composition of main dietary ingredients (g/kg of DM, unless stated otherwise)

Parameter1 Corn grain Wheat grain Canola meal Canola oil Alfalfa hay

CP 98 128 408 0 185
ADF 39 37 231 0 389
NDF 90 111 323 0 476
Lignin 19 19 83 0 78
NFC 735 718 166 0 210
Starch 634 572 4.0 0 12
Crude fat 53 22 20 1,000 24
GE (MJ/kg of DM) 19.0 18.4 18.3 38.5 18.4
Ash 23.4 21.2 82.3 0 105.2
DCAD (mEq/100 g of DM) 4 0 17 0 58
1GE = gross energy.
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nostrils. An initial sampling rate of ~0.2 mL/min was 
used to continuously sample eructated gases. Samples 
of background gases were collected from the right flank 
of each individual cow into evacuated 800-mL canisters 
as per Williams et al. (2011). Canisters were exchanged 
once per day before the morning feeding at ~0700 h 
for a total of 5 d of collection. Analysis of collected gas 
samples was carried out the day following collection 
using GC (Williams et al., 2011). A piston extractor 
(NIWA, Wellington, New Zealand) was used to extract 
a sample from the canister then deliver it to the GC 
(Moate et al., 2017). Four of the 310 gas samples were 
lost, 1 during analysis and 3 due to failure of the sam-
pling equipment.

Ruminal Fermentation

Ruminal fluid samples (~400 mL) were collected and 
combined from each cow from the reticulum, cranial 
sac, and ventral sac of the rumen per fistula, 4 h after 
feeding, on d 35, using a mesh-covered copper tube and 
a syringe (Boyne et al., 1957). Protozoa were counted 
in a 0.5-mL representative sub-sample of ruminal fluid 
that had been transferred to a 12-mL plastic vial and 
then diluted with 4.5 mL of a solution containing 4% 
formalin, 0.9% saline, and 0.4% methylene blue. Count-
ing was done using a Mod-Fuchs-Rosenthal counting 
chamber and a Leica microscope (Leica Microsystems 
GmbH, Wetzlar, Germany). Protozoa were differenti-
ated into epidinia (large) and entodiniomorphs (Punia 
and Leibholz, 1987).

Volatile fatty acid proportions were determined from 
a 4-mL sub-sample of ruminal fluid that had been cen-
trifuged at 1,500 × g and 4°C for 10 min. Analysis for 
VFA was done according to the method of Packer et 
al. (2011).

Ammonia concentrations were determined from a 
0.4-mL sub-sample from 50 mL of ruminal fluid that 
had been centrifuged at 1,500 × g and 4°C for 10 min 
then diluted with 3.6 mL of 0.1 M HCl. Ammonia 
concentrations in ruminal fluid were measured by the 
spectrophotometric method (AOAC International 2000; 
method 941.04).

The temperature and pH of ruminal fluid were con-
tinuously monitored by intra-ruminal boluses (KB5, 
Kahne Limited, Auckland, New Zealand) on d 28 to 35. 
In the week before insertion and the week after recov-
ery, each bolus was sequenced in water baths set at 37, 
39, and 41°C for at least 2 h in each bath to enable a 
temperature calibration. A pH calibration was done ac-
cording to the manufacturer’s instructions. Each bolus 
was fitted with a 750-g stainless-steel weight with the 
bolus administered per fistula into the rumen of each 

cow. The weight on each bolus ensured they resided at 
the bottom of the rumen. On d 35, the boluses were 
retrieved. Validation of pH was done in the week after 
removal. Linear interpolation was used to correct for 
any drift in pH and temperature as measured by indi-
vidual boluses.

Statistical Analyses

Milk production data (milk yields, fat, protein and 
lactose concentrations and yields, ECM) and intakes 
(DMI) in the covariate period, and in the experimental 
period, were expressed as daily averages for each ani-
mal, before data analysis. The experiment was designed 
with 8 cows per treatment. However, one cow from the 
CRN treatment group was removed from the experi-
ment due to health reasons unrelated to the treatment. 
Thus, there were 7 cows in the CRN treatment group 
and 8 cows in each of the other treatment groups. The 
resulting averages for milk production and feed intake 
were analyzed by analysis of covariance with factorial 
grain by fat as treatment structure, animal as the unit 
within blocks, and the corresponding milk production 
or feed intake covariate averages as principal covari-
ate. Covariates for cow age, DIM, and BW were also 
included as a matter of course, as treatment groups 
were balanced for these in the design. Data on milk 
fatty acids, ruminal fluid data on pH, ammonia, VFA, 
protozoa, and methane were analyzed by ANOVA using 
the same treatment and blocking structures excluding 
the principal covariate. The effects of fat within each 
grain were tested using contrasts between correspond-
ing pairs of treatment of means in the analysis of cova-
riance. Protozoa counts were log-transformed to better 
approximate normal distribution and constant variance 
assumptions of the ANOVA. All statistical analyses 
were performed using Genstat 18 software (VSN In-
ternational Ltd.). Statistical difference between treat-
ments was declared if P < 0.05 and a trend when P > 
0.05 and <0.1.

RESULTS

A trend toward an interaction (P = 0.056) was ob-
served between the effect of grain type and fat supple-
mentation on milk yield, as well as an interaction (P < 
0.05) between grain type and fat supplementation for 
milk fat yield, protein yield, and lactose yield (Table 
2). Milk fat yield was not different between cows fed 
the CRN and the CPF diets, and cows fed the WHT 
diet had greater (P < 0.05) milk fat yield than cows 
fed the WPF diet. Cows fed the CRN diet had less (P 
< 0.05) protein and lactose yield than cows fed the 
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CPF diet, and no difference was observed between cows 
fed the WHT and the WPF diets. An interaction ef-
fect (P = 0.005) was observed between grain type and 
fat supplementation on ECM, as the addition of fat 
increased ECM in cows fed a diet that contained corn, 
but decreased ECM in cows fed a diet that contained 
wheat. An interaction effect (P < 0.01) was observed 
between grain type and fat supplementation on milk 
fat concentration. The decrease in milk fat concentra-
tion was more pronounced when cows fed diets that 
contained corn were supplemented with fat than when 
cows were fed diets that contained wheat. No difference 
was observed in milk protein or milk lactose concentra-
tion between treatments.

An interaction effect (P = 0.03) was observed between 
grain type and fat supplementation on mean methane 
emissions (g/d; Table 3). Dietary fat supplementation 
reduced (P < 0.05) daily methane production (637 vs. 
569 g/d) in cows fed the WHT diet, but not in cows 
fed the CRN diet. Methane yields for diets contain-
ing corn were less (P < 0.01) than for diets containing 
wheat, and diets containing fat also had lower (P < 
0.01) MY than those fed diets not supplemented with 
fat. The effects of grain and fat supplementation on 
methane emissions expressed as a percentage of gross 
energy intake were similar to those for MY. Overall, 

cows fed diets containing corn had lower (P = 0.03) 
methane intensities (expressed as g/kg of ECM) than 
cows fed diets containing wheat. Also, a tendency was 
observed for an interaction (P = 0.09) between the ef-
fects of grain type and fat supplementation on methane 
intensity.

Grain type and fat supplementation had no dietary 
effect on measured concentrations of NH3-N (Table 4). 
Cows fed diets containing corn had lower (P < 0.01) 
total ruminal VFA concentration than cows fed diets 
containing wheat, but dietary supplementation with fat 
had no effect on total VFA concentration. Cows fed di-
ets containing corn had greater (P < 0.01) proportions 
of acetic acid than cows fed the diets containing wheat, 
and cows fed diets not supplemented with fat had a 
greater (P = 0.02) proportion of acetic acid than cows 
fed a diet supplemented with fat. Moreover, cows fed 
diets containing corn had a smaller (P = 0.01) propor-
tion of propionic acid than that in the ruminal fluid of 
cows fed the diets containing wheat, and fat supple-
mentation had no effect on propionic acid proportion. 
Cows fed diets containing corn had greater (P < 0.01) 
acetic acid to propionic acid ratio than cows fed diets 
containing wheat. Feeding diets containing corn re-
sulted in greater (P < 0.05) proportions of iso-butyric 
acid and iso-valeric acid than feeding diets containing 

Table 2. Feed intake and milk yields from cows on each treatment

Parameter CRN1 WHT CPF WPF SED2

Contrast P-value

Grain Fat Grain × fat

Feed intake (kg of DM/d)         
 Alfalfa hay 11.3 11.4 11.3 11.2 — — — —
 Corn grain 7.51  7.60  — — — —
 Wheat grain  8.02  7.9 — — — —
 Canola meal 1.69 1.802 1.71 1.78 — — — —
 Minerals 0.18 0.19 0.19 0.19 — — — —
 Canola oil 0 0 0.80 0.80 — — — —
 Total 20.7 21.3 21.7 21.8 — — — —
 Total CP 3.51 3.86 3.53 3.82 — — — —
 Total NDF 6.59 6.88 6.60 6.79 — — — —
 Total starch 4.90 4.73 4.96 4.67 — — — —
 Total fat 0.70 0.49 1.46 1.27 — — — —
 Grain3 (%) 36.1 37.4 35.5 36 — — — —
 GEI4 (MJ/d) 381 389 412 415 — — — —
Milk yield (kg/d) 21.1 23.8 26.1 24.9 1.25 0.577 0.002 0.056
 Fat 1.01 1.13 1.03 0.74 0.07 0.042 0.002 0.002
 Protein 0.71 0.80 0.84 0.78 0.04 0.851 0.076 0.038
 Lactose 1.06 1.17 1.31 1.18 0.06 0.702 0.007 0.022
 ECM 23.21 26.1 25.82 21.41 1.49 0.291 0.406 0.005
Milk composition (g/kg)         
 Fat 49.1 48.0 39.9 30.4 1.75 <0.001 <0.001 0.005
 Protein 34.1 34.0 32.9 31.8 1.18 0.413 0.045 0.563
 Lactose 49.7 49.4 50.4 47.8 0.87 0.025 0.492 0.102
1CRN = corn diet; WHT = wheat diet; CPF = corn plus fat diet; WPF = wheat plus fat diet.
2SED = standard error of difference.
3The percentage of either corn, barley, or wheat in each diet.
4GEI = gross energy intake.
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wheat, and fat supplementation resulted in lower (P < 
0.01) proportions of iso-butyric acid and iso-valeric acid 
than not supplementing with fat. Feeding diets contain-
ing corn resulted in lower (P < 0.05) proportions of 
n-butyric and n-valeric acid compared with diets that 
contained wheat. Diets that included wheat resulted in 
greater counts of entodinia (P = 0.05) and total pro-
tozoa (P = 0.03) than diets that included corn. There 
was no effect of fat supplementation and no interaction 
between grain type and fat supplementation on counts 
of total protozoa. Grain type had no effect on mean pH, 
minimum pH, maximum pH, or duration below pH 6 as 
measured by intraruminal boluses during wk 5 of the 
experiment. Fat supplementation reduced mean pH (P 
= 0.02) but had no effect on minimum pH or maximum 
pH. Fat supplementation resulted in a trend (P = 0.07) 
for increased duration of pH below 6.

DISCUSSION

Feeding cows a diet containing a high proportion of 
wheat grain resulted in greater MY than a diet contain-
ing a high proportion of corn, and grain type had no 
effect of on milk yield. Thus, we reject our first hypoth-
esis that cows fed a diet containing a high proportion of 
wheat would produce less methane and have lower MY 
than cows fed a diet containing a high proportion of corn. 
In this context, our results differ from those reported in 
several previous studies (Moate et al., 2017, 2018b). In 
the study by Moate et al. (2017), cows fed wheat grain 
at 10 kg of DM/d had a 30% lower MY than cows fed 
the equivalent amount of corn. It has been suggested 
that the relative ruminal degradability of starch has the 
potential to substantially influence methane emissions 
(Beauchemin et al., 2008; Moate et al., 2017). Starch 

Table 3. Effects of diet on methane emissions, methane yield, and methane intensity between d 30 and 35 of the experiment

Parameter CRN1 WHT CPF WPF SED2

Contrast P-value

Grain Fat Grain × fat

CH4 (g/d) 524 637 523 569 19.2 <0.001 0.021 0.033
CH4 (g/kg of DMI) 25.5 29.9 24.1 26.2 1.07 <0.001 0.004 0.171
CH4 (% of GEI3) 7.6 9.1 7.0 7.7 0.31 <0.001 <0.001 0.096
CH4 (g/kg of ECM) 24.0 24.4 21.3 25.8 1.64 0.036 0.475 0.096
1CRN = corn diet; WHT = wheat diet; CPF = corn plus fat diet; WPF = wheat plus fat diet.
2SED = standard error of the difference.
3GEI = gross energy intake.

Table 4. Effect of diet on fermentation parameters in ruminal fluid samples collected 4 h postfeeding on d 35 of the experiment

Parameter CRN1 WHT CPF WPF SED2

Contrast P-value

Grain Fat Grain × fat

NH3-N (mg/L) 14.5 21.8 17.1 17.1 2.69 0.105 0.652 0.088
Total VFA (mM) 97 128 104 129 8.4 <0.001 0.518 0.621
Individual VFA (molar %)        
 Acetic 68.8 66.5 68.3 64.1 0.87 <0.001 0.029 0.158
 Propionic 16.9 17.5 16.5 20.4 1.33 0.019 0.208 0.126
 Iso-butyric 1.5 1.2 1.2 0.9 0.08 <0.001 <0.001 0.791
 n-Butyric 9.8 11.4 11.0 11.6 0.67 0.035 0.113 0.327
 Iso-valeric 1.5 1.3 1.2 0.9 0.11 0.016 <0.001 0.422
 n-Valeric 1.3 1.7 1.4 1.8 0.07 <0.001 0.195 0.604
 Caproic 0.2 0.3 0.3 0.3 0.05 0.300 0.568 0.403
 A:P3 4.1 3.8 4.1 3.2 0.26 0.003 0.161 0.122
Protozoa (103 cells/mL)       
 Entodinia 182 489 244 335 72.5 0.050 0.856 0.136
 Epidinia 15 28 19 22 12.6 0.187 0.242 0.483
 Total protozoa 188 525 268 363 75.8 0.035 0.856 0.102
 Mean pH4 6.63 6.76 6.53 6.43 0.13 0.763 0.028 0.256
 Minimum pH4 6.01 6.29 6.0 5.94 0.18 0.656 0.187 0.245
 Maximum pH4 7.11 7.23 7.08 7.01 0.11 0.915 0.141 0.295
 Duration below pH 64 (min) 61.8 16.9 146.1 163.4 104.3 0.921 0.074 0.562
1CRN = corn diet; WHT = wheat diet; CPF = corn plus fat; WPF = wheat plus fat.
2SED = standard error of the difference.
3Acetic acid to propionic acid ratio.
4Ruminal fluid pH parameters continuously measured by means of an intra-ruminal bolus over the last 5 d of the experiment.
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in wheat grain is known to be more quickly fermented 
in the rumen than starch in corn grain; thus, it was 
expected that cows fed the diet containing wheat would 
produce less methane than cows fed the diet contain-
ing corn (Herrera-Saldana et al., 1990; McAllister et 
al., 1990). Furthermore, cows fed diets that contained 
corn had greater acetic acid to propionic acid ratio 
than cows fed diets that contained wheat, which has 
previously been associated with greater MY (Moss et 
al., 2000). In this context, our results are different from 
the findings reported in previous studies. A series of 
factors could explain the apparently anomalous finding 
of lower methane production and MY from the cows fed 
the diet containing corn. First, cows fed the diet con-
taining corn had lower NDF intake than cows fed the 
diet containing wheat. It has previously been reported 
that NDF affects methane production in the rumen and 
that increasing NDF concentration in the diet leads to 
increased methane production (Ellis et al., 2007). This 
was observed in a study by Beauchemin and McGinn 
(2005) in which steers were fed diets based either on 
barley grain or corn grain, and it was reported that 
the cattle fed the barley-based diets had greater NDF 
intake and produced more methane than the cattle fed 
the corn-based diet. In the study by Moate et al. (2017), 
the NDF intake of the wheat-fed cows was 5.85 kg of 
DM/d and was slightly lower than that of the corn-fed 
cows (5.97 kg of DM/d). Second, in our study the cows 
fed the diets containing corn had a greater fat intake 
than cows fed the diets containing wheat and it has 
been reported that an increased fat intake is associated 
with lower methane production (Moate et al., 2011).

Although cows fed the diet containing corn consumed 
a diet that had a lower dietary NDF concentration 
and greater fat concentration than the wheat diet, the 
equations of Ellis et al. (2007) and Moate et al. (2011) 
indicate that differences in the concentrations of these 
components were insufficient to explain the different 
MY. Furthermore, the crude fat component of corn is 
partially composed of wax and pigments, which are 
inactive and not fermented in the rumen (Moate et al., 
2004) and therefore would not explain the different MY 
between animals fed wheat and corn grain.

Moate et al. (2017) reported that ruminal fluid pH 
from cows fed a diet containing a high proportion of 
wheat had a greater duration of pH below 6, which was 
inversely correlated with methane production. Moate et 
al. (2017) also reported that ruminal fluid from wheat-
fed cows contained fewer entodinia, epidinia, and total 
protozoa than that of cows fed the corn diet. However, 
a similar reduction in ruminal fluid pH and protozoal 
population was not observed in the present study. Ru-
minal fluid from cows fed the diet containing wheat 
contained greater total protozoa counts than cows fed 

the containing corn. It has been reported that methane 
production is associated with protozoa population, as 
methanogens residing on the exterior surface of the 
ruminal ciliate protozoa are estimated to produce up 
to 37% of the methane in the rumen (Hegarty, 1999; 
Brossard et al., 2004). It has also been reported that a 
decrease in ruminal pH is associated with a reduction 
in the ruminal protozoa population (Hegarty, 1999; 
Brossard et al., 2004). Normally, the quick fermenta-
tion of starch in diets containing wheat would be as-
sociated with an accumulation of lactic acid in ruminal 
fluid and an associated reduction in ruminal fluid pH 
and reduction in protozoal count, which would favor 
production of propionate, thereby reducing methane 
production (Dijkstra et al., 2012; Moate et al., 2017). 
In contrast, in this experiment, the reduction in rumi-
nal fluid pH and protozoa population reported in other 
studies when cows were fed diets that contained wheat, 
was not observed. Furthermore, the concentrations of D 
and L lactate in ruminal fluid were relatively low and 
would not have had any biological significance with re-
spect to effects on ruminal protozoa or methanogenesis 
(Van Kessel and Russell, 1996). This is consistent with 
the lack of the expected inhibitory effect on methane 
related parameters.

A factor affecting methane response is the adapta-
tion of ruminal microorganisms to the diet (Klop et 
al., 2017). In a recent study by Moate et al. (2018a), 
it was found that when feeding wheat and corn over 
a 16-wk period, at wk 4, cows fed the diet containing 
wheat produced 42% less methane than cows fed the 
diet containing corn. However, by wk 16 the diets were 
not different in terms of methane emissions and MY. In 
the current experiment, cows had been fed a high-grain 
diet for 12 wk before treatment allocation and a further 
4 wk before methane was measured. We propose that 
in our study, adaptation of ruminal microorganisms to 
a high-grain diet may have limited the inhibitory ef-
fect of wheat on ruminal fermentation parameters and 
methane response.

Increasing the fat concentration of the diet reduced 
daily mean methane emissions in cows fed the diet 
containing wheat but not in cows fed the diet contain-
ing corn. However, daily mean methane emissions are 
primarily determined by DMI, which determines the 
level of substrate available for fermentation in the ru-
men (Johnson and Johnson, 1995; Oss et al., 2016). For 
MY and CH4 as a percentage of gross energy intake, 
there was no interaction between the effect of type of 
grain and fat supplementation. Thus, we accept our 
second hypothesis that methane mitigation from fat 
supplementation would occur irrespective of the type of 
grain in the basal diet. It has been reported that MY is 
reduced by 3.5% with each increase of 10 g/kg of DM 
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in dietary fat concentration (Moate et al., 2011). In our 
experiment, compared with the WHT and CRN diets, 
the WPF and CPF diets contained an extra 40 g of fat 
per kg of DM, and this resulted in a 10% reduction in 
MY on average, a value similar to the 14% expected 
by the estimation of Moate et al. (2011). Evidence in 
the scientific literature indicates that the basal diet can 
influence the magnitude of the methane inhibitory ef-
fect from a fat supplement. For example, Chung et al. 
(2011) reported that when Holstein cows were fed a 
diet based on whole-crop barley silage supplemented 
with 150 g/kg of DM of a high-fat linseed, MY was 
reduced by 33%, but there was no effect on MY when 
a high-fat linseed supplement was fed with a diet based 
on chopped grass hay. Similar results have been report-
ed from an experiment by Bayat et al. (2017), where 
sunflower oil fed at a rate of 50 g/kg DM to Nordic red 
dairy cows was more effective in reducing MY when 
concentrate constituted a low (35% of DM) proportion 
of the basal diet than when concentrate constituted a 
high (65% of DM) proportion. Our results indicate that 
the type of grain in the basal diet of dairy cows does 
not affect the methane mitigating effect of dietary fat.

Increasing the fat concentration of the diet did not 
reduce DMI. However, in this experiment all cows were 
offered 90% of their ad libitum intake, and it is possible 
that fat supplementation may not have been effective 
in reducing DMI in these circumstances. Furthermore, 
it has been reported that if dietary fat concentration 
remains below 7% of daily DMI, there is no effect on 
DMI (Beauchemin et al., 2008). In this context, our 
findings are consistent with those of previous studies on 
the feeding of fats to ruminants (Gonthier et al., 2005; 
Loor et al., 2005; Bu et al., 2007). For cows fed diets 
containing wheat, increasing the fat concentration of 
the diet reduced ECM, driven by a decrease in milk fat 
concentration. The decrease in milk fat concentration 
was likely caused by reduced digestibility of fiber in 
the rumen as a consequence of a high level of fat intake 
and also by reduced mammary lipogenesis caused by 
adding polyunsaturated fats to a starch-rich diet (Mar-
tin et al., 2008; Chilliard et al., 2009). Similar results 
have been reported by Martin et al. (2008), where a 
diet containing linseed oil at a rate of 5.7% of DMI 
reduced milk fat concentration by 8.8 g/kg. In addition, 
increasing the fat concentration decreased mean rumi-
nal pH measured during the last 5 d of the experiment 
and measured on the last day of the experiment at 4 
h postfeeding. Increasing fat content in the diet also 
increased the duration of pH below 6. This finding is 
in agreement with the study of McGinn et al. (2004) 
where the supplementation of sunflower oil in the diet 
of beef cattle fed a high-forage diet decreased ruminal 
pH from 7.04 to 6.75. This could also explain the effect 

of fat supplementation on MY, as it has been reported 
that decreased ruminal fluid pH is associated with lower 
methane emissions (Van Kessel and Russell, 1996).

Across all diets, daily methane production and MY 
were within the range of values commonly reported in 
the scientific literature (Niu et al., 2018). However, in 
our study, cows produced more methane than cows in 
previous similar studies involving feeding wheat- or 
corn-based diets (Charmley et al., 2016; Moate et al., 
2017). We propose that this difference may be associ-
ated with the high fiber concentration of the alfalfa hay 
fed to the cows in our experiments. In our study, cows 
fed CRN and WHT diets had a NDF intake of 6.59 and 
6.88 kg of DM/d, respectively, whereas in the study 
by Moate et al. (2017), the cows fed similar corn- and 
wheat-based diets had a NDF intake of 5.97 and 5.85 
kg of DM/d, respectively. Diets with more NDF con-
tent are associated with increased methane production, 
because acetate is a major end product of the fermenta-
tion of NDF and acetate enhances methane formation 
(Johnson and Johnson, 1995). Some authors suggest 
that high MY can be related to stage of lactation, with 
MY increasing toward late lactation (Grainger et al., 
2010; Alstrup et al., 2015). Higher MY may be associ-
ated with slower passage rate in late lactation, which 
leads to increase residence time of feeds in the rumen 
and increased degradation, especially of the slowly 
degradable fiber fraction. The net effect would be in-
creased methane production (Alstrup et al., 2015). In 
this context, studies by Moate et al. (2017) and Bayat 
et al. (2017), which reported lower MY than those ob-
served in this study, used cows in peak lactation (71 
and 89 DIM, respectively) compared with our study 
that used cows in late lactation (207 DIM).

CONCLUSIONS

Under these experimental conditions with feed intake 
restricted to approximately 90% of ad libitum DMI, 
increasing the fat concentration of the diet reduced MY 
(g/kg of DMI) irrespective of the type of grain in the 
diet. Furthermore, ECM was increased in cows fed the 
corn-based diet and decreased in cows fed the wheat-
based diet. It is concluded that the grain component in 
the basal diet does not affect the mitigating effects of 
dietary fat supplements on MY.
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A B S T R A C T

Agricultural industries are faced with the challenge to reduce their emissions of greenhouse gases (GHG) such as
nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4). Approximately 27% of the GHG emissions
generated by agriculture and 80% of the GHG emissions generated by livestock are in the form of CH4 from
enteric fermentation and manure management. Two feed additives that have been shown to decrease enteric CH4

emissions are 3-nitrooxypropanol (3-NOP) and nitrate. However, data are lacking on the net impact of these CH4

mitigating additives on whole farm GHG emissions across different production systems. The objectives of this
partial life cycle assessment (LCA) were: 1) to analyse the effect of 3-NOP and nitrate on whole farm GHG
emissions of Australian and Canadian beef and dairy farms, and 2) to analyse the effect of different strategies of
3-NOP and nitrate feeding on whole farm GHG emissions. Two Australian dairy farms (ADF), one Australian beef
farm (ABF), one Canadian dairy farm (CDF) and one Canadian beef farm (CBF) were modelled over the pro-
ductive lifespans of dairy and beef herds. Australian farm GHG emissions were estimated based on the Australian
National Greenhouse Gas Inventory method using the Greenhouse Accounting Framework calculators for beef
and dairy. For the Canadian farms, total GHG emissions were estimated using Holos 3.0.3, a whole-farm software
model. For all farms, the system boundary of the partial LCA was defined as the farm gate, including emissions
associated with on-farm activities and emissions associated with production and transport of major production
inputs. Both additives decreased whole farm GHG emissions; however, 3-NOP had a greater effect than nitrate.
Feeding 3-NOP but not nitrate could be economical for both beef and dairy farms, depending on the cost of 3-
NOP. It is concluded that 3-NOP can make an important contribution to reducing whole farm GHG emissions;
however, a carbon offset method would have to be in place to incentivize its use in the livestock industries.

1. Introduction

The greenhouse gases (GHG) nitrous oxide (N2O), carbon dioxide
(C2O) and methane (CH4) are major pollutants from agriculture (Bhatta
et al., 2015; Persson et al., 2015). It has been estimated that the live-
stock sector is responsible for producing approximately 15% of global
GHG emissions (Persson et al., 2015; Philippe and Nicks, 2015). Cur-
rently, CH4 from enteric fermentation and manure management con-
stitutes 27% of the GHG emissions generated by agriculture and 80% of
the GHG emissions generated by livestock (Patra and Yu, 2015; Persson
et al., 2015). Therefore, it has become a priority for governments and
researchers to develop effective strategies to reduce GHG emissions
(Pacheco et al., 2014; Philippe and Nicks, 2015). Two feed additives

that have been studied in different production systems with promising
results are 3-nitrooxypropanol (3-NOP) (Hristov et al., 2015; Vyas
et al., 2018) and nitrate (Van Zijderveld et al., 2011; de Raphélis-
Soissan et al., 2014).

The CH4 mitigating additive 3-NOP inhibits the function of methyl-
coenzyme M reductase, which is the enzyme responsible for the re-
duction of CO2 to CH4 in the final step of methanogenesis (Martinez-
Fernandez et al., 2014; Reynolds et al., 2014). Various studies have
shown that including 3-NOP in diets decreased enteric CH4 emissions in
sheep (Martinez-Fernandez et al., 2014), dairy cows (Haisan et al.,
2014; Hristov et al., 2015) and beef cattle (Romero-Perez et al., 2014;
Vyas et al., 2016a) and the decreases have ranged from 24% to 60%,
with no negative effects on productivity.
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Numerous studies have reported that feeding nitrate to ruminants
decreases CH4 emissions by between 16% and 32% in sheep (Van
Zijderveld et al., 2011; de Raphélis-Soissan et al., 2014), dairy cows
(Van Zijderveld et al., 2011; Lund et al., 2014) and beef cattle (Hulshof
et al., 2012; Troy et al., 2015). Nitrate has greater affinity for hydrogen
than CO2, and thus dietary nitrate supplementation has the potential to
decrease enteric CH4 emissions because the reduction of nitrate to
ammonia in the rumen uses hydrogen that would otherwise be avail-
able for CH4 production (Van Zijderveld et al., 2011; Callaghan et al.,
2014). Low protein concentrations in tropical pastures is usually the
main factor limiting their nutritive value as a ruminant feed source
(Callaghan et al., 2014). It is therefore a common practice in the ex-
tensively grazed livestock industry to supplement the animals’ diet with
urea as a source of dietary non-protein nitrogen (N) (Callaghan et al.,
2014). Dietary nitrate supplementation provides an alternative source
of dietary non-protein N that can be used to replace urea supple-
mentation (Hristov et al., 2013). However, the rate of nitrate feeding to
ruminants should be conservative, as increasing nitrate content in the
diet of ruminants is associated with greater risk of nitrite toxicity
(Callaghan et al., 2014; Cottle et al., 2016).

In Australia, businesses can follow approved methods to generate
Australian carbon credit units (ACCU) and then by selling these credits
to the Emissions Reduction Fund (ERF), they can generate revenue. One
of the methods approved by the ERF is feeding nitrate to beef cattle
(Comlaw, 2014; Cottle et al., 2016). In Alberta, Canada, the Alberta
carbon offset program follows a similar method whereby livestock en-
terprises can generate carbon credits through feeding practices that
increase the feed use efficiency of cattle in the later stages of finishing
(Government of Alberta, 2016).

A change in the diet of animals will not always result in a net de-
crease of GHGs from the entire farm, due to the potential increase in
other sources of GHG emissions (Beauchemin, 2013). Therefore, to
adequately assess the effect of proposed mitigation strategies on net
whole farm GHG emissions, it is necessary to use a whole system
modeling approach such as life cycle assessment (LCA) that accounts for
GHG emissions arising from farm inputs and outputs (Beauchemin,
2013). It has been reported that approximately 80% of the GHG
emissions resulting from the overall supply chain of meat and milk
occur at the farm level (Beauchemin, 2013). Therefore, the greatest
overall potential to reduce GHG emissions is at the farm level, and there
is value in conducting a partial LCA that focuses only on the GHG up to
the farm gate. Before recommending the use of additives as enteric CH4

mitigation strategies, it is necessary to assess their effect on whole farm
GHG emissions and economic viability across different production
systems (Cottle et al., 2016).

The objectives of this partial farm-gate LCA were: 1) to analyse the
effect of 3-NOP and nitrate on whole farm GHG emissions of Australian
and Canadian beef and dairy farms, and 2) to analyse the effects on
GHG emissions resulting from different strategies of feeding 3-NOP and
nitrate to cattle on these farms.

2. Material and method

Two Australian dairy farms (ADF), one Australian beef farm (ABF),
one Canadian dairy farm (CDF) and one Canadian beef farm (CBF) were
modelled over the productive lifespans of the dairy and beef herds. The
farms from each country were modelled using their country specific
models that comply with international greenhouse gas accounting re-
quirements.

2.1. Australian farms

Two ADF were modelled, one representing an average producing
dairy farm (ADFA) and one representing a high producing dairy farm
(ADFH) (Table 1). Data for these farms were collected from the Dairy
Farm Monitor Report (DEDJTR, 2017), which consists of physical and

financial farm data collected from Victorian farmers each year by
means of a mailed questionnaire (Browne et al., 2011). The ABF
modelled was adapted from a northern Australian (tropical) rangeland
GHG emissions case study (Cullen et al., 2016).

2.1.1. Herd dynamics
The ADF were modelled covering the period from birth to slaughter

of a group of dairy cows, with this period including 4 lactation cycles.
These farms were adapted from models previously used by Browne
et al. (2011) and Christie et al. (2012). The ADFA began with the birth
of 360 female calves, while the ADFH began with the birth of 530 fe-
male calves, with a death rate of 9.6 % per year for calves, resulting in
340 and 500 cows reaching adult age for ADFA and ADFH, respectively.
Cows were first bred at 15 months of age and first calving was at 24
months of age. Culling rate of adult cows was 22%, and after each
calving, 88 and 130 female calves were kept as replacement stock in
ADFA and ADFH, respectively. Average live weight of the herd was the
same for both farms. The average live weight of milking cows was as-
sumed to be 583 kg, with live weight fluctuating between 540 kg and
660 kg during the year (Christie et al., 2012). Heifers younger than 1
year were assumed to have a live weight 35% of that of adult cows,
while heifers older than 1 year were assumed to have a live weight 75%
of that of adult cows and replacement stock had a growth rate of 0.7 kg/
day (Christie et al., 2012). An annual mortality rate of 3% was assumed
for adult cattle in both farms (Christie et al., 2012). Dry stock were kept
on a nearby agistment farm and their GHG emissions were included, but
these animals were not included in stocking rate calculations on the
farm. The ADFA had a stocking rate of 1.7 head (hd)/ha and the ADFH
had a stocking rate of 2.5 hd/ha (DEDJTR, 2017).

The ABF included a cow-calf and beef steer operation and was
modelled to cover a breeding herd from birth to slaughter over six
production cycles. The herd began with the farm retaining 1,206 female
and 21 male calves. With an annual mortality of 1.5% for females and
2% for males, 1172 cows and 20 bulls reached adult age and a weight of
535 kg and 950 kg, respectively. First breeding was at 24 months of age
and first calving was at 33 months of age, two months after calving
cows were bred again. Weaning rate was 68% for heifers and 54% for
adult cows (Cullen et al., 2016). Beef stock were kept on the farm and
were sold to a finishing facility at an age of 18 months and a live weight
of 370 kg, and annually, 19 female calves were kept to cover mortality
and maintain the size of the breeding herd.

2.1.2. Feeding system
The dairy cow diets were based on the most common diets reported

in the Dairy Farm Monitor Report (DEDJTR, 2017). Cows from both
farms obtained 60-75% of their feed intake from grazing pasture;
however, the difference between the diets was the amount of barley
grain fed during lactation (Table 2). In the ABF, the cow calf herd and
the beef steer operation cattle were assumed to graze pastures during
the entire analysis cycle, with no dietary supplementation (Cullen et al.,
2016).

2.1.3. Feed production and crop management
For ADF, perennial ryegrass silage was produced on the farms from

excess pasture. Because the cropping GHG inputs were accounted for by
pasture growth, the only additional GHG emission from silage pro-
duction was from diesel consumption. Diesel consumption associated
with silage production was calculated as 25 L/t DM (Rotz et al., 2010).
The remaining feedstuffs were estimated to be produced on other farms,
located at an average distance of 250 km from each respective case
study farm.

2.1.4. Manure management
For ADF, it was assumed that 90% of the animal waste was de-

posited directly back onto the pasture while animals grazed, while the
remaining 10% was stored in a lagoon and spread later. For ABF, it was
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assumed that 100% of animal waste was deposited directly back onto
the pasture while animals grazed. Methane from manure management
was calculated using algorithms and emission factors from the
Australian National Greenhouse Gas Inventory (NGGI) (Comlaw, 2014).

2.1.5. Quantification of GHG emissions
Australian farm GHG emissions (t CO2 equivalents (CO2e)) were

estimated based on the NGGI method utilizing the case study animal
numbers, live weight and growth rates and employing the Greenhouse
Accounting Framework calculators for beef (V13.0) and dairy (V12.1)
(Browne et al., 2011). The calculators consider CH4, N2O and CO2

emitted in the production of key farm inputs (Eckard and Taylor, 2016).
All equations and constants relating to the estimation of GHG emissions
in this study are from the NGGI methodology, as detailed in the Aus-
tralian carbon offset protocol (Comlaw, 2014). The calculators for
Australian farms used a global warming potential (GWP) of 1, 25 and
298 to convert CO2, CH4 and N2O into CO2e emissions, respectively
(Comlaw, 2014). Enteric CH4 was estimated for each animal group,
using data for each stock class, live weight gain, milk production and
mean annual diet dry matter digestibility (DMD) (g/100 g DM intake).
The DMD (g/100 g DM) and crude protein (CP) (g/100 g DM) content
for each component of the diets was calculated as indicated by Christie
et al. (2012) for ADF and by Cullen et al. (2016) for ABF. Pre-farm
emissions were calculated as those associated with the production of
purchased feeds such as milk replacer (O’Brien et al., 2014), grains, hay
and silage (Christie et al., 2011) and taking into account the transport
of the purchased feeds to the farm (Eckard and Taylor, 2016) and for
the production of the enteric CH4 mitigating additive (Brentrup et al.,
2016). Emissions related to producing and transporting feedstuffs were
calculated with the Grain/Cropping GHG Accounting Framework
(V9.1), which is based on the Australian NGGI methodology (Eckard
and Taylor, 2016). Electricity and diesel usage per year were estimated
as a function of the number of lactating cows and milk production re-
spectively, and were calculated as electricity (kWh) = 299.4 × number
of cows (Williams et al., 2014), and as diesel (L) = 25.5 × milk pro-
duction (t milk solids (MS)/farm) + 550 (Christie et al., 2012).

2.2. Canadian farms

One CDF and one CBF assumed to be located in Alberta, Canada,
Ecodistrict 793 (Beauchemin et al., 2010) were modelled.

2.2.1. Herd dynamics
The CDF was a dairy herd from birth to slaughter following the life

cycle previously described by Mc Geough et al. (2012). The farm was
initiated with the dairy herd retaining 133 female Holstein calves (40
kg) that were bred at 18 months of age. Male calves were destined for
the veal market where they reached a finishing weight of 270 kg at an
age of 6.5 months (Mc Geough et al., 2012). Average cow longevity is
2.75 lactations, thus to simplify the calculations, it was assumed that 30
cows were culled at the end of lactation 2 at an average live weight of
650 kg, while the remaining 90 cows were culled at the end of lactation
3.

The CBF comprised both a cow-calf herd and feedlot growing and
finishing stages over the entire life span as described by Beauchemin
et al. (2010). The breeding stock, including 124 suckling heifer calves
and 3 suckling heifer bulls were born on January of year 1. Growing
heifers were bred at an age of 15 months and an average weight of 465
kg. Thus, first calvings occurred in January of year 3. The breeding
stock included 120 beef cows with an average weight of 600 kg and 4
bulls with an average weight of 850 kg. Weaning occurred when the
calves were 7 months old at an average weight of 240 kg. An 85%
weaning rate was estimated, meaning that 102 calves completed this
stage, 51 females and 51 males. It was assumed that no surplus calves
from dairy production were added to the farm. After weaning the post
weaning calves were moved to the backgrounding phase. This group
was composed of 51 heifers and 51 steers, and assuming a 3% mortality
rate for this stage, it was estimated that 50 heifers and 49 steers com-
pleted this stage. The backgrounding stage was estimated to last 110
days, with an average daily gain (ADG) of 1 kg/day, the average final
weight of the animals upon completion of this stage was 350 kg. After
the backgrounding stage, animals were moved to the finishing stage.
Mortality rate during this stage was 1%, meaning that 49 heifers and 49

Table 1
Characteristics of the Australian average producing dairy farm (ADFA), Australian high producing dairy farm (ADFH), Australian beef farm (ABF), Canadian dairy
farm (CDF) and Canadian beef farm (CBF) modelled.

Item ADFA ADFH ABF CDF CBF

Location Gippsland, Victoria,
Australia

Gippsland, Victoria,
Australia

Longreach, Queensland,
Australia

Alberta, Canada Alberta, Canada

Rainfall (mm/year) 700-1,000 700-1,000 435 277 277
Duration of partial LCA (years) 6 6 11 6 8
Area (ha) 200 200 23,000 140 2,040
Number of animals at beginning of partial

LCA
360 female calves 530 female calves 1,206 female 21 male calves 120 dairy cows 120 female calves

Age of cows at first breeding (months) 15 15 24 17 15
Annual mortality rate (%) 3 3 1.5-2 1.8-7.8 1-3
Weight of adult cattle (kg) 583 583 Cows 535 (Bulls 950) 682 Cows 600 (Bulls 800)

Table 2
Diet ingredients and characteristics for lactating animals in the Australian average producing dairy farm (ADFA) and the Australian high producing dairy farm
(ADFH).

ADFA ADFH

Item (kg/cow day-1) Aug-Oct Nov-Jan Feb-Apr May Jun-Jul Aug-Oct Nov-Jan Feb-Apr May Jun-Jul

Ryegrass pasture 12 8 7 6 6 11 7 5 5 6
Barley grain 4 4 4 4 8 8 8 6
Ryegrass silage 4 4 4 4
Ryegrass hay 4 4 4 4
DMI (kg/d) 16 16 15 14 10 19 19 17 15 10
DMD (%) 82 76 75 72 69 81 77 76 73 69
CP (%) 20 17 16 14 15 18 16 15 13 15

DMI: Dry matter intake, DMD: Dry matter digestibility, CP: Crude protein.
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steers completed this stage. This stage lasted 170 days. With an ADG of
1.45 kg the animals reached an average slaughter weight of 605 kg.
Bulls were culled after they had sired calves in the seventh annual
breeding season, while cows were culled after weaning the seventh
calves, meaning that the final year was extended to account for the
emissions generated from the cows nursing the replacement stock, be-
cause this was not considered in year one of the LCA (Beauchemin et al.,
2010).

2.2.2. Feeding system
For the CDF, diets were based on the study by Guyader et al. (2017).

The diet of lactating cows was composed mostly of barley silage, barley
grain, soybean meal and grass hay (Table 3). Mean DMI was 26.5 kg/d
for lactating cows, 8.5 kg/d for dry cows, 7.6 kg/d for heifers and 4.4
kg/d for veal calves. For the CBF, the breeding stock were fed mixed
hay from November to April and from May to October they were kept
grazing native pastures (Beauchemin et al., 2010). The backgrounding
diet was composed of 60% barley silage and 40% barley grain (Table 4).
The finishing diet was composed of 90% barley grain and 10% barley
silage. Mean DMI was 7.3 kg/d for animals in the backgrounding group,
11.0 kg/d for animals in the finishing group and 15.7 kg/d for adult
cows.

2.2.3. Feed production and crop management
For both CDF and CBF, it was assumed that all feeds consumed were

grown on the farm, except the milk replacer, soybean meal and mineral
mix which were produced off farm and transported to the farm as de-
scribed by Guyader et al. (2017) and Beauchemin et al. (2010).

2.2.4. Manure management
For CDF, the milking herd was housed in individual tie-stalls bedded

with straw during lactation. The dry herd was group-housed in straw
bedded pens (Mc Geough et al., 2012). The accumulated solid manure
was stockpiled over the year and applied to the land used to grow feed
crops at establishment in May of each year. For CBF it was assumed that

when animals were grazing, animal waste was deposited directly back
onto the pasture, and when in the feedlot, pens were bedded with straw
and the accumulated manure was removed and applied once per year to
cropland used to grow barley grain and silage (Beauchemin et al.,
2010).

2.2.5. Quantification of GHG emissions
For CDF and CBF, total GHG emissions (t CO2e) were estimated

using Holos 3.0.3, a whole-farm software program developed by
Agriculture and Agri-Food Canada (Little et al., 2013). Holos is an
empirical model, with a yearly time-step, based on the Intergovern-
mental Panel on Climate Change methodology, modified for Canadian
conditions and farm scale. The model considers all important CH4, N2O,
and CO2 emissions and removals on the farm, as well as emissions from
manufacture of inputs (fertilizer, herbicides) and indirect N2O emis-
sions as a result from ammonia volatilisation and nitrogen runoff as a
consequence of nitrogen applied on the farm (Beauchemin et al., 2010).
The calculator for the Canadian farms used a GWP of 1, 28 and 265 to
convert CO2, CH4 and N2O into CO2e emissions, respectively (Little
et al., 2013). Carbon dioxide from electricity used on the farm for
milking was calculated as 194 kg CO2e/cow/year (Vergé et al., 2007).

2.3. System boundary

For Australian and Canadian farms, the system boundary of the
partial LCA included emissions up to the farm gate, including emissions
associated with on-farm activities and emissions associated with pre-
farm production and transport of major production inputs (Fig. 1).
Capital goods and emissions resulting from transport, processing and
consumption of the products after they left the farm gate were outside
the boundary of the system.

2.4. Mitigation scenarios

For ADF, estimation of the effect of dietary supplementation with 3-

Table 3
Diet ingredients and characteristics for each animal category in the Canadian dairy farm.

Diet ingredient (% of DM) Young calves Old calves Heifers Bred heifers Lactating cows Dry cows Young veal calves Old veal calves

Corn grain 10.5 1.8 40 100
Barley grain 10.5 1.8 21.3
Barley silage 24 24 24
Ryegrass silage 54.4
Milk replacer 70 60
Grass hay 95 5.5
Legume hay 71 71 71
Soybean meal 7.5 1.3 5 5 14.8 5
Rumen inert fat 1.9
Minerals and vitamins 1.5 0.1 1.8
Dicalcium phosphate 0.3
TDN (% DM) 89 60 61 61 62.7 61 89 88
CP (% DM) 20.3 18.9 17.9 17.9 16.7 17.9 15.6 9.1
YM (% GE) 0.9 6.5 6.5 6.5 6.6 6.5 1.2 3

DM: Dry matter, TDN: Total digestible nutrient, CP: Crude protein, YM: Yield of enteric CH4, GE: Gross energy.

Table 4
Diet ingredients and characteristics for each animal category in the Canadian beef farm.

Diet ingredient (% of DM) Suckling calves Growing heifers Lactating cows Growing bulls Bulls Backgrounders Finishers

Barley grain 40 40 40 90
Barley silage 60 60 60 10
Grass hay 50 50 50
Ryegrass pasture 50 50 50
TDN (% DM) 70 70 70 70 70 70 81
CP (% DM) 12.5 12.5 12.5 12.5 12.5 12.5 12
YM (% GE) 6.5 6.5 6.5 6.5 6.5 6.5 4

DM: Dry matter, TDN: Total digestible nutrient, CP: Crude protein, YM: Yield of enteric CH4, GE: Gross energy.
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NOP on whole farm GHG emissions was based on the findings by Haisan
et al. (2014), Hristov et al. (2015) and Haisan et al. (2017), where on
average, 3-NOP was fed at a rate of 86 mg/kg DMI. It was assumed that
the days when 3-NOP was fed, CH4 emissions were decreased by 36%
without affecting DMI, milk yield or milk composition. We considered
two 3-NOP feeding scenarios and compared their total GHG emissions
to those from cows fed a control diet. In the first scenario, 3-NOP was
assumed to be fed to the lactating cows during the first 120 days
postpartum (Australian Dairy 3-NOP Scenario 1; ADNOP1), and in the
second scenario, 3-NOP was assumed to be fed during the entire lac-
tation (Australian Dairy 3-NOP Scenario 2; ADNOP2). No scenarios
feeding nitrate were considered for ADF, as N fertilised perennial rye-
grass pastures are not deficient in N (Eckard, 1990).

For ABF, the effect of dietary supplementation of 3-NOP to a forage
based diet was based on the findings of Romero-Perez et al. (2014),
Vyas et al. (2016a), Vyas et al. (2016b) and Vyas et al. (2018), where,
on average, 3-NOP was fed at a rate of 200 mg/kg DMI. It was assumed
that the days when 3-NOP was fed, CH4 emissions were decreased by
41% with no effect on DMI or ADG. There were two 3-NOP feeding
scenarios. These scenarios were: 3-NOP fed to 1) growing stock aged 6
to 18 months (Australian Beef 3-NOP Scenario 1; ABNOP1), and 2)
growing stock aged 6 to 18 months and to the adult cows (Australian
Beef 3-NOP Scenario 2; ABNOP2).

The effect of replacing urea supplementation with nitrate on whole
farm GHG emissions was calculated on an iso-nitrogenous basis with
two rates of nitrate. Scenario 1 used nitrate rate 1, which was a low rate
based on the Australian carbon offset protocol (Comlaw, 2014) that
stipulates beef cattle shall not be fed more than 7 g/kg DMI of nitrate
per day. Based on the equation of Cottle and Eckard (2014), it was
assumed that the days when nitrate rate 1 was fed, enteric CH4 emis-
sions were decreased by 9%. The second scenario used nitrate rate 2,
which was based on the findings of Hulshof et al. (2012), Newbold et al.
(2014), Lee et al. (2015) and Troy et al. (2015) where, on average,
nitrate was fed at a rate of 18.2 g/kg DMI. It was assumed, that the days
when nitrate rate 2 was fed, CH4 emissions were decreased by 17.4%,
without affecting ADG or DMI. For each rate there were 2 scenarios.
Nitrate fed 1) to the growing stock aged 6 to 18 months (Australian Beef
Nitrate Scenario 1; ABNIT1), and 2) to the growing stock aged 6 to 18
months and to the adult cows (Australian Beef Nitrate Scenario 2;
ABNIT2).

For CDF, the effect of feeding 3-NOP was also based on the findings

of Haisan et al. (2014), Hristov et al. (2015) and Haisan et al. (2017) as
described above. There were two 3-NOP feeding scenarios that were
compared to the control for their total GHG emissions: 1) 3-NOP fed to
the cows during the entire lactation (Canadian Dairy 3-NOP Scenario 1;
CDNOP1) and 2) 3-NOP fed to the entire herd for the whole study
period (Canadian Dairy 3-NOP scenario 2; CDNOP2). The effect of re-
placing urea supplementation with nitrate on whole farm GHG emis-
sions was based on the findings by Van Zijderveld et al. (2011) and
Lund et al. (2014), where, on average, nitrate was fed to dairy cattle at
a rate of 21 g/kg DMI. It was assumed that the days when nitrate was
fed, CH4 emissions were decreased by 23% without affecting DMI, milk
yield or milk composition. There were two nitrate feeding scenarios
that were compared to the control for their total GHG emissions: 1)
nitrate fed to the lactating cows during the entire lactation (Canadian
Dairy Nitrate Scenario 1; CDNIT1), and 2) nitrate fed to the entire herd
for the whole study period (Canadian Dairy Nitrate Scenario 2;
CDNIT2).

For CBF, the effect of feeding 3-NOP to animals fed a high forage
diet (backgrounding group) on daily CH4 emissions was as described
above. In animals fed a high grain diet (finishing group), the effect of
feeding 3-NOP was based on the findings of Vyas et al. (2016a), Vyas
et al. (2016b) and Vyas et al. (2018) where, on average, 3-NOP was fed
at a rate of 175 mg/kg DMI. It was assumed, that the days when 3-NOP
was fed, CH4 emissions were decreased by 62%, with no effect on DMI
or ADG. There were two 3-NOP feeding scenarios, where 3-NOP was
fed: 1) to the growing backgrounding and finishing stock aged 6 to 15
months (Beef Canada 3-NOP Scenario 1; BCNOP1), and 2) to the
growing backgrounding and finishing stock aged 6 to 15 months and to
the adult cows during the six months they were fed mixed hay (Beef
Canada 3-NOP Scenario 2; BCNOP2). The effect of replacing urea
supplementation with nitrate on an equivalent N basis on whole farm
GHG emissions was calculated with two rates of nitrate as described
above. For each rate, there were two nitrate feeding scenarios, where
nitrate was fed: 1) to the growing backgrounding and finishing stock
aged 6 to 15 months (Beef Canada Nitrate Scenario 1; CBNIT1), and 2)
to the growing backgrounding and finishing stock aged 6 to 15 months
and to the adult cows during the six months they were fed mixed hay
(Beef Canada Nitrate Scenario 2; CBNIT2).

Emissions associated with the production of 3-NOP were assumed to
be 47.9 kg CO2e/kg 3-NOP produced (DSM Nutritional Products, Ltd.
personal communication). Nitrate was assumed to be fed as calcium
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Fig. 1. Inputs, sources of emissions and system boundary of the life cycle assessment of the Australian and Canadian beef and dairy farms.
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nitrate and emissions associated with the production of calcium nitrate
were calculated to be 1.76 kg CO2e/kg calcium nitrate produced
(Brentrup et al., 2016). For all scenarios it was assumed that no addi-
tional costs were associated with feeding or storing the CH4 mitigation
additive, as farms were assumed to possess the facilities required. It was
assumed that nitrate replaced urea that was already being used on the
farm. Net abatement for each scenario was calculated as the difference
in total GHG emissions between the scenario and the control farm.

The gross carbon revenue was calculated as the net abatement
multiplied by the carbon price, assuming all other costs constant. Two
carbon prices were used for each scenario, one representing the average
Australian Emission Reduction Fund carbon price ($AUD 11.82/t CO2e
abated) (www.cleanenergyregulator.gov.au) and one representing the
Canadian emissions performance credit ($CDN 20.00/t CO2e abated)
(www.aep.alberta.ca). As the conversion rate from CDN to AUD is 0.99,
for the purposes of this study they were considered the same. The
break-even cost of 3-NOP was calculated based on the gross carbon
revenue generated from offsets and the amount of 3-NOP used per year.
For nitrate, the break-even cost was calculated based on the gross
carbon revenue generated from offsets, the amount of nitrate used per
year and the cost differential between urea and nitrate.

3. Results and discussion

For ADF, the control ADFA scenario had GHG intensity of 1.09 kg
CO2e/kg fat and protein corrected milk (FPCM) and the control ADFH
scenario had a GHG intensity of 0.97 kg CO2e/kg FPCM (Table 5).
These GHG emission intensities were within the range of values re-
ported previously in dairy farm LCAs conducted in New Zealand
(Beukes et al., 2011), the Netherlands (Vellinga et al., 2011) and Aus-
tralia (Christie et al., 2012). The main difference between ADFA and
ADFH was the higher level of milk production of cows, greater stocking
rate and greater use of grain feeding for the lactating cows in ADFH.
The greater total GHG emissions and lower GHG intensity of ADFH
compared with ADFA was expected. Increasing productivity increases
total GHG emissions as high yielding dairy cows typically consume
more feed than low yielding cows, and as a result produce more CH4 (g/
cow•day-1). The high milk response rate also decreases net emissions

per kilogram of milk (Casey and Holden, 2005; Gerber et al., 2011;
Beauchemin, 2013). As production intensifies, an increasing proportion
of feed energy and protein is used for productive purposes, thereby
spreading the emissions associated with herd replacement and animal
maintenance over a larger amount of production (Gerber et al., 2011).
In the ADFH, cows were fed a diet that contained a greater grain con-
tent than that of the ADFA, and greater grain intake has been associated
with lower CH4 production compared with fiber digestion (Martin
et al., 2010). However, this difference between forage and grain diets is
not built into the calculators, thus the assumptions in this study could
be conservative, given that the direct effect of starch on CH4 production
was not fully captured by the calculators.

In ADFA and ADFH, ADNOP1 decreased whole farm GHG emissions
by 6% per year while ADNOP2 decreased whole farm GHG emissions by
14%. Thus, in both farms, feeding 3-NOP during the entire lactation
more than doubled the effect of feeding 3-NOP on whole farm GHG
compared to feeding 3-NOP during peak lactation only. This highlights
the benefits of targeting methane mitigation of the entire lactation re-
lative to just the peak lactation period. It is likely that the most effective
scenario would be to feed 3-NOP to the entire herd, including dry cows
and replacement animals. However, due to the nature of most ADF,
daily access to feed 3-NOP by the dry herd may be limited, as these
cows graze continuously, whereas lactating cows can be fed 3-NOP
twice daily in the dairy facility.

For ABF, the control farm had a GHG intensity of 15.59 kg CO2e/kg
live weight or 25.99 kg CO2e/kg carcass weight (Table 6). This GHG
intensity was similar to the GHG intensity of 14.9 kg CO2e/kg live
weight reported for Australian beef production by Cullen et al. (2016)
but higher than the 17 kg CO2e/kg carcass weight reported for US beef
production by Capper (2011). The GHG intensity of the ABF was also
higher than the 21.7 kgCO2e/kg carcass weight reported for Canadian
beef production by Beauchemin et al. (2010) and the 22 kgCO2e/kg
carcass weight reported by Beauchemin (2013). The high GHG emis-
sions from this farm compared with the North American systems was
associated with the diet, as cattle were assumed to graze low-quality
tropical (C4) pastures, with no supplementation, resulting in high CH4

output (Callaghan et al., 2014). In addition, there is difficulty com-
paring GHG intensity results from various countries when the

Table 5
Effect of supplementing diets with 3-nitrooxypropanol (3-NOP) on whole farm GHG emissions (t CO2e/year), GHG intensity (kg CO2/kg fat and protein corrected
milk (FPCM)) and gross carbon revenue from offsets at a carbon price of $11.82 or $20.00 (AUD per tonne of CO2e abated) of two Australian dairy farms, one average
producing farm (ADFA) and one high producing farm (ADFH). Lactating cows received 3-NOP (86 mg/kg dry matter intake) for 120 days of peak lactation (ADNOP1)
or 300 days of lactation (ADNOP2).

ADFA ADFH

Item Control ADNOP1 ADNOP2 Control ADNOP1 ADNOP2

Number of cows 340 340 340 500 500 500
GHG emissions (t CO2e/year)
Enteric CH4 927 830 699 1,509 1,342 1,125
Manure CH4 133 133 133 218 218 218
Direct N2O 166 166 166 210 210 210
Indirect N2O 36 36 36 123 123 123
Energy CO2 175 175 175 293 293 293
Pre-farm emissions 71 73 76 202 205 210
Total GHG emissions 1,508 1,413 1,285 2,556 2,392 2,179
Net GHG abatement (t CO2e/year) 0 95 223 0 164 376
Milk production (total kg FPCM/cycle) 8,301,335 8,301,335 8,301,335 15,747,725 15,747,725 15,747,725
GHG intensity 1.09 1.02 0.93 0.97 0.91 0.83

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 1,122 2,630 1,935 4,446
Gross carbon revenue/ cow•year-1 ($) 3.30 7.74 3.87 8.89
Break-even cost of 3-NOP ($/kg) 30.08 29.39 31.99 29.40

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 1,899 4,451 3,274 7,524
Gross carbon revenue/ cow year-1 ($) 5.59 13.09 6.55 15.05
Break-even cost of 3-NOP ($/kg) 50.89 49.74 54.13 49.75
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environment, farm management, GHG inventory methods and research
methodology vary (Browne et al., 2011).

The ABNOP1 scenario decreased whole farm GHG emissions by 9%
and the ABNOP2 scenario decreased whole farm GHG emissions by
23%. When feeding nitrate at rate 1 in ABNIT1, whole farm GHG
emissions decreased by 2% and for ABNIT1 and by 4% for ABNIT2
(Table 7). When the rate of nitrate fed was increased in rate 2, GHG
emissions decreased by 3% for ABNIT1 and by 7% for ABNIT2. Thus,
targeting the breeding herd as well as the growing animals achieved the
greatest reductions in total GHG emissions for both 3-NOP and nitrate
feeding scenarios. However, the authors could not find published stu-
dies on the effects of 3-NOP or nitrate on enteric CH4 production from

mature beef cows. Thus, scenarios ABNOP2 and ABNIT2 are highly
theoretical and speculative, as we have extrapolated results from
growing cattle fed high forage diets to mature beef cow herds. It should
also be noted that 3-NOP is not yet commercially available, thus sce-
narios for feeding 3-NOP are speculative and hypothetical. In addition,
it would be more practical to feed nitrate than 3-NOP to cattle in
northern Australia, because nitrate can replace urea, which is routinely
used in this region, as a non-protein N source (Callaghan et al., 2014;
Cottle et al., 2016). Extensive beef production systems have minimal
labour input, low levels of infrastructure, and large paddock sizes
(Callaghan et al., 2014). In addition, most operations do not have the
labour or equipment to manage daily supplementation; therefore, urea
is usually fed in lick blocks that use molasses as a carrier. Thus, in-
corporating nitrate into lick blocks may be attractive to producers in
regions in which there is an existing pathway to adoption (Callaghan
et al., 2014; Cottle et al., 2016). However, feeding nitrate at rate 1 had a
negligible effect on whole farm GHG emissions. The greatest decrease
on whole farm GHG emissions was achieved by increasing the rate of
nitrate supplementation (rate 2) and targeting both the breeding herd
and growing cattle. However, increasing the rate of nitrate feeding can
increase the risk of nitrite toxicity (Callaghan et al., 2014), and would
need to be considered prior to adopting this strategy. There have been
concerns that nitrate feeding might increase enteric N2O emissions as a
by-product of dissimilatory nitrate reduction to ammonium (Kaspar and
Tiedje, 1981). However, we have not considered these emissions in our
estimations, as it has been reported that ruminal denitrification of ni-
trate does not occur, and nitrous oxide production in the rumen (as a
product of dissimilatory nitrate/nitrite reduction) is negligible (Kaspar
and Tiedje, 1981; Leng, 2018).

The control CDF scenario had a GHG intensity of 1.21 kg CO2e/kg
FPCM (Table 8). This GHG intensity was similar to the GHG intensity of
1.18 to 1.52 kg CO2e/kg FPCM reported by Guyader et al. (2017) for a
dairy farm in eastern Canada. In this study, a direct comparison be-
tween Australian and Canadian farms was considered inappropriate as
the emissions from each farm were estimated using country specific
methods and models. The CDNOP1 scenario decreased whole farm GHG
emissions by 15% while CDNOP2 decreased whole farm GHG emissions
by 19%. The CDNIT1 scenario decreased whole farm GHG emissions by
7% while CDNIT2 scenario decreased GHG emissions by 9%. When

Table 6
Effect of supplementing diets with 3-nitrooxypropanol (3-NOP) on whole farm
GHG emissions (t CO2e/year), GHG intensity and gross carbon revenue from
offsets at a carbon price of $11.82 or $20.00 (AUD per tonne of CO2e abated) of
the Australian beef farm. 3-NOP (200 mg/kg DMI) was fed to growing stock
aged 6 to 18 months only (ABNOP1) or to the entire herd (ABNOP2).

Item Control ABNOP1 ABNOP2

GHG emissions (t CO2e/year)
Enteric CH4 1,581 1,408 1,087
Manure CH4 2 2 2
Direct N2O 511 511 511
Indirect N2O 0.15 0.15 0.15
Energy CO2 64 64 64
Pre-farm emissions 31 39 41
Total GHG 2,190 2,024 1,705
Net GHG abatement (t CO2e/year) 0 166 485
Beef production (total kg carcass weight/cycle) 842,712 842,712 842,712
GHG intensity (kg CO2e/kg live weight) 15.59 14.41 12.14
GHG intensity (kg CO2e/kg carcass weight) 25.99 24.02 20.24

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 1,960 5,728
Gross carbon revenue/animal finished year-1 ($) 5.16 15.09
Break-even price of 3-NOP ($/kg 3-NOP) 12.14 15.08

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 3,316 9,692
Gross carbon revenue/animal finished •year-1 ($) 8.74 25.53
Break-even price of 3-NOP ($/kg 3-NOP) 20.55 25.52

Table 7
Effect of supplementing diets with nitrate on whole farm GHG emissions (t CO2e/year), GHG intensity and gross carbon revenue at a carbon price of $11.82 or $20.00
(AUD per tonne of CO2e abated) of the Australian beef farm. Urea supplementation was replaced with nitrate at a rate of 7 g/kg DMI (rate 1) or 18.2 g/kg DMI (rate
2) to growing stock aged 6 to 18 months only (ABNIT1) or to the entire herd (ABNIT2).

Rate 1 Rate 2

Item Control ABNIT1 ABNIT2T2 ABNIT1 ABNIT2

GHG emissions (t CO2e/year)
Enteric CH4 1,581 1,543 1,472 1,507 1,371
Manure CH4 2 2 2 2 2
Direct N2O 511 511 511 511 511
Indirect N2O 0.15 0.15 0.15 0.15 0.15
Energy CO2 63 63 63 63 63
Pre-farm emissions 31 346 464 33 77
Total GHG 2,190 2,155 2,097 2,118 2,027
Net GHG abatement (t CO2e/year) 0 35 93 71 163
Beef production (kg carcass weight/cycle) 842,712 842,712 842,712 842,712 842,712
GHG intensity (kg CO2e/kg live weight) 15.59 15.35 14.93 15.10 14.25
GHG intensity (kg CO2e/kg carcass weight) 25.99 25.58 24.88 25.14 24.06

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 408 1,100 844 1,925
Gross carbon revenue/animal finished year-1 ($) 1.08 2.90 2.22 5.07
Break-even price ($/kg nitrate) 0.04 0.03 0.04 0.02

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 691 1,861 1,428 3,258
Gross carbon revenue/animal finished•year-1 ($) 1.82 4.91 3.76 8.58
Break-even price ($/kg nitrate) 0.15 0.16 0.13 0.11
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feeding 3-NOP, CDNOP2, which targeted the entire herd, increased the
net abatement by an additional 4% compared with CDNOP1 which
targeted the lactating herd only, while with nitrate this was an increase
of 0.9%. In this farm, enteric CH4 emissions from adult dairy cows re-
presented 43% of whole farm GHG emissions, while enteric CH4

emissions from calves and replacement heifers represented 13% of
whole farm GHG emissions. The low proportion of emissions produced
by non-lactating animals could help to explain the relatively low in-
crease in mitigation when targeting the entire herd instead of the adult
dairy cows only.

The control CBF scenario had a GHG intensity of 15.26 kg CO2e/kg
live weight or 25.43 kg CO2e/kg carcass weight (Table 9). This GHG
intensity was within the range described by Beauchemin et al. (2010)
and Alemu et al. (2017) for Canadian beef production systems. The
CBNOP1 scenario decreased whole farm GHG emissions by 6% and the
CBNOP2 scenario decreased GHG emissions by 15%. When feeding
nitrate at rate 1, the CBNIT1 scenario decreased whole farm GHG
emissions by 0.9% and CBNIT2 scenario decreased whole farm GHG
emissions by 2.8% (Table 10). With rate 2, CBNIT1 scenario decreased
GHG emissions by 1.3% and CBNIT2 scenario decreased whole farm
GHG emissions by 4.4%. When feeding 3-NOP, the decrease in GHG
emissions was more than double for CBNOP2 compared with CBNOP1
because CBNOP2 supplemented the beef cow herd as well as the
growing stock, whereas CBNOP1 only targeted the growing stock. This
difference between CBNOP1 and CBNOP2 reflects the importance of
including the adult beef cows in 3-NOP feeding protocols. Feeding ni-
trate at rate 1 had a negligible effect on whole farm GHG emissions, and
with rate 2 despite the increase in nitrate, overall GHG abatement re-
mained relatively low.

Across all scenarios and farms, 3-NOP had a greater effect on
abating whole farm GHG emissions than did nitrate. 3-
Nitrooxypropanol had greater embedded emissions per unit of product
than that of nitrate; however, 3-NOP required a lower dosage and had a
greater effect on enteric CH4 mitigation, and thus resulted in a greater
net abatement of whole farm GHG emissions. Depending on the carbon
price, for 3-NOP to be profitable in Australia, the price paid for 3-NOP
by dairy producers could not exceed $51/kg 3-NOP while the price paid
by beef producers could not exceed $33/kg 3-NOP. It is important to
note that this calculation assumes that the revenue from the sale of
carbon credits would be fully retained by the producer, with no

payment to an aggregator or consultant. Likewise, in Canada, the
maximum cost that dairy producers could pay for 3-NOP and still make
a small profit was $46.00/kg 3-NOP while beef producers would need
to pay less than $45.00/kg 3-NOP. Due to low doses required and the
large CH4 mitigation effect, the break-even cost of 3-NOP was greater
than that of nitrate in all scenarios and prices. Thus, farmers could af-
ford to spend more on 3-NOP than on nitrate and still turn a profit.
However, a carbon offset method would need to be developed to in-
centivise the use of 3-NOP by the Australian and Canadian dairy and
beef industries.

Table 8
Effect of supplementing diets with 3-nitrooxypropanol (3-NOP) and nitrate on whole farm GHG emissions (t CO2e), GHG intensity (kg CO2/kg fat and protein
corrected milk (FPCM)) and gross carbon revenue from offsets at a carbon price of $11.82 or $20.00 (AUD per tonne of CO2e abated) of the Canadian dairy farm. 3-
NOP (86 mg/kg DMI) or nitrate (21 g/kg DMI) were fed to lactating cows only during the entire lactation (CDNOP1 for 3-NOP and CDNIT1 for nitrate) or to the entire
herd (CDNOP2 for 3-NOP and CDNIT2 for nitrate).

Item Control CDNOP1 CDNOP2 CDNIT1 CDNIT2

Number of cows 120 120 120 120 120
GHG emissions (t CO2e/year)
Enteric CH4 431 313 282 352 327
Manure CH4 124 124 124 124 124
Direct N2O 76 76 76 76 76
Indirect N2O 33 33 33 33 33
Energy CO2 33 33 33 33 33
Pre-farm emissions 62 64 65 88 97
Total GHG 758 643 613 706 691
Net GHG abatement (t CO2e/year) 0 116 145 53 68
Milk production (total kg FPCM/cycle) 3,759,481 3,759,481 3,759,481 3,759,481 3,759,481
GHG Intensity 1.21 1.03 0.98 1.13 1.10

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 1,367 1,719 620 801
Gross carbon revenue/cow•year-1 ($) 11.39 14.33 5.17 6.68
Break-even cost ($/kg 3-NOP or nitrate 29.82 27.44 0.04 0.04

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 2,313 2,908 1,050 1,356
Gross carbon revenue/cow year-1 ($) 19.28 24.24 8.75 11.30
Break-even cost ($/kg 3-NOP or nitrate 50.46 46.43 0.07 0.07

Table 9
Effect of supplementing diets with 3-nitrooxypropanol (3-NOP) on whole farm
GHG emissions (t CO2e), GHG intensity and gross carbon revenue from offsets
at a carbon price of $11.82 and $20.00 (AUD per tonne of CO2e abated) of the
Canadian beef farm. 3-NOP (200 mg/kg DMI in animals fed a high forage diet
and 175 mg/kg DMI in animals fed a high grain diet) was fed to the back-
grounding and finishing groups (CBNOP1) or to the backgrounding group,
finishing group and the adult breeding cows for six months of the year
(CBNOP2).

Item Control CBNOP1 CBNOP2

GHG emissions (t CO2e/year)
Enteric CH4 529 482 401
Manure CH4 39 39 39
Direct N2O 157 157 157
Indirect N2O 29 29 29
Energy CO2 60 60 60
Pre-farm emissions 6 7 10
Total GHG 822 777 698
Net GHG abatement (t CO2e/year) 0 45 124
Beef produced (total kg carcass weight/cycle) 258,612 258,612 258,612
GHG intensity (kg CO2e/kg live weight) 25.43 24.04 21.60
GHG intensity (kg CO2e/kg carcass weight) 15.26 14.42 12.96

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 530 1,462
Gross carbon revenue/animal finished year-1 ($) 5.97 16.44
Break-even cost of 3-NOP ($/kg 3-NOP) 18.26 19.56

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 898 2,474
Gross carbon revenue/animal finished year-1 ($) 10.09 27.81
Break-even cost of 3-NOP ($/kg 3-NOP) 30.89 33.09
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For nitrate, based on the gross carbon revenue generated from the
sale of carbon credits on all farms, for nitrate feeding to be cost neutral
for the farms, the additional cost of replacing urea with nitrate would
have to be less than $0.16/kg nitrate for the ABF and $0.16/kg nitrate
for the CBF. The commercial price of lick blocks priced in Australia in
2016 was $6.80/kg N for a urea block (13% N, 30% urea), $23.60/kg N
for a calcium nitrate block (6% N, 26% nitrate) and $8.70/kg N for an
ammonium nitrate block (14% N, 20.8% nitrate) (Cottle et al., 2016).
Urea contains 46% N and nitrate contains 22.5% N, thus a nitrate block
would need to have urea added to achieve the same N intake achieved
through feeding urea alone, while avoiding nitrate toxicity (Cottle
et al., 2016). In this context, the cost of feeding nitrate instead of urea is
greater than the break-even cost of nitrate in the modelled farms and
thus feeding nitrate instead of urea was not profitable for these farms.
For a CH4 mitigation strategy to be adopted by farmers, the return from
mitigation (i.e. carbon price and amount of mitigation) would need to
cover the additional cost of supplementation (Callaghan et al., 2014;
Cottle et al., 2016). It is therefore unlikely that feeding nitrate to cattle
would be used unless the source of nitrate has price parity with urea
(Cottle et al., 2016). It should also be considered that ABF assumed
nitrate was fed year-round. In northern Australia, the demand for N
supplementation is seasonal, with pasture protein being lowest (crude
protein 4–6%) during the drier months (June to December), then rising
with the summer rains (Poppi and McLennan, 1995; Dixon, 2011).
Thus, urea is typically fed for six months only, which would further
decrease the effects of replacing urea with nitrate (Dixon, 2011; Cottle
et al., 2016). However, seasonality of nitrate feeding would not be a
limitation for Canadian total mixed ration systems. Additionally, par-
ticipating in an ERF project includes a series of fixed costs to cover
registration, monitoring, sampling, reporting, audits and visit fees
(Cohn, 2015). Therefore, strategies involving nitrate feeding are more
likely to be adopted by larger corporate farming operations that can
achieve economies of scale to overcome these fixed costs (Cohn, 2015;
Cottle et al., 2016).

All 3-NOP scenarios analyzed focused on CH4 mitigation and po-
tential value of sale of carbon credits. However, Hristov et al. (2015)
reported that dairy cows gained approximately 1 kg live weight/week
when 3-NOP was fed over a 12 week period. If such live weight gain

occurred over a year, it could be of substantial economic value to dairy
farms as it might improve fertility in the subsequent lactation. Fur-
thermore, Vyas et al. (2018) reported that feeding 3-NOP to beef cattle
for 238 days improved feed to gain ratio by 5%. The improvement in
feed to gain ratio could also be of substantial economic value as less
feed is required to reach target weight. In this research we have not
considered the financial ramifications of improved animal performance
as there is a lack of data to support these animal effects. It is possible
that the benefits of these improvements in animal performance may
exceed the financial benefits of selling carbon credits. Further research
is therefore required to establish the live weight gains from 3-NOP.

4. Conclusions

Both additives decreased whole farm GHG emissions; however, 3-
NOP had a greater CH4 mitigating effect than nitrate across all farms
and scenarios. Feeding 3-NOP but not nitrate could be economical for
the case study farms, depending on the cost of 3-NOP. It is concluded
that feeding 3-NOP can make an important contribution to reducing
whole farm GHG emissions from beef and dairy production; however, a
carbon offset method would have to be developed to incentivize its use
in the livestock industries.

Acknowledgements

This investigation was funded by Emissions Reduction Alberta,
Canada, the Victorian Department of Economic Development, Jobs,
Transport and Resources, The University of Melbourne and the Primary
Industries Climate Challenges Centre.

References

Alemu, A.W., Amiro, B.D., Bittman, S., MacDonald, D., Ominski, K.H., 2017. Greenhouse
gas emission of Canadian cow-calf operations: A whole-farm assessment of 295 farms.
Agric. Syst. 151, 73–83.

Beauchemin, K.A., 2013. Life cycle assessment–A holistic approach to assessing green-
house gas emissions from beef and dairy production. RAPA. 32, 69–76.

Beauchemin, K.A., Janzen, H.H., Little, S.M., McAllister, T.A., McGinn, S.M., 2010. Life
cycle assessment of greenhouse gas emissions from beef production in western
Canada: A case study. Agric. Syst. 103, 371–379.

Table 10
Effect of supplementing diets with nitrate on whole farm GHG emissions (t CO2e/year), GHG intensity and gross carbon revenue from offsets at a carbon price of
$11.82 or $20.00 (AUD per tonne of CO2e abated) of the Canadian beef farm. Urea supplementation was replaced with nitrate at a rate of 7 g/kg DMI (rate 1) or 18.2
g/kg DMI (rate 2) to the backgrounding and finishing groups (CBNIT1) or to the backgrounding, finishing groups and the adult breeding cows for six months of the
year (CBNIT2).

Rate 1 Rate 2

Item Control CBNIT1 CBNIT2 CBNIT1 CBNIT2

GHG emissions (t CO2e/year)
Enteric CH4 529 521 503 513 478
Manure CH4 39 39 39 40 40
Direct N2O 157 157 157 157 157
Indirect N2O 29 29 29 29 29
Energy CO2 60 60 60 60 60
Pre-farm emissions 6 7 9 13 22
Total GHG 822 815 798 811 786
Net abatement (t CO2e/year) 0 7.29 23.66 16 42
Beef produced (total kg carcass weight/cycle) 258,612 258,612 258,612 258,612 258,612
GHG intensity (kg CO2e/kg live weight) 15.26 15.12 14.81 15.06 14.58
GHG intensity (kg CO2e/kg carcass weight) 25.43 25.20 24.69 25.10 24.30

Carbon price $11.82/t CO2e abated
Gross carbon revenue/year ($) 86.13 279 190 495
Gross carbon revenue/animal finished year-1 ($) 0.96 3.14 1.41 4.89
Break-even cost of nitrate ($/kg) 0.12 0.11 0.06 0.06

Carbon price $20/t CO2e abated
Gross carbon revenue/year ($) 145 473 321 838
Gross carbon revenue/animal finished year-1 ($) 1.63 5.31 2.35 8.15
Break-even cost of nitrate ($/kg) 0.15 0.16 0.08 0.08

P.S. Alvarez-Hess et al.



Beukes, P., Gregorini, P., Romera, A., 2011. Estimating greenhouse gas emissions from
New Zealand dairy systems using a mechanistic whole farm model and inventory
methodology. Anim. Feed Sci. Technol. 166, 708–720.

Bhatta, R., Saravanan, M., Baruah, L., Prasad, C., 2015. Effects of graded levels of tannin-
containing tropical tree leaves on in vitro rumen fermentation, total protozoa and
methane production. J. Appl. Microbiol. 118, 557–564.

Brentrup, F., Hoxha, A., Christensen, B., 2016. Carbon footprint analysis of mineral fer-
tilizer production in Europe and other world regions. In: Proc. of 10th International
Conference on Life Cycle Assessment of Food 2016, Dublin, Ireland, pp. 482.

Browne, N.A., Eckard, R.J., Behrendt, R., Kingwell, R.S., 2011. A comparative analysis of
on-farm greenhouse gas emissions from agricultural enterprises in south eastern
Australia. Anim. Feed Sci. Technol. 166, 641–652.

Callaghan, M., Tomkins, N., Benu, I., Parker, A., 2014. How feasible is it to replace urea
with nitrates to mitigate greenhouse gas emissions from extensively managed beef
cattle? Anim. Prod. Sci. 54, 1300–1304.

Capper, J.L., 2011. The environmental impact of beef production in the United States:
1977 compared with 2007. J Anim Sci. 89, 4249–4261.

Casey, J., Holden, N., 2005. Analysis of greenhouse gas emissions from the average Irish
milk production system. Agric. Syst. 86, 97–114.

Christie, K., Gourley, C., Rawnsley, R., Eckard, R., Awty, I., 2012. Whole-farm systems
analysis of Australian dairy farm greenhouse gas emissions. Anim. Prod. Sci. 52,
998–1011.

Cohn, P., 2015. Can northern beef producers make money from the ERF? Future beef
webinar (RAMP carbon). (Accessed April 24, 2018).

Comlaw, 2014. Carbon credits (Carbon Farming Initiative) (reducing greenhouse gas
emissions by feeding nitrates to beef cattle) methodology determination 2014.
Accessed April 24, 2018.

Cottle, D., Eckard, R., 2014. Modelling the reduction in enteric methane from voluntary
intake versus controlled individual animal intake of lipid or nitrate supplements.
Anim. Prod. Sci. 54, 2121–2131.

Cottle, D., Eckard, R., Bray, S., Sullivan, M., 2016. An evaluation of carbon offset sup-
plementation options for beef production systems on coastal speargrass in central
Queensland, Australia. Anim. Prod. Sci. 56, 385–392.

Cullen, B., Eckard, R., Timms, M., Phelps, D., 2016. The effect of earlier mating and
improving fertility on greenhouse gas emissions intensity of beef production in
northern Australian herds. Rangeland J. 38, 283–290.

de Raphélis-Soissan, V., Li, L., Godwin, I., Barnett, M., Perdok, H., Hegarty, R., 2014. Use
of nitrate and Propionibacterium acidipropionici to reduce methane emissions and
increase wool growth of Merino sheep. Anim. Prod. Sci. 54, 1860–1866.

DEDJTR, 2017. Dairy Farm Monitor Report Annual Report 2016-2107. http://agriculture.
vic.gov.au/agriculture/dairy/farm-monitoring- airy#utm_source=agriculture-vic-
gov-au&utm_medium=vanity-url- 301ssredirect&utm_content=dairyfarmmonitor&
utm_campaign=agriculture (Accessed April 24, 2018).

Dixon, R., 2011. A meta-analysis of the responses to non-protein nitrogen supplementa-
tion by cattle grazing native pastures in the seasonally dry tropics. Adv. Anim. Biosci.
2, 336.

Eckard, R.J., 1990. The relationship between the nitrogen and nitrate content and nitrate
toxicity potential of Lolium multiflorum. Afr. J. Range Forage Sci. 7, 174–178.

Eckard, R.J., Taylor, C., 2016. A Greenhouse Accounting Framework for Dairy properties
(D- GAF) based on the Australian National Greenhouse Gas Inventory methodology.
http://www.greenhouse.unimelb.edu.au/Tools.htm (Accessed April 24, 2018).

Gerber, P., Vellinga, T., Opio, C., Steinfeld, H., 2011. Productivity gains and greenhouse
gas emissions intensity in dairy systems. Livest. Sci. 139, 100–108.

Government of Alberta, 2016. Quantification Protocol for Reducing Greenhouse Gas
Emissions from Fed Cattle Specified Gas Emitters Regulation. Version 3.0 Alberta
Carbon Offset Program. Accessed April 24, 2018.

Guyader, J., Little, S., Kröbel, R., Benchaar, C., Beauchemin, K.A., 2017. Comparison of
greenhouse gas emissions from corn-and barley-based dairy production systems in
Eastern Canada. Agric. Syst. 152, 38–46.

Haisan, J., Sun, Y., Guan, L.L., Beauchemin, K.A., Iwaasa, A., Duval, S., Barreda, D.R.,
Oba, M., 2014. The effects of feeding 3-nitrooxypropanol on methane emissions and
productivity of Holstein cows in mid lactation. J. Dairy Sci. 97, 3110–3119.

Haisan, J., Sun, Y., Guan, L., Beauchemin, K.A., Iwaasa, A., Duval, S., Kindermann, M.,
Barreda, D., Oba, M., 2017. The effects of feeding 3-nitrooxypropanol at two doses on
milk production, rumen fermentation, plasma metabolites, nutrient digestibility, and
methane emissions in lactating Holstein cows. Anim. Prod. Sci. 57, 282–289.

Hristov, A., Oh, J., Firkins, J., Dijkstra, J., Kebreab, E., Waghorn, G., Makkar, H.,
Adesogan, A., Yang, W., Lee, C., 2013. Special topics—Mitigation of methane and
nitrous oxide emissions from animal operations: I. A review of enteric methane mi-
tigation options. J. Anim. Sci. 91, 5045–5069.

Hristov, A.N., Oh, J., Giallongo, F., Frederick, T.W., Harper, M.T., Weeks, H.L., Branco,
A.F., Moate, P.J., Deighton, M.H., Williams, S.R., Kindermann, M., Duval, S., 2015.
An inhibitor persistently decreased enteric methane emission from dairy cows with
no negative effect on milk production. Proc. Natl. Acad. Sci. U. S. A. 112,
10663–10668.

Hulshof, R.B.A., Berndt, A., Gerrits, W.J.J., Dijkstra, J., Van Zijderveld, S.M., Newbold,
J.R., Perdok, H.B., 2012. Dietary nitrate supplementation reduces methane emission
in beef cattle fed sugarcane-based diets. J. Anim. Sci. 90, 2317–2323.

Kaspar, H.F., Tiedje, J.M., 1981. Dissimilatory reduction of nitrate and nitrite in the
bovine rumen: nitrous oxide production and effect of acetylene. Appl. Environ.

Microbiol. 41, 705–709.
Lee, C., Araujo, R.C., Koenig, K.M., Beauchemin, K.A., 2015. Effects of encapsulated ni-

trate on enteric methane production and nitrogen and energy utilization in beef
heifers. J. Anim. Sci. 93, 2391–2404.

Leng, R.A., 2018. Unravelling methanogenesis in ruminants, horses and kangaroos: the
links between gut anatomy, microbial biofilms and host immunity. Anim. Prod. Sci.
58, 1175–1191.

Little, S.M., Lindeman, J., Maclean, K., Janzen, H.H., 2013. Holos - A Tool to Estimate and
Reduce GHGs From Farms. Methodology and Algorithms for Version 2.0. Agriculture
& Agri-Food Canada, Ottawa, ON, Canada Accessed April 24, 2018.

Lund, P., Dahl, R., Yang, H., Hellwing, A.L.F., Cao, B., Weisbjerg, M.R., 2014. The acute
effect of addition of nitrate on in vitro and in vivo methane emission in dairy cows.
Anim. Prod. Sci. 54, 1432–1435.

Martin, C., Morgavi, D.P., Doreau, M., 2010. Methane mitigation in ruminants: from
microbe to the farm scale. Anim. 4, 351–365.

Martinez-Fernandez, G., Abecia, L., Arco, A., Cantalapiedra-Hijar, G., Martin-Garcia, A.I.,
Molina-Alcaide, E., Kindermann, M., Duval, S., Yañez-Ruiz, D.R., 2014. Effects of
ethyl-3-nitrooxy propionate and 3-nitrooxypropanol on ruminal fermentation, mi-
crobial abundance, and methane emissions in sheep. J. Dairy Sci. 97, 3790–3799.

Mc Geough, E.J., Little, S.M., Janzen, H.H., McAllister, T.A., McGinn, S.M., Beauchemin,
K.A., 2012. Life-cycle assessment of greenhouse gas emissions from dairy production
in Eastern Canada: a case study. J. Dairy Sci. 95, 5164–5175.

Newbold, J.R., Van Zijderveld, S.M., Hulshof, R.B.A., Fokkink, W.B., Leng, R.A., Terencio,
P., Powers, W.J., Van Adrichem, P.S.J., Paton, N.D., Perdok, H.B., 2014. The effect of
incremental levels of dietary nitrate on methane emissions in Holstein steers and
performance in Nelore bulls. J. Anim. Sci. 92, 5032–5040.

O’Brien, D., Capper, J.L., Garnsworthy, P.C., Grainger, C., Shalloo, L., 2014. A case study
of the carbon footprint of milk from high-performing confinement and grass-based
dairy farms. J. Dairy Sci. 97, 1835–1851.

Pacheco, D., Waghorn, G., Janssen, P.H., 2014. Decreasing methane emissions from ru-
minants grazing forages: A fit with productive and financial realities? Anim. Prod.
Sci. 54, 1141–1154.

Patra, A., Yu, Z., 2015. Effects of garlic oil, nitrate, saponin and their combinations
supplemented to different substrates on in vitro fermentation, ruminal methano-
genesis, and abundance and diversity of microbial populations. J. Appl. Microbiol.
119, 127–138.

Persson, U.M., Johansson, D.J., Cederberg, C., Hedenus, F., Bryngelsson, D., 2015.
Climate metrics and the carbon footprint of livestock products: where’s the beef?
Environ. Res. Lett. 10, 034005.

Philippe, F., Nicks, B., 2015. Review on greenhouse gas emissions from pig houses:
Production of carbon dioxide, methane and nitrous oxide by animals and manure.
Agric. Ecosyst. Environ. 199, 10–25.

Poppi, D.P., McLennan, S.R., 1995. Protein and energy utilization by ruminants at pas-
ture. J. Anim. Sci. 73, 278–290.

Reynolds, C.K., Humphries, D.J., Kirton, P., Kindermann, M., Duval, S., Steinberg, W.,
2014. Effects of 3-nitrooxypropanol on methane emission, digestion, and energy and
nitrogen balance of lactating dairy cows. J. Dairy Sci. 97, 3777–3789.

Romero-Perez, A., Okine, E., McGinn, S., Guan, L., Oba, M., Duval, S., Kindermann, M.,
Beauchemin, K., 2014. The potential of 3-nitrooxypropanol to lower enteric methane
emissions from beef cattle. J. Anim. Sci. 92, 4682–4693.

Rotz, C.A., Montes, F., Chianese, D.S., 2010. The carbon footprint of dairy production
systems through partial life cycle assessment. J. Dairy Sci. 93, 1266–1282.

Troy, S.M., Duthie, C.A., Hyslop, J.J., Roehe, R., Ross, D.W., Wallace, R.J., Waterhouse,
A., Rooke, J.A., 2015. Effectiveness of nitrate addition and increased oil content as
methane mitigation strategies for beef cattle fed two contrasting basal diets. J. Anim.
Sci. 93, 1815–1823.

van Zijderveld, S.M., Dijkstra, J., Perdok, H.B., Newbold, J.R., Gerrits, W.J., 2011. Dietary
inclusion of diallyl disulfide, yucca powder, calcium fumarate, an extruded linseed
product, or medium-chain fatty acids does not affect methane production in lactating
dairy cows. J. Dairy Sci. 94, 3094–3104.

Vellinga, T.V., De Haan, M., Schils, R., Evers, A., van den Pol–van Dasselaar, A., 2011.
Implementation of GHG mitigation on intensive dairy farms: Farmers' preferences
and variation in cost effectiveness. Livest. Sci. 137, 185–195.

Vergé, X.P.C., Dyer, J.A., Desjardins, R.L., Worth, D., 2007. Greenhouse gas emissions
from the Canadian dairy industry in 2001. Agric. Syst. 94, 683–693.

Vyas, D., McGinn, S.M., Duval, S.M., Kindermann, M.K., Beauchemin, K.A., 2016a. Effects
of sustained reduction of enteric methane emissions with dietary supplementation of
3-nitrooxypropanol on growth performance of growing and finishing beef cattle. J.
Anim. Sci. 94, 2024–2034.

Vyas, D., McGinn, S.M., Duval, S.M., Kindermann, M.K., Beauchemin, K.A., 2016b.
Optimal dose of 3-nitrooxypropanol for decreasing enteric methane emissions from
beef cattle fed high-forage and high-grain diets. Anim. Prod. Sci. 58, 1049–1055.

Vyas, D., Alemu, A.W., McGinn, S.M., Duval, S.M., Kindermann, M., Beauchemin, K.A.,
2018. The combined effects of supplementing monensin and 3- nitrooxypropanol on
methane emissions, growth rate, and feed conversion efficiency in beef cattle fed high
forage and high grain diets. J. Anim. Sci. 96, 2923–2938.

Williams, S.R.O., Fisher, P.D., Berrisford, T., Moate, P.J., Reynard, K., 2014. Reducing
methane on-farm by feeding diets high in fat may not always reduce life cycle
greenhouse gas emissions. Int. J. Life Cycle Assess. 19, 69–78.

P.S. Alvarez-Hess et al.



 

103 
 

Chapter 8 

General discussion and conclusion 

 

This thesis aimed to elucidate the effects of basal diet, and three dietary additives; supplemental fat, 

nitrate and 3-nitrooxypropanol (3-NOP), on methane emissions from ruminants. It has been reported 

that the efficacy of these additives and degree of methane mitigation may vary depending upon the basal 

diet fed, type of animals and the amount of additive included in the diet (Chung et al. 2011; Pal et al. 

2014; Vyas et al. 2016b). However, before this thesis was conducted, there had been limited reports on 

interaction effects between the basal diet and these additives. It was recognised that to test many of the 

potential interactions and responses to these methane mitigation agents, numerous experiments might 

be necessary. Therefore, in vitro analysis were conducted as a screening tool to minimise animal use 

and due to time, financial and practical constraints, before selecting key treatments for in vivo analysis. 

However, prior to commencing the in vitro experiments, it was recognized that the Ankom GP in vitro 

method used in many previous studies required improvements to enable it to accurately measure 

methane production (MP). Therefore the plan of this research was to 1) conduct research aimed at 

modifying the existing Ankom GP in vitro methodology to improve its accuracy for measuring MP, 2) 

conduct a series of in vitro experiments to identify the interaction effects of basal diet and methane 

mitigating agents, 3) on the basis of findings from the in vitro experiments, conduct an in vivo 

experiment analysing the interaction effects of basal diet and dietary fat supplementation in dairy cows 

and 4) assess the effect of a methane mitigation strategy on net whole farm GHG emissions. In order to 

adequately make this assessment, it was recognized that a whole system modelling approach such as 

life cycle assessment (LCA) that accounts for GHG emissions arising from farm inputs and outputs 

would be necessary.  

 

The experiments in chapter 3 aimed to develop modifications to an existing in vitro fermentation 

system that would be suitable for measuring methane. Hypothesis 1 in chapter 3 stated that connecting 

a gas line to the system’s venting tube would affect the estimations by the Ankom GP system of the 

volume of gas produced (GP) and hypothesis 2 stated that connecting a gas line to the system’s venting 

tube would lead to a change in the head space methane proportion in the incubation vessel. The findings 

of the first experiment summarized in Table 2 and 3 of chapter 3, are the main evidence to support the 

rejection of these hypotheses as they are not true in all cases. The important findings of these 

experiments were that a short, wide gas line can be used for collecting the vented gas and estimating 

MP, as it did not affect headspace methane proportion or estimates of GP. However, collecting gas 

through a long and narrow gas line can lead to errors in estimation of MP, as it estimated greater GP 

than a control method not involving collection of gas. Therefore, the key finding is that it is possible to 

collect the vented gases from the Ankom GP system and measure the methane proportion as an accurate 

estimation of MP, without interfering with the in vitro fermentation process. However, care should be 
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given to the length and diameter of the tube used to connect the Ankom GP module to the gas collection 

bag, as the characteristics of the tube can affect the total GP estimation and consequently lead to errors 

in MP estimation. When used appropriately this new knowledge can decrease experimental error. It is 

important to consider that in this experiment two commercially available tube sizes were used to connect 

the Ankom GP system to the gas collection bags. This experiment established the broader principle of 

using a collection tube that does not restrict gas flow. It is possible that there are other tubing options 

that could be suitable for this system, and further research would be required to elucidate the effect of 

other tube lengths and diameters on the in vitro fermentation process.  

 

Chapter 3 also addressed the issue of identifying a simple equation to accurately predict MP when 

in vitro fermentations are conducted using an Ankom GP apparatus. A number of methods using 

different equations have been proposed for this purpose. Hypothesis 3 of chapter 3 stated that MP 

estimation from the four methods relying on a single head space gas sample would be concordant with 

the gold standard method sampling all gases produced, but that some methods would be more 

concordant than others. Hypothesis 4 of chapter 3 stated that discordance between the four methods 

relying on a single head space gas sample with the gold standard method would depend on substrate 

material as well as measurement error associated. These hypotheses were tested and accepted based 

upon the results presented in Table 3 and Figure 3 of chapter 3. These results show that methods that 

rely on the assumption of a constant methane to carbon dioxide ratio or an empirical equation for 

predicting MP have greater agreement and concordance with the gold standard method, and this 

concordance was different when incubating lucerne, wheat or corn in vitro. The new knowledge 

generated from this experiment helps eliminate potential sources of error when using these equations to 

predict MP. Specifically, the results of this experiment showed that methods relying on a simple 

multiplication of headspace methane proportion at the end of incubation by GP can result in an 

overestimation of MP and that this overestimation was consistent across different substrates. However, 

other methods that rely on the assumption of a constant methane to carbon dioxide ratio or an empirical 

equation for predicting MP showed greater agreement and concordance with the gold standard method 

and could be used when the gold standard method cannot be used. The main implication of these is that 

when the gold-standard method cannot be used to measure MP from Ankom GP systems, the methods 

by Hannah et al. (2016) and the method by Cattani et al. (2016) can be used while maintaining 

experimental accuracy, as they present high agreement and concordance with the gold-standard method. 

However, when the gold-standard method cannot be used, the method by Lopes et al. (2007) cannot be 

recommended, as this method showed a consistent over-estimation of MP. However, even the method 

of Lopes et al. (2007) could be used to rank specific dietary substrates for their methane mitigation 

potential. In this context, the findings developed within this thesis provide necessary validation for the 

methods of Hannah et al. (2016) and Cattani et al. (2016).  
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Chapter 4 of this thesis explored the in vitro fermentation of wheat and corn grain when incubated 

in ruminal fluid from donor cows fed diets based on either wheat or corn grain. It was hypothesized that 

the in vitro fermentation of grains would produce more methane when incubated with ruminal fluid 

from cows adapted to each specific grain type (homologous ruminal fluid), compared to when grains 

were incubated in ruminal fluid not adapted to that specific grain type (heterologous ruminal fluid). It 

was also hypothesized that when grains were incubated with ruminal fluid from cows adapted to each 

specific grain type (homologous ruminal fluid) MP would be negatively related to the proportion of 

grain (i.e. wheat or corn) in the substrate incubated. The results in Tables 2 and 4 of chapter 4 are the 

main evidence to reject these hypotheses, as it was demonstrated the type of grain fed to the donor cows 

affects MP more than the type of grain used as substrate in the in vitro fermentation, and that increasing 

proportions of wheat but not corn decreased in vitro MP. Therefore, the practical implication of this 

study is a recommendation that to best mimic in vivo conditions, in vitro incubations intended to 

compare or screen different feeds for their methane mitigation potential should be performed using 

ruminal fluid adapted to each specific feed type. This finding represents significant new knowledge 

with substantial implications for improving measurement of MP using in vitro systems and can help to 

explain some of the differences previously reported between in vitro and in vivo studies. However, it is 

acknowledged that in this study only two grain types were considered, therefore, the conclusions from 

this research can only be applied for these feeds, and further research would be required to elucidate the 

effect of various other feeds and substrates.  

 

Overall, the experiments described in chapters 3 and 4 have provided new knowledge that will 

enable improved accuracy in measurement of MP in fermentation studies employing the Ankom GP 

system. Henceforth, the in vitro methods pioneered during this research will be employed in the 

Agriculture Victoria dairy laboratory at Ellinbank, Victoria and the University of Melbourne laboratory. 

Furthermore, it is considered that there is considerable potential that these novel methods may be 

employed in international laboratories to improve the accuracy of MP determination in fermentation 

studies using the Ankom GP system. In this context, it is important to mention that since 2009, as far 

as could be ascertained, there have only been 24 published studies that have analysed MP from the 

Ankom GP system. However, in the same period there have been more than 100 studies published that 

have used the Ankom GP system without measuring MP. Thus, the new methodologies developed 

within this thesis have the potential to be useful to all of these research groups as it now provides greater 

confidence in the use of the Ankom GP system for methane measurement. Furthermore, the research 

conducted in chapters 3 and 4 fulfilled its main purpose as it improved the accuracy of the in vitro 

methodology for measuring MP and this enabled the research in chapter 5 to be conducted. 
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In chapter 5 the methodological findings of chapters 3 and 4 were applied to investigate the methane 

mitigating effect of fat, nitrate and 3-NOP, when incubated with basal substrates of wheat grain or corn 

grain. The research undertaken within this chapter tested the hypothesis that the efficacy of fat, nitrate 

and 3-NOP to decrease methanogenesis would depend upon the substrate fermented. The findings of 

this experiment summarized in Tables 2, 3 and 4 of chapter 5 indicate that this hypothesis should be 

rejected, as no interaction effect between these methane mitigating agents and the basal substrates used 

in the in vitro incubation was found. This finding supports the conclusion that fat, nitrate and 3-NOP 

could have methane mitigating effects when applied to ruminants fed a wide range of diets. Chapter 5 

also tested the hypothesis that the effect of combining wheat grain with nitrate, fat or 3-NOP would be 

greater than the individual methane mitigating effects of wheat grain, nitrate, fat or 3-NOP. This 

hypothesis should be accepted, as the combination of wheat grain plus fat, nitrate or 3-NOP had a greater 

effect in decreasing MP than the individual effects of wheat grain or of the mitigation agent. As there 

was no interaction between the methane mitigating effect of wheat grain and nitrate, fat or 3-NOP, the 

important finding of this research is that feeding wheat grain combined with nitrate, fat or 3-NOP can 

be an effective methane mitigating strategy. The practical implication of this study is that countries such 

as Australia, where ruminants are fed large amounts of wheat grain, can substantially decrease the 

carbon footprint of their livestock by combining their current practice of feeding wheat grain to 

ruminants with any of the three methane mitigating agents; nitrate, fat or 3-NOP.  

 

Chapter 6 of this thesis applied the findings of chapter 5 regarding supplemental fat to an in vivo 

feed trial and investigated the methane mitigating effect of dietary fat when dairy cows were fed diets 

that contained either wheat or corn grain. Hypothesis 1 of chapter 6 stated that cows fed a diet containing 

wheat would produce less methane and have lower methane yield (MY) than cows fed a diet containing 

corn. The results summarized in Table 3 of chapter 6 give evidence for rejecting this hypothesis, as 

cows fed a diet containing wheat produced more methane and had greater MY than cows fed a diet that 

contained corn. This finding was surprising and inconsistent with previous studies (Moate et al. 2017), 

and it showed that the effect of feeding wheat and corn grain to ruminants was not as clear as previously 

believed. These results are further supported by the subsequent findings of Moate et al. (2018b). 

Hypothesis 2 of this chapter stated that methane mitigation from fat supplementation would occur 

irrespective of the type of grain in the basal diet. Based on the results summarized in Table 3 of chapter 

6, this hypothesis can be accepted, as increasing the fat concentration of the diet reduced MY 

irrespective of the type of grain in the diet. Before this research was conducted, there was a scarcity of 

systematic studies analysing the interaction effect of basal diet and dietary fat supplementation. This 

situation has been somewhat ameliorated because of the work described in chapters 5 and 6, which has 

enabled the study of interaction between basal diet and methane mitigating agent.  
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The new knowledge gained through this program of research adds to the current literature available 

on methane mitigating agents and is important to take into consideration when developing carbon offset 

methods for greenhouse gas mitigation. This work is also important as it shows that supplemental fat is 

effective in decreasing methane emissions when cows are fed diets that contain corn grain, but also 

when they are fed diets that contain wheat grain. This is important to countries such as Australia, where 

cows are more commonly fed wheat grain than corn grain. However, it is necessary to consider that 

only the effect of dietary fat was evaluated in vivo, and further in vivo research would be required to 

elucidate the interaction between basal diet and nitrate or 3-NOP. 

 

In chapter 7 the results obtained from chapter 5, were used in combination with results from 

previous studies and applied to a farm-gate LCA to analyze the effect of feeding 3-NOP and nitrate on 

whole farm GHG emissions of Australian and Canadian farms. It was hypothesized that 1) feeding 3-

NOP or nitrate would decrease whole farm greenhouse gas emissions, 2) that feeding 3-NOP would 

have greater effect than nitrate on whole farm greenhouse gas emissions and 3) that with current carbon 

prices feeding 3-NOP and nitrate could be economical for use on farm. Based on the results summarized 

in Tables 5 to 10 of chapter 7, these hypotheses were accepted, as it was calculated that both 3-NOP 

and nitrate decreased whole farm GHG emissions across all farms. Across all farms, 3-NOP had a 

greater effect on abating whole farm GHG emissions than did nitrate. 3-Nitrooxypropanol had greater 

embedded emissions per unit of product than that of nitrate; but 3-NOP required a lower dosage and 

had a greater effect on enteric methane mitigation, and thus resulted in a greater net abatement of whole 

farm GHG emissions. However, for both 3-NOP and nitrate, the carbon offset income from decreasing 

GHG emissions and selling carbon credits was considered too low to incentivise farmer uptake, but the 

offset income from the use of 3-NOP may be enough, depending on the price of 3-NOP in the market. 

This finding represents significant new knowledge with substantial implications for the on-farm 

implementation of these methane mitigation strategies, as it provides a calculation of the greenhouse 

gas reduction and economic benefits of methane mitigation.  

 

As far as could be ascertained, there were no previously reported studies that have analysed the 

effect of these methane mitigation strategies on whole farm greenhouse gas emissions. This knowledge 

is likely to be valuable for policy makers and researchers when developing carbon offset methods and 

GHG accounting, and for producers interested in reducing their on-farm emissions. A limitation of this 

analysis is that it was not possible to compare the Australian with the Canadian farms, as farms from 

each country were analysed using country specific models to comply with international GHG 

accounting requirements. Another limitation of this work is that although there are some early 

indications of improved weight gain (Hristov et al. 2015) and feed to gain ratio (Vyas et al. 2018) 

through feeding 3-NOP, the potential financial ramifications of improved animal performance were not 

considered as there is still limited data to support these animal effects. Future research on the productive 
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benefits of methane mitigation, would require additional LCA to assess the effect of this greater 

productivity on whole farm GHG gas emissions and GHG intensity.  

 

Conclusion 

It is concluded that the novel method developed for measuring MP from the Ankom GP system with 

total collection of vented gas in gas bags is an accurate means for measuring in vitro MP and it can be 

used without interfering with the in vitro fermentation process. Before the work in this thesis, previous 

studies had relied on a simple multiplication of head space methane proportion and GP. The findings 

of this thesis have shown that this method resulted in substantial error. Furthermore, the research 

conducted within this thesis validated a series of methods for measuring MP from vented in vitro 

systems. These methods that rely on a single sample taken from the module’s head space at the end of 

the incubation period and can be used with relative accuracy when gas collection is not available. The 

in vitro studies showed that to best mimic in vivo experiments, it is recommended that in vitro 

experiments should use ruminal fluid from donor animals adapted to the feeds incubated. It is also 

concluded the antimethanogenic effects of nitrate, fat and 3-NOP are not affected by different types of 

substrate. This suggests that these agents could be effective in vivo when ruminants are fed a wide range 

of different diets. Furthermore, the combination of wheat grain with nitrate, fat or 3-NOP may be potent 

methane mitigating strategies. The in vivo research showed that the grain component in the basal diet 

does not affect the mitigating effects of dietary fat supplements on MY. Finally, when 3-NOP and nitrate 

were applied to an LCA case study of Australian and Canadian beef and dairy farms, it was calculated 

that both additives can decrease whole farm GHG emissions, that 3-NOP would have a greater effect 

than nitrate and that feeding 3-NOP could be economical for both beef and dairy farms, depending on 

the cost of 3-NOP. It is therefore concluded that 3-NOP can make an important contribution to reducing 

whole farm GHG emissions. 
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ABSTRACT

Short-term studies have shown that feeding dairy 
cows diets containing a high proportion (>40%) of 
wheat may result in reduced milk fat concentration and 
reduced CH4 emissions (g of CH4/cow per d), but no 
long-term studies have been done on these responses. 
This study compared the milk production and CH4 
responses when 24 dairy cows were fed diets contain-
ing high proportions of either wheat or corn over 16 
wk. Cows were assigned to 2 groups and offered a diet 
(CRN) containing 10.0 kg of dry matter/d of crushed 
corn grain, 1.8 kg of dry matter/d of canola meal, 0.2 
kg of dry matter/d of minerals, and 11.0 kg of dry 
matter/d of chopped alfalfa hay or a similar diet (WHT) 
in which wheat replaced the corn. Dry matter intake 
and milk yields of individual cows were measured daily. 
Methane emissions from individual cows were measured 
using controlled climate respiration chambers over 2 
consecutive days during each of wk 4, 10, and 16. Milk 
composition was measured on the 2 d when cows were 
in chambers during wk 4, 10, and 16. Over the 16-wk 
experimental period, total dry matter intake remained 
relatively constant and similar for the 2 dietary treat-
ment groups. At wk 4, CH4 emission, CH4 yield (g of 
CH4/kg of dry matter intake), milk fat yield, and milk 
fat concentration were substantially less in cows fed the 
WHT diet compared with the same metrics in cows fed 
the CRN diet; but these differences were not appar-
ent at wk 10 and 16. The responses over time in these 
metrics were not similar in all cows. In 4 cows fed the 
WHT diet, CH4 yield, milk fat concentration, and milk 
fat yield remained relatively constant from wk 4 to 16, 
whereas for 5 fed the WHT diet, their CH4 emissions, 

milk fat yields, and milk fat concentrations almost 
doubled between wk 4 and 16. In the short term (4 
wk), the inclusion of approximately 45% wheat instead 
of corn in the diet of cows resulted in reductions of 39% 
in CH4 yield, 35% in milk fat concentration, and 40% in 
milk fat yield. However, these reductions did not persist 
to wk 10 or beyond. Our data indicate that cows do 
not all respond in the same way with some “adaptive” 
cows showing a marked increase in CH4 yield, milk fat 
concentration, and milk fat yield after wk 4, whereas 
in other “nonadaptive” cows, these metrics were per-
sistently inhibited to 16 wk. This research shows that 
short-term studies on dietary interventions to mitigate 
enteric CH4 emissions may not always predict the long-
term effects of such interventions.
Key words: cattle, corn, adaptation, calorimeter

INTRODUCTION

Increasing the proportion of concentrate in the diet 
of ruminants has been shown to reduce CH4 yield (g/
kg of DMI; Sauvant et al., 2011), but the magnitude of 
the effect is not the same for all grains. Beef cattle fed 
corn had lower CH4 yields than cattle fed barley at the 
same proportion of the diet (Beauchemin and McGinn, 
2005), and dairy cows fed wheat had lower CH4 yields 
and intensities (g/kg of ECM) than cows fed corn or 
barley (Moate et al., 2016, 2017). However, the mecha-
nisms responsible for these reductions are not clear and 
whether or not these effects persist in the long term has 
not been reported in the scientific literature.

Dietary and other interventions have been shown 
to have marked effects on ruminal microorganisms in-
volved in methanogenesis (Torok et al., 2014), and in 
some instances, the ruminal microbial population may 
take many weeks to adapt to an intervention (Weimer 
et al., 2010). Adaptation of rumen organisms is a phe-
nomenon that may limit the usefulness of some specific 
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dietary interventions for inhibiting CH4 emissions. For 
example, although some researchers have shown dietary 
supplementation with monensin reduced ruminant CH4 
emissions in short-term experiments (Thornton and 
Owens, 1981), others have shown reductions in CH4 
may not persist more than a few weeks (Sauer et al., 
1998; Omar, 2004; Guan et al., 2006). Similarly, Klop 
et al. (2017) recently reported that the CH4 inhibitory 
effect of essential oils in dairy rations was transitory. 
In contrast, evidence indicates that long-term sus-
tained inhibitory effects on methanogenesis occur in 
response to dietary supplementation with fat (Grainger 
and Beauchemin, 2011; Moate et al., 2011), tannins 
(Grainger et al., 2009), nitrate (van Zijderveld et al., 
2011), 3-nitrooxypropanol (Hristov et al., 2015), and 
2,2,2-trichloroacetamide (Trei et al., 1971).

In short-term studies of up to 5 wk, dietary supple-
mentation with wheat has been shown to reduce CH4 
emissions by up to 50%, but in these studies milk fat 
concentration has been reduced by as much as 40% 
(Moate et al., 2012, 2014a, 2017). However, the long-
term effects of dietary supplementation with wheat 
on CH4 emissions, milk fat yields, and fatty acid con-
centrations in milk fat have not been reported in the 
scientific literature.

In Australia, the long-term supplementary feeding of 
wheat to dairy cows is a common practice (Moate et al., 
2016). However, before the long-term supplementary 
feeding of wheat can be recommended as an on-farm 
feeding strategy to mitigate CH4 emissions, and before 
the putative CH4 inhibitory effects of wheat feeding 
can be taken into account in the Australian National 
Inventory of Greenhouse Gases, the long-term effects of 
dietary supplementation with wheat on CH4 emissions 
must be quantified.

The objective of this work was to compare, over 16 
wk, the effects of supplementary feeding of diets con-
taining either corn or wheat on milk production, milk 
fat yield, fatty acid composition of milk fat, and CH4 
emissions.

We hypothesized the following:

 (1) Cows fed a diet containing corn would initially 
produce milk with higher milk fat concentration 
and yield, and emit more CH4 and have a greater 
CH4 yield than cows fed a similar diet containing 
wheat.

 (2) Mean milk fat concentrations and fatty acid 
profiles in the milk from cows fed corn- or wheat-
supplemented diets would not change between 
wk 4 and 16 of the experiment.

 (3) The relative difference in CH4 yield between the 
cows fed corn or wheat grain would not diminish 
between wk 4 and 16 and that the absolute CH4 

yields of cows within each treatment would not 
differ between wk 4 and 16.

 (4) Methane yield of cows would be correlated with 
the daily nadir in pH of ruminal fluid.

MATERIALS AND METHODS

Cows, Experimental Design, and Diets

Twenty-four multiparous, lactating Holstein-Friesian 
cows (including 12 ruminally fistulated; 110 mm in-
ternal diameter, Rumen Cannula, www .rumencannula 
.com) were used in this experiment. At the beginning 
of the experiment, the cows were producing 36.0 ± 5.42 
kg of milk/d (mean ± SD) and had BW of 549 ± 36.0 
kg, were 29 ± 5.8 DIM, were 5.3 ± 2.15 yr of age and 
had, on average, 3.3 ± 2.14 lactations. Cows were cared 
for according to the Australian Code of Practice for 
the Care and Use of Animals for Scientific Purposes 
(NHMRC, 2013). Animal use was approved by the Ani-
mal Ethics Committee of the Department of Economic 
Development Jobs Transport and Resources–Victoria.

The experiment design was a 2 × 2 factorial (fis-
tulate × diet) treatment structure with 6 cows per 
treatment. The design employed a 4-row × 6-column 
blocking structure, the rows corresponding to 4 cohort 
blocks defined according to calving date, block 1 being 
the 6 earliest calving cows, up to block 4, the 6 lat-
est calving cows, and the 6 columns corresponded to 6 
respiration chambers. This design was chosen to allow 
the cohort blocks of 6 cows to be sequenced through 
the chambers in calving date order. The design was 
generated and randomized, using CycDesigN software 
(VSN International, Hemel Hempstead, UK), such that 
each of the 4 treatments was replicated 6 times, rep-
resented once in each chamber, once or twice in each 
block, and such that fistulation, rather than diet, was 
partially confounded with block. It was necessary to 
swap 2 cows between adjacent calving date blocks to 
ensure the specified number of fistulated cows occurred 
in each block.

The diets were the (1) corn diet (CRN) of 10.0 kg 
of DM/d of crushed corn grain, 1.8 kg of DM/d of 
canola meal, 0.2 kg of DM/d of minerals, and 11.0 kg 
of DM/d of chopped alfalfa hay; and (2) wheat diet 
(WHT), which was the same as the CRN diet, except 
that crushed wheat grain substituted for the crushed 
corn grain. The chemical compositions of the feeds and 
mineral mix are shown in Table 1.

Logistics

Throughout this experiment, the concentrate por-
tion of the diet was offered to the cows separately from 
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the hay portion of the diet. The concentrates were 
individually offered to cows in 2 equal portions during 
milking (0600 and 1500 h), and similarly, after milking, 
the daily allocation of hay was also offered to the cows 
in 2 equal portions.

In the 2 wk before the experiment, cows were offered 
5 kg of DM of wheat during milking and about 16 kg 
of DM of alfalfa hay per day. Cows were transitioned 
to their treatment diets on d 1 to 8, then were offered 
their full treatment diet for the remainder of the experi-
ment. The availability of only 6 respiration chambers 
meant that the start of the experiment had to be stag-
gered, with blocks 3 and 4 starting 1 wk later than 
blocks 1 and 2. Moreover, due to the long duration of 
the experiment, cows were fed their diets in different 
places. During d 1–20, 26–62, and 68–104, cows were 
group fed their alfalfa hay while in an outdoor group 
pen. During d 21–23, 63–65, and 105–107, cows were in-
dividually fed their alfalfa hay in individual feed-stalls 
within a well-ventilated animal house (Williams et al., 
2011). During d 1–23, 26–65, and 68–107, cows were 
offered the concentrate (grain, canola meal, and miner-
als) portion of their diet in the dairy during milking. 
During d 24 and 25, 66 and 67, and 108 and 109, cows 
were housed in controlled-climate respiration chambers 
that were used to measure CH4 emissions. While in 
these chambers, cows were fed the concentrate portion 
of their ration during milking (0600 to 0630 h and 1500 
to 1530 h) and the alfalfa hay after milking. Water was 
offered ad libitum at all times. Cow BW were measured 
on d 0, 26, 68, and 110 of the experiment.

Feed and Milk

Quantities of the ingredients of the concentrate of-
fered to individual cows were weighed into individual 
feed bins. Refusals of concentrates were collected and 
weighed after each feed, with proportions of each grain 
being assumed to be the same as that offered on a wet 
basis. Dry matter concentration was determined for 
representative samples of grains, canola meal, hay, and 
minerals collected each morning by drying the samples 
in a forced-draft oven at 105°C for 24 h.

Over the course of the experiment, representative 
samples of corn, wheat, canola meal, and alfalfa hay of-
fered were collected daily, a 100-g sub-sample taken and 
added to the weekly (Saturday to Friday) bulk sample 
for each feed type and stored at −18°C. These bulked 
samples were subsequently freeze-dried and ground to 
pass through a 0.5-mm screen and then analyzed by 
Dairy One Laboratories (Ithaca, NY) for CP, soluble 
protein, ADF, NDF, lignin, starch, ash, crude fat (ether 
extract), Na, K, Ca, Mg, P, Cu, S, and Cl according to 
the published chemical analytical procedures of Dairy 
One (2015), with NFC, TDN, and DCAD calculated 
according to the procedures of Dairy One (2015). Gross 
energy was calculated using an equation derived from 
Klop et al. (2017), and ME was calculated according to 
NRC (2001).

Cows were milked twice daily, at ~0630 and ~1530 
h and yield was measured for each cow at each milk-
ing. When cows were not in the chambers, milk yield 
measurements were recorded using a DeLaval Alpro 

Table 1. Composition of main dietary ingredients (g/kg of DM unless otherwise stated)

Parameter
Crushed  

corn
Crushed  
wheat

Canola  
meal

Mineral  
mix Alfalfa

CP 104 129 396  197
Soluble protein (% CP) 29 39 22  44
ADF 39 35 181  385
NDF 89 85 302  438
Lignin 11 15 65  94
NFC 741 747 122  249
Starch 674 637 6  13
Ash 17 17 72 596 94
TDN 890 860 790  560
Ca 0.10 0.50 6.00 104.90 12.30
Mg 1.1 1.1 5.1 111.6 2.5
Na 0.01 0.02 0.74 0.45 0.68
K 3.8 3.9 12.8 4.4 21.4
Cl 0.5 1.3 0.6 6.6 5.0
DCAD (mEq/100 g of DM) 2.0 −3.0 −6.0 −94.0 26
Cu (mg/kg of DM) 2 6 4 3,440 7.0
S 1.10 1.50 6.50 14.20 2.80
Crude fat 49.0 22.0 107.0 23.0
Gross energy (MJ/kg of DM) 18.9 18.4 20.1 18.4
ME (MJ/kg of DM) 14.7 13.7 14.6  8.9
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milk metering system (MM25; DeLaval International, 
Tumba, Sweden) and milk samples for composition 
analysis were collected from Tuesday afternoon and 
Wednesday morning milkings. When cows were in the 
chambers, milk yield measurements were made by col-
lecting and weighing the milk from individual cows. 
Milk samples (1% of the yield from individual cows at 
each milking) were collected, preserved (1 M Bronopol; 
4 mL/L of milk), refrigerated, then bulked over the 2 d 
for each cow. From each bulked sample, a 50-mL aliquot 
was taken and analyzed for fat, protein, and lactose by 
means of a mid-infrared milk analyzer (model 2000, 
Bentley Instruments, Chaska, MN). Energy-corrected 
milk, standardized to 4.0% fat and 3.3% protein, was 
calculated using the following equation (Tyrrell and 
Reid, 1965):

 
ECM (kg/cow per d) =

milk yield (kg) fat protein× × ×( % %376 209+ + 9948
3 138

)
,

.
 

Milk fatty acids were determined by GC-MS analysis 
of FAME. Total lipid was extracted by the method of 
Bligh and Dyer (1959) and this was transferred to a 
5-mL glass vial with 2.4 mL of 6% H2SO4 in metha-
nol. Fatty acids were methylated by acid-catalyzed 
transesterification at 80°C for 3 h (Taylor and Savage, 
2006). After cooling to room temperature, FAME were 
dissolved in hexane containing internal standard (non-
adecane, 100 mg/L) and analyzed by GC-MS.

Separation of individual FAME was achieved by 
passing the sample through a Rt-2560 column (100 m 
× 0.25 mm ID, 0.20 μm film thickness, Restek, State 
College, PA) with a constant flow of 1.2 mL/min of 
helium as the carrier gas and the following oven tem-
perature program: initial temperature of 100°C and 
held for 4 min, increased by 6°C/min to 170°C, and 
then increased by 2°C/min to 240°C and held for 5 min.

The detection was by an Agilent 7000 GC-MS Triple 
Quad with the following settings: scanning mass range 
of 40 to 500 amu, transfer line temperature of 240°C, 
source temperature of 280°C, Quad temperature of 
150°C, and solvent delay of 11.8 min. A FAME stan-
dard mix (Supelco, Bellefonte, PA) and CLA methyl 
ester standards (Sigma-Aldrich, St. Louis, MO) were 
used to provide absolute quantification of each FAME.

Total de novo fatty acids were calculated as (C4:0 
+ C6:0 + C8:0 + C10:0 + C12:0 + C14:0 + C14:1 
+ C15:0 + 0.5 × C16:0). The Δ9-desaturase index 
for C14:0 (C14D9R) was calculated as cis-9 C14:1/
(C14:0 + cis-9 C14:1), that for C16:0 (C16D9R) was 
calculated as cis-9 C16:1/(C16:0 + cis-9 C16:1), and 
the Δ9-desaturase index for C18:0 (C18D9R) was 
calculated as cis-9 C18:1/(C18:0 + cis-9 C18:1). The 

mean melting points of milk fats were estimated by the 
method described by Moate et al. (2017).

Methane Emissions

Methane emissions from individual cows were mea-
sured using 6 open-circuit respiration chambers (No 
Pollution Industrial Systems, Edinburgh, UK). General 
characteristics of the chambers have been described by 
Garner et al. (2016). In the current experiment, air 
was exhausted from each chamber at ~3,600 L/min, 
temperature was 17°C, and relative humidity was 60%. 
Calibration of the chambers was performed before and 
after each 2-wk period of measurements using the pro-
cedures described by Williams et al. (2013).

During the experiment, air was sampled continuously 
at the common air intake duct and at each chamber’s 
exhaust duct using diaphragm vacuum pumps with 16 
L/min flow capacity per head (2107CD18–194, Thomas 
Pumps & Compressors, Seven Hills, NSW, Australia). 
The sample air streams were dried using a multi-tube 
Nafion dryer (PD-50T-24MSA, Perma Pure, Lakewood, 
NJ).

The air streams from chambers 1 to 4 were sequenced 
to an analyzer in a 30-min cycle consisting of 3 min 
phases. The phase sequence was air into chamber 1 and 
2, chamber 1 exhaust, chamber 2 exhaust, chamber 3 
exhaust, chamber 4 exhaust, air into chamber 3 and 
4, chamber 1 exhaust, chamber 2 exhaust, chamber 3 
exhaust, chamber 4 exhaust. Sequencing of the sample 
streams to the analyzer was controlled by solenoids 
to ensure a quick response time after switching the 
air stream. Solenoid control was by a DT80M logger 
(DataTaker, Scoresby, Victoria, Australia). All air 
streams passed through a mass-flow controller (Aal-
borg GFC17, Aalborg Instruments & Controls Inc., 
New York, NY) set at 1.1 L/min to ensure the in-
struments received a steady stream of air regardless of 
pump performance. A multiple tube flow-meter (Aal-
borg PMR3–010071, Aalborg Instruments & Controls 
Inc.) was used to partition the air into 2 sub-streams. 
One sub-stream (1,000 mL/min) was directed to an 
infrared CH4 sensor (Servomex, Gfx 50 vpm, 0–500 
ppm, East Sussex, UK). The other sub-stream (150 
mL/min) was directed to an infrared carbon dioxide 
sensor (Servomex, IR1520 1%, 0–1%) which was fol-
lowed by a paramagnetic oxygen sensor (Servomex, Pm 
1158, 0–100%). All gas sensors were fitted in a Xentra 
4100C1 gas analyzer (Servomex). The oxygen, carbon 
dioxide and CH4 concentrations, and gas pressure at 
inlet and exhausts were recorded at 10-s intervals by 
the DT80M logger (DataTaker).

The air streams from chambers 5 to 8 (chambers 7 
and 8 not used in this experiment) were sequenced to 
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an analyzer in a 30-min cycle. Sequencing, flow con-
trol, sample drying, and partitioning were similar to 
those used for chambers 1 to 4. One sub-stream (1,000 
mL/min) was directed to a CH4 sensor, 1 sub-stream 
(150 mL/min) was directed to a carbon dioxide sensor, 
and 1 sub-stream (150 mL/min) was directed to an 
oxygen sensor. Gas sensors and their housing were of 
the same specification as used for chambers 1 to 4. 
Data were recorded at 10-s intervals by a DT80 logger 
(DataTaker).

Temperature and relative humidity of the air enter-
ing and leaving the chambers as well as air circulation 
and exhaust rate were recorded by the system control 
software (Metasys, Johnson Controls, Milwaukee, WI).

Ruminal Fermentation

Ruminal fluid samples (~400 mL) were collected from 
cows after the morning feeding period on d 26, 68, and 
110 between 1100 to 1145 h, which was approximately 
4 h after cows had exited the chambers. Ruminal fluid 
samples were collected from rumen-fistulated and non-
fistulated cows using a sampling tube and a vacuum 
pump (Moate et al., 2014b). The pH of the ruminal 
fluid was immediately measured using a Cyberscan 
300 pH meter (Eutech, Thermo Fisher Scientific Inc., 
Waltham, MA). A 4.0-mL sub-sample of ruminal fluid 
was diluted with 1 mL of 25% orthophosphoric acid, 
then frozen for subsequent analysis of VFA, accord-
ing to the GC method of Packer et al. (2011). The 
concentrations of d- and l-lactate in ruminal fluid were 
measured according to the method of Gawehn (1988). 
A 0.40-mL sub-sample of ruminal fluid was diluted 
with 3.60 mL of 0.1 M HCl and stored at −18°C until 
analyzed for ammonia by a spectrophotometric method 
as previously described (Moate et al., 2017).

During the period when cows were in chambers, 
the ruminal fluid in fistulated cows was continuously 
monitored for pH by intra-ruminal boli (KB5, Kahne 
Limited, Auckland, New Zealand), which were fitted 
with a 750-g weight so they resided at the bottom of 
the rumen. Any drift in pH measurements by individual 
boli in the period between inserting and removal from 
the rumen was corrected for by linear interpolation. 
The data for each cow were logged over 2 d. These data 
were first averaged for 15-min intervals, and then the 
data for the corresponding intervals over the 2 d were 
averaged for each cow to produce a 24-h diurnal pat-
tern of ruminal fluid pH for each cow. Data were then 
summarized as average duration below pH 6, average 
area below pH 6, average time to nadir after AM feed 
and after PM feed, average nadir pH after AM feed and 
after PM feed, mean pH, average minimum, average 
maximum pH, and average pH range.

Statistical Analyses

Methane and production data were summarized for 
each cow within each 2-d chamber period (i.e., dur-
ing wk 4, 10, and 16) by taking the simple mean of 
each variable. The resulting data were analyzed by 
ANOVA using GenStat 18 software (VSN International 
Ltd., Hemel Hempstead, UK), specifying an additive 
treatment structure of fistulation status plus dietary 
treatment, crossed with week, and a factorial block-
ing structure of calving-cohort by chamber, split for 
week. Two fistulated cows (one in each treatment), and 
a nonfistulated cow from the WHT treatment had to 
be removed early in the experiment due to mastitis 
(unrelated to treatments), and these were included in 
the analysis as missing values. The BW data were ana-
lyzed by analysis of covariance with a model structure 
similar to that used in the above ANOVA, but BW 
on day zero was included as a covariate. For pH bolus 
data, confined to fistulated cows, data were analyzed 
by mixed model using ReML software in GenStat 18 
with fixed effects for calving-cohort, chamber, and fac-
torial dietary treatment by week, and random effects 
for animal split for week.

For analysis of the relationship between CH4 yield 
and milk fat concentration, a regression analysis was 
performed using REML in GenStat with fixed linear 
effects of fat by diet, and repeated measures random 
effects of week within cow.

Distributional assumptions of normality and constant 
variance were examined graphically using histograms 
and normal quantile plots of residuals, and plots of re-
siduals against fitted values. Data were transformed us-
ing an arcsine transformation (percentages of milk fatty 
acids) as indicated by the residual plots. Means were 
back-transformed to the original scale for presentation. 
Significant differences between means were considered 
to have occurred when P < 0.05, and a trend when 0.05 
< P < 0.1.

RESULTS

Overall Responses of Cows

Mean DMI of each feed, total DMI, and mean intakes 
of CP, NDF, starch, fat, and gross energy, as well as the 
concentration of grain in each diet at wk 4, 10, and 16, 
are shown in Table 2. Cows offered the CRN diet ate 
0.6 kg of DM/d more alfalfa hay than cows offered the 
WHT diet, and this contributed to the 1.0 kg/d greater 
total DMI in cows offered the CRN diet compared with 
the cows offered the WHT diet. Means for yields of 
milk, ECM, milk fat, milk protein, and milk lactose, 
as well as mean concentrations in milk of fat, protein, 
and lactose, are also shown in Table 2. Cows offered the 
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CRN diet produced 31.2 kg/d of milk, which was less 
than the 34.5 kg/d of milk produced by cows offered 
the WHT diet, but diet did not affect ECM. Cows fed 
the CRN diet produced similar amounts of milk fat at 
wk 4, 10, and 16. However, at wk 4, cows fed the CRN 
diet produced more milk fat than cows fed the WHT 
diet, but this effect had disappeared by wk 10. This 
fat effect at wk 4, was associated with a greater milk 
fat concentration in the milk of cows fed the CRN diet 
compared with the milk fat concentration in the milk 
of cows fed the WHT diet, but based on the mean data 
shown in Figure 1, this effect on milk fat concentration 
had disappeared by wk 12.

Over the 16 wk of the experiment, no effects of diet 
on concentrations of milk protein or lactose were ob-
served. Diet did not influence milk protein yield at wk 4 
and 10, but at wk 16, cows fed the CRN diet produced 
less milk protein than cows fed the WHT diet, and over 
the 16 wk of the experiment, the protein yield of the 
cows offered the CRN diet was less than the protein 
yield of cows offered the WHT diet (0.97 vs. 1.08 kg/d). 

Table 2. Feed intake, milk yield, milk composition, and BW from cows on each treatment1 during wk 4, 10, and 16 of the experiment

Parameter

Wk 4

 

Wk 10

 

Wk 16

SEMT
2 SEMW

3

P-value

CRN WHT CRN WHT CRN WHT TRT4 Week TRT × week

No. of cows 11 10  11 10  11 10      
Feed intake5 (kg of DM/d)              
 Alfalfa hay 10.0b 8.9a  10.3b 9.8b  10.4b 10.1b 0.23 0.15 0.049 0.001 0.021
 Corn 9.9 0  10.0 0  9.9 0      
 Wheat 0 9.8  0 9.0  0 9.9      
 Canola meal 1.8 1.8  1.8 1.8  1.8 1.8 0.01 0.01 0.932 0.211 0.663
 Minerals 0.2 0.2  0.2 0.2  0.2 0.2 0.001 0.001 0.939 0.467 0.542
 Total 21.9b 20.7a  22.4b 20.8a  22.3b 22.1b 0.24 0.19 0.003 0.001 0.005
 Total CP 3.7 3.8  3.8 3.8  3.9 3.9 0.05 0.04 0.732 0.001 0.608
 Total NDF 5.6a 5.6a  5.8ab 5.8ab  6.0b 5.8ab 0.12 0.07 0.603 0.001 0.263
 Total starch 6.7b 6.6ab  6.6ab 6.2a  6.7b 6.6b 0.12 0.13 0.267 0.008 0.281
 Total fat 0.80 0.73  0.81 0.73  0.82 0.74 0.047 0.006 0.272 0.006 0.881
GEI6 (MJ/d) 396ab 394a  403abc 397abc  415c 406bc 6.3 3.8 0.452 0.001 0.727
Grain7 (g/kg) 454b 476c  449ab 432a  445ab 451b 6.0 4.3 0.610 0.001 0.001
Milk yield (kg/d) 32.9bc 35.2c  30.8ab 33.9bc  29.9a 34.3c 1.10 0.47 0.047 0.001 0.090
 ECM 31.7 27.6  29.5 29.5  28.2 30.3 1.30 0.50 0.722 0.777 0.001
 Fat 1.24b 0.80a  1.15b 1.02b  1.09b 1.07b 0.074 0.036 0.066 0.171 0.001
 Protein 1.03bc 1.11c  0.97ab 1.07bc  0.92a 1.08c 0.035 0.016 0.030 0.001 0.056
 Lactose 1.71b 1.83b  1.61a 1.79b  1.58a 1.81b 0.055 0.029 0.033 0.017 0.136
Milk composition (g/kg)              
 Fat 37.9d 22.9a  37.6d 30.2b  36.7cd 31.7bc 1.83 1.19 0.002 0.004 0.001
 Protein 31.3 31.6  31.4 31.6  30.7 31.5 0.53 0.23 0.562 0.210 0.421
 Lactose 51.7 52.0  52.3 52.8  52.8 52.9 0.52 0.30 0.633 0.010 0.746
BW8 (kg) 561a 574ab  576bc 590cd  588bcd 598d 5.1 2.6 0.067 0.001 0.696
a–dMeans in the same row followed by different superscripts differ significantly (P < 0.05).
1CRN = corn diet; WHT = wheat diet.
2SEMT = standard error of the mean for comparisons of treatments within weeks.
3SEMw = standard error of the mean for comparisons between weeks within treatments.
4TRT = treatment.
5Mean feed intake measured while cows were in respiration chambers and the day prior.
6GEI = gross energy intake.
7The concentration of either corn or wheat in each diet.
8Covariate-corrected BW with individual cow BW (549 ± 36.0 kg) on d 0 as the covariate.

Figure 1. Mean concentrations (±SEM) of milk fat over 16 wk, in 
the milk of cows fed either the corn diet (�) or the wheat diet (�). 
Significance is defined by *P < 0.05, **P < 0.01, and ***P < 0.001.



Journal of Dairy Science Vol. 101 No. 8, 2018

WHEAT REDUCES METHANE ONLY IN THE SHORT TERM 7123

Similarly, although there was no effect of diet on milk 
lactose production at wk 4, at wk 10 and 16, and over 
the 16 wk of the experiment, cows fed the CRN diet 
produced less milk lactose than cows fed the WHT diet.

Mean concentrations for individual fatty acids, the 
Δ9-desaturase indexes for C14:0, C16:0, and C18:0 and 
the estimated mean melting points of the fatty acids 
for each diet at wk 4, 10, and 16 are shown in Table 
3. Of the 19 major fatty acids listed in Table 3, diet 
caused main effect differences for 16 of the fatty acids. 
The exceptions were C10:0 (P = 0.098), C12:0, C14:0 
and cis-9,trans-11 C18:2. For 6 of the fatty acids (C6:0, 
C8:0, C15:0, trans-10 C18:1, C18:2, and trans-10,cis-12 
C18:2) that were influenced by diet, a difference was 
present at wk 4, but the difference was not present at 
wk 16. At wk 4, the milk fat from cows fed the CRN 

diet had greater concentrations of total SFA and lower 
concentrations of MUFA and PUFA than the milk fat 
from cows fed the WHT diet. However, by wk 16, no 
differences were observed between these parameters 
in the milk fat of cows fed both diets. At wk 4, the 
C14D9R was smaller in the milk fat of cows fed the 
CRN diet compared with the WHT diet. At wk 4 and 
10, the C16D9R were smaller in the milk fat of cows fed 
the CRN diet compared with the WHT diet, whereas at 
wk 4, 10, and 16, the C18D9R was greater in the milk 
fat of cows fed the CRN diet than in the milk fat of 
cows fed the WHT diet. In cows fed the WHT diet, the 
magnitudes of all 3 Δ9-desaturase indexes declined af-
ter wk 4. At wk 16, the estimated melting point of fatty 
acids was less for cows fed the CRN diet compared with 
that of cows fed the WHT diet.

Table 3. Means of individual milk fatty acids (g/100 g of total fatty acids unless otherwise stated); the Δ9-desaturase ratios for C14:0, C16:0, 
and C18:0; and the melting point of milk fatty acids from cows offered each treatment1 during wk 4, 10, and 16 of the experiment

Parameter

Wk 4

 

Wk 10

 

Wk 16

SEMT
2 SEMW

3

P-value

CRN WHT CRN WHT CRN WHT TRT4 Week TRT × week

No. of cows 11 10  11 10  11 10      
C4:0 2.14c 1.37a  1.86b 1.56a  2.28c 1.83b 0.095 0.080 0.001 0.001 0.017
C6:0 2.08d 1.25a  1.77b 1.42a  2.03cd 1.80bc 0.084 0.064 0.001 0.001 0.001
C8:0 1.34c 0.85a  1.11b 0.87a  1.35c 1.23bc 0.056 0.040 0.002 0.001 0.001
C10:0 2.96b 2.27a  2.56a 2.27a  3.07b 3.18b 0.137 0.095 0.098 0.001 0.001
C12:0 3.27ab 3.14a  8.12d 7.27c  3.38ab 3.91b 0.206 0.137 0.559 0.001 0.001
C14:0 11.2a 11.5a  25.9d 23.3c  12.3ab 13.9b 0.590 0.486 0.687 0.001 0.001
C14:1 cis-9 1.06ab 2.55d  0.93a 1.43b  1.19ab 1.83c 0.148 0.109 0.001 0.001 0.001
C15:0 1.20b 2.69d  0.96a 1.68c  1.41bc 1.74c 0.127 0.071 0.001 0.001 0.001
C16:0 31.4bc 33.1c  24.4a 29.2b  31.3bc 36.1d 0.977 0.642 0.009 0.001 0.029
C16:1 cis-9 1.51ab 3.30d  1.19a 2.07bc  1.60ab 2.54c 0.241 0.150 0.002 0.001 0.007
C17:0 0.97bc 1.94d  0.66a 1.20c  0.85ab 1.16c 0.079 0.059 0.001 0.001 0.001
C18:0 12.78f 3.97a  9.01d 4.93b  11.58e 6.39c 0.478 0.264 0.001 0.001 0.001
C18:1 cis-9 22.1c 18.3b  16.3ab 16.1a  21.4c 16.7ab 0.816 0.583 0.012 0.001 0.001
C18:1 trans-10 1.69a 6.76b  1.72a 2.09a  1.90a 2.50a 0.405 0.354 0.001 0.001 0.001
C18:2n-6 1.99ab 3.34c  1.62a 2.01ab  2.08b 2.42b 0.150 0.096 0.003 0.001 0.001
CLA cis-9,trans-11 0.25a 0.40b  0.19a 0.25a  0.30ab 0.29ab 0.042 0.038 0.123 0.022 0.119
CLA trans-10,cis-12 
 (mg/kg)

521a 976b  430a 597a  467a 554a 61.1 54.7 0.003 0.001 0.005

C18:3n-3 0.42b 0.83e  0.28a 0.55c  0.41b 0.69d 0.039 0.030 0.001 0.001 0.046
C20:0 0.15c 0.08a  0.16c 0.12b  0.19d 0.12b 0.006 0.004 0.001 0.001 0.005
Total other fatty acids 1.46ab 2.32c  1.22a 1.64b  1.45ab 1.68b 0.123 0.097 0.004 0.001 0.008
Total SFA 70.6b 64.7a  77.5d 75.2cd  70.9b 73.1bc 1.26 0.89 0.209 0.001 0.001
Total MUFA 27.8c 33.2d  21.3a 23.3ab  27.5c 25.3bc 1.14 0.86 0.204 0.001 0.001
Total PUFA 2.71b 4.67d  2.13a 2.86bc  2.84bc 3.45c 0.210 0.123 0.002 0.001 0.001
Total DNFA5 41.7a 43.8a  56.0c 55.4c  43.4a 48.7b 0.90 0.68 0.048 0.001 0.001
C14D9R6 0.086b 0.179d  0.035a 0.060ab  0.088bc 0.117c 0.0093 0.0068 0.001 0.001 0.001
C16D9R7 0.046ab 0.090d  0.046a 0.066bc  0.048abc 0.067c 0.0063 0.0043 0.004 0.015 0.009
C18D9R8 0.63a 0.83d  0.64a 0.76c  0.65a 0.72b 0.016 0.008 0.001 0.001 0.001
Melting point (°C) 41.7ab 43.0bc  44.3de 44.7e  41.6a 43.5cd 0.40 0.27 0.038 0.001 0.038
a–fMeans in the same row followed by different superscripts differ significantly (P < 0.05).
1CRN = corn diet; WHT = wheat diet.
2SEMT = standard error of the mean for comparisons of treatments within weeks.
3SEMw = standard error of the mean for comparisons between weeks within treatments.
4TRT = treatment.
5DNFA = de novo fatty acids = Σ (C4:0 + C6:0 + C8:0 + C10:0 + C12:0 + C14:0 + C14:1 + C15:0 + 0.5 × C16:0).
6C14D9R = Δ9-desaturase index for C14:0 calculated as C14:1 cis-9/(C14:0 + C14:1 cis-9).
7C16D9R = Δ9-desaturase index for C16:0 calculated as C16:1 cis-9/(C16:0 + C16:1 cis-9).
8C18D9R = Δ9-desaturase index for C18:0 calculated as C18:1 cis-9/(C18:0 + C18:1 cis-9).
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The effects of diet and duration of feeding on CH4 
parameters are shown in Table 4. At wk 4, cows fed 
the CRN diet emitted more CH4 (g of CH4/d), had a 
greater CH4 yield (g of CH4/kg of DMI), had greater 
CH4 intensity (g of CH4/kg of ECM), and lost more in-
gested energy as CH4 (% gross energy intake) than cows 
fed the WHT diet. However, these differences between 
means were not present at wk 10 and 16.

The relationships between CH4 yields and milk fat 
concentrations for cows fed the CRN and WHT diets 
are shown in Figure 2. For cows fed the CRN diet, 
no significant relationship was observed between CH4 
yield and milk fat concentration. However, for cows fed 
the WHT diet, a positive relationship was observed be-
tween milk fat concentration and CH4 yield. Moreover, 
the slope of the regression line for CH4 yield versus milk 
fat concentration for cows fed the CRN diet was 0.03 
± 0.054, which was different from the slope for cows 
fed the WHT diet (0.64 ± 0.042). Across all cows and 
weeks, a negative correlation (r = −0.640) was observed 
between the concentrations of trans-10 C18:1 and total 
milk fat concentration and also between trans-10,cis-12 
C18:2 and total milk fat concentration (r = −0.587; 
data not shown).

The effects of diet and duration of feeding on mean 
pH in ruminal fluid, and on various metabolites in ru-
minal fluid (measured in a single sample collected 4 h 
after feeding) are shown in Table 5. During wk 4 and 
16, the pH in ruminal fluid from cows fed the CRN diet 
was greater than that in cows fed the WHT diet. In 
Figure 3, the mean circadian patterns of ruminal fluid 
pH (as measured by intra-ruminal boli) are shown for 
cows fed the CRN and WHT diets during wk 4, 10, and 
16, while the cows were in the respiration chambers. 
These data are also summarized in Table 6. Although 
some diet effects were observed on pH at 4 h postfeed-
ing as reported in Table 5, overall, as shown in Table 6, 
no differences were present between diets with respect 
to mean pH, minimum pH, maximum pH, duration 

below pH 6, and area below pH 6. Also shown in Figure 
3 are the simultaneous mean measurements on CH4 
flux. During wk 4, cows fed the CRN diet had greater 
ammonia concentrations than those fed the WHT diet, 
but at wk 10 and 16, the reverse occurred. At wk 4 
and 10, cows fed the CRN diet had smaller total VFA 
concentrations than cows fed the WHT diet, but no 
difference was present at wk 16 (Table 5). During wk 
4, 10, and 16, the CRN-fed cows had greater molar % 
concentrations of acetic acid and smaller molar % con-
centrations of propionic acid than cows fed the WHT 
diet. Similarly, diet had marked effects on the concen-
trations of other VFA, but no effect was observed of 
diet on concentrations of both d- and l-lactate in the 
ruminal fluid. There were interactions between treat-
ment and week for the molar percentage concentrations 
of acetic, propionic, n-butyric, isovaleric, n-valeric, and 
hexaenoic acids as well as for the acetate: propionate 
(A:P) ratio.

Table 4. Influence of diet on CH4 emissions, CH4 yield, CH4 intensity, and CH4 emissions as a percentage of gross energy intake (GEI) at wk 
4, 10, and 16 of the experiment1

Parameter

Wk 4

 

Wk 10

 

Wk 16

SEMT
2 SEMW

3

P-value

CRN WHT CRN WHT CRN WHT TRT4 Week TRT × week

No. of cows 11 10  11 10  11 10      
CH4 (g/d) 404b 233a  433b 375b  410b 409b 23.7 14.5 0.025 0.001 0.001
CH4 (g/kg of DMI) 18.4b 11.2a  19.3b 17.9b  18.3b 18.3b 0.98 0.59 0.040 0.001 0.001
CH4 (g/kg of ECM) 13.4b 8.5a  14.9b 12.8b  14.8b 13.4b 0.78 0.52 0.013 0.001 0.004
CH4 (% of GEI) 5.68b 3.28a  5.97b 5.24b  5.49b 5.64b 0.334 0.218 0.033 0.001 0.001
a,bMeans in the same row followed by different superscripts differ significantly (P < 0.05).
1CRN = corn diet, WHT = wheat diet.
2SEMT = standard error of the mean for comparisons of treatments within weeks.
3SEMw = standard error of the mean for comparisons between weeks within treatments.
4TRT = treatment.

Figure 2. Relationships between milk fat concentration and CH4 
yield for cows fed the corn (�) and wheat (�) diets.
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Individual Cow Responses

In cows fed the WHT diet, the adaptation response 
over time in milk fat concentration was not consistent 
in all cows (Figure 4A). Of the 10 cows fed the WHT 
diet, 4 cows (cows A, B, C, and D) were considered 
poorly adapted to the WHT diet. These 4 cows had a 
milk fat concentration (mean ± SD) of 18.8 ± 1.49 g/
kg at wk 4, and by wk 16 their milk fat concentration 
was only 20.6 ± 1.71 g/kg. In contrast, we considered 
5 cows (E, F, G, H, and I) to have adapted well to the 
WHT diet. At wk 4, these cows had a milk fat concen-
tration of 21.5 ± 2.50 g/kg, but by wk 16 their milk 
fat concentration had increased to 37.2 ± 4.73 g/kg. Of 
the cows fed the WHT diet, cow J had the highest milk 
fat concentration at wk 4 and 10, and the third highest 
milk fat concentration at wk 16.

In terms of individual cow responses in milk fat yields 
over time, the 4 cows (A, B, C, and D) that responded 
poorly in milk fat concentration also had the lowest 
milk fat yields (0.75 ± 0.157 kg/d) at wk 16, whereas 
cows E, F, G, H, and I that adapted well in terms of 
milk fat concentration also had high milk fat yields 
(1.22 ± 0.115 kg/d) at wk 16 (Figure 4B).

The 4 cows that adapted poorly to the WHT diet in 
terms of their milk fat concentration (i.e., cows A, B, 
C, and D) had mean CH4 yields of 9.6 ± 0.71 at wk 4 
and 12.0 ± 1.34 g/kg of DMI at wk 16 (Figure 4C). In 
contrast, the 5 cows that adapted well with respect to 

their milk fat concentrations (i.e., cows E, F, G, H, and 
I) had CH4 yields of 11.0 ± 1.69 g/kg of DMI at wk 
4 and 22.1 ± 2.47 g/kg of DMI at wk 16 (Figure 4C). 
Thus, cows that adapted well in terms of their milk 
fat response also adapted well in terms of their CH4 
response.

The concentrations of trans-10 C18:1 versus week 
for individual cows in the WHT treatment group are 
shown in Figure 4E, whereas similar data on trans-
10,cis-12 C18:2 are shown in Figure 4F. The 4 cows 
that adapted poorly to the WHT diet in terms of their 
milk fat concentration (i.e., cows A, B, C, and D) had 
mean concentrations of trans-10 C18:1 of 7.4 ± 1.43 at 
wk 4, 2.3 ± 0.61 at wk 10, and 4.2 ± 2.08 g/100 g of 
total fatty acids at wk 16. In contrast, the 5 cows that 
adapted well with respect to their milk fat concentra-
tions (i.e., cows E, F, G, H, and I) had mean concentra-
tions of trans-10 C18:1 of 6.6 ± 3.38 at wk 4, 1.9 ± 1.11 
at wk 10, and 1.2 ± 0.33 g/100 g of total fatty acids at 
wk 16. Similarly, the 4 cows that adapted poorly to the 
WHT diet in terms of their milk fat concentration had 
mean concentrations of trans-10,cis-12 C18:2 of 0.09 ± 
0.017 at wk 4, 0.06 ± 0.013 at wk 10, and 0.09 ± 0.035 
g/100 g of total fatty acids at wk 16. In contrast, the 
5 cows that adapted well with respect to their milk fat 
concentrations (i.e., cows E, F, G, H, and I) had mean 
concentrations of trans-10,cis-12 C18:2 of 0.10 ± 0.029 
at wk 4, 0.06 ± 0.030 at wk 10, and 0.04 ± 0.008 g/100 
g of total fatty acids at wk 16. Thus, over the 16-wk 

Table 5. Influence of diet on pH, and concentrations of constituents, of ruminal fluid sampled 4 h after the start of feeding at wk 4, 10, and 16 
of the experiment1

Parameter

Wk 4

 

Wk 10

 

Wk 16

SEMT
2 SEMW

3

P-value

CRN WHT CRN WHT CRN WHT TRT4 Week TRT × week

No. of cows 11 10  11 10  11 10      
pH 6.3c 5.7a  6.1bc 5.9ab  6.3c 5.9ab 0.108 0.077 0.008 0.508 0.053
NH3 (mg/L) 190c 47a  20c 87b  21c 108b 15.3 12.2 <0.001 0.007 0.256
Total VFA (mM) 115a 146b  118a 138b  102a 107a 6.2 5.4 0.012 <0.001 0.063
Individual VFA (molar %)            
 Acetic 64.6d 54.9a  64.1cd 59.4b  65.6d 61.3bc 0.92 0.64 <0.001 <0.001 <0.001
 Propionic 19.9a 33.3d  21.9b 27.3c  19.5a 24.7bc 1.29 1.02 <0.001 <0.001 <0.001
 Isobutyric 1.25b 0.94a  1.24b 0.93a  1.21b 0.82a 0.061 0.054 <0.001 0.290 0.749
 n-Butyric 11.0c 7.2a  9.6b 8.9b  10.2bc 10.0bc 0.44 0.42 0.003 0.051 <0.001
 Isovaleric 1.14cd 0.80a  1.15bc 1.41cd  1.46d 1.01ab 0.097 0.075 0.003 0.136 0.018
 n-Valeric 1.64a 2.05b  1.61a 1.80a  1.71a 1.75a 0.064 0.057 0.006 0.050 0.011
 Hexanoic 0.20a 0.67c  0.20a 0.45b  0.22a 0.39ab 0.065 0.050 0.002 0.030 0.014
 Heptanoic 0.01a 0.09c  0.02a 0.05ab  0.04ab 0.08bc 0.013 0.011 0.005 0.020 0.158
 A:P5 3.32de 1.79a  3.03cd 2.30b  3.49e 2.78c 0.166 0.139 <0.001 <0.001 0.007
d-Lactate (μM) 4.1a 35.5ab  3.2a 9.2a  30.4ab 61.7b 28.28 14.85 0.061 0.033 0.620
l-Lactate (μM) 22.3a 40.8ab  20.2a 27.6a  47.2ab 66.2b 8.98 9.33 0.052 0.003 0.783
a–eMeans in the same row followed by different superscripts differ significantly (P < 0.05).
1CRN = corn diet; WHT = wheat diet.
2SEMT = standard error of the mean for comparisons of treatments within weeks.
3SEMw = standard error of the mean for comparisons between weeks within treatments.
4TRT = treatment.
5A:P = acetate to propionate ratio.
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experiment, the poor adapters maintained numerically 
greater concentrations of trans-10 C18:1 and trans-
10,cis-12 C18:2 than the good adapters.

In cows fed the WHT diet, the adaptation response 
over time, in terms of the A:P ratio, was not consistent 
in all cows (see Figure 4D). The 4 cows that poorly 
adapted to the WHT diet in terms of their milk fat 
concentration (i.e., cows A, B, C, and D) had mean A:P 
ratios of 1.38 ± 0.069 at wk 4 and 1.76 ± 0.298 at wk 
16 (Figure 4D). In contrast, the 5 cows that adapted 
well with respect to their milk fat concentrations (i.e., 
cows E, F, G, H, and I), had A:P ratios of 1.71 ± 
0.369 at wk 4 and 3.28 ± 0.721 at wk 16 (Figure 4D). 
Thus, cows that adapted well in terms of their milk fat 
response and their CH4 response also adapted well in 
terms of their A:P ratio.

DISCUSSION

Few reports are available in the scientific literature 
on the comparative responses in milk yield, milk com-
position, and CH4 emissions when dairy cows are fed 
similar diets containing either corn grain or wheat 
grain (Moate et al., 2017). Furthermore, the majority 
of previous experiments that examined the effects of 
wheat feeding on milk yield and composition were less 
than 4 wk duration, which ignores the possibility for 
adaptation over time (Gozho and Mutsvangwa, 2008; 
Leddin et al., 2010; Guo et al., 2013). This is the first 
report to compare over an extended period the effects 
of feeding wheat-based diets with corn-based diets for 
effects on milk yield, milk fat yield, milk composition, 
and CH4 emissions.

At wk 4, cows fed the CRN diet produced milk with 
higher milk fat concentration and milk fat yield, and 
emitted more CH4 and had a greater CH4 yield than 
cows fed the WHT diet. Thus, we accept our first hy-
pothesis. At wk 4, the cows fed the WHT diet exhibited 
the symptoms of milk fat depression as their milk fat 
concentration was very low (22.9 g/kg), and their pro-
tein concentration (31.6 g/kg) and lactose concentra-
tion (52.0 g/kg) were in the normal range (Harvatine et 
al., 2009). This milk fat depressing effect of the WHT 
diet was still evident at wk 10, but at wk 16, the milk 
fat concentrations of the cows fed the WHT and CRN 
diets were not different. This finding is contrary to our 
second hypothesis that milk fat concentrations and 
fatty acid profiles would not change over the course 
of the experiment. In previous short-term experiments, 
the effects of wheat feeding on milk fat concentration 
have been equivocal with some studies reporting wheat 
reduced milk fat concentration (Gozho and Mutsvan-
gwa, 2008; Guo et al., 2013; Moate et al., 2017) and 
others reporting little or no effect (Tommervik and 

Figure 3. Twenty-four hour profiles of rumen fluid pH (upper 
graphs) and simultaneous CH4 fluxes (lower graphs) for the same cows 
fed the corn diet (hollow symbols) and the wheat diet (solid symbols) 
at wk 4, 10, and 16. Each datum depicted is the mean of measurements 
on 6 cows with associated SEM. The shaded bars represent the 2 pe-
riods of active eating that occurred after the morning and afternoon 
milkings.
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Waldern, 1969; Waldern and Cedeno, 1969; O’Mara 
et al., 1997; Leddin et al., 2010), or even an increase 
in milk fat concentration (Faldet et al., 1989). In the 
current experiment, the substantially lower milk fat 
concentration and milk fat yield at wk 4 in cows fed the 
WHT diet compared with these metrics in cows fed the 
CRN diet are consistent with findings from a previous 
short-term experiment in which cows were fed similar 
diets (Moate et al., 2017). However, as far as we can 
ascertain, the adaptation response (i.e., the increase 
in milk fat concentration over time and the recovery 
in milk fat yield) in cows fed a wheat-based diet has 
not previously been reported in the scientific literature, 
and may partly explain why there have been variable 
findings with respect to the effect of wheat feeding on 
milk fat concentration. Indeed, based on the findings 
of this experiment, findings from previous short-term 
published experiments using Latin square and cross-
over designs (e.g., Faldet et al., 1989; Guo et al., 2013) 
involving comparisons of wheat based diets with diets 
containing other cereal grains may be compromised by 
failure to allow for the development of long-term effects 
and by the possibility of carry-over effects.

Milk Fatty Acids

Many of our findings with respect to differences in 
concentrations of specific fatty acids in the milk of 
cows fed the CRN and WHT diets at wk 4 confirm our 
previous findings when cows were fed similar diets for a 
period of approximately 5 wk (Moate et al., 2017). The 
finding that many of these differences were not present 
at wk 10 and 16 is novel and indicates that over weeks, 
cows adapt to being fed wheat by altering the fatty 
acid composition of milk. Moreover, over the course of 
the experiment, in cows fed the WHT diet, the concen-
trations of many individual fatty acids changed. For 
example, in the milk fat of cows fed the WHT diet, 

the concentrations of trans-10,cis-12 C18:2 were 976, 
597, and 594 mg/kg of total fatty acids at wk 4, 10, 
and 16, respectively. These findings are also contrary to 
our second hypothesis. In the current experiment, the 
negative correlation between the milk concentration of 
trans-10,cis-12 C18:2 and the total milk fat concentra-
tion can be explained by the fact that trans-10,cis-12 
C18:2 is known to act in the mammary gland as an 
inhibitor of milk fat production (Bauman and Griinari, 
2003). The current research also confirms previous 
reports of negative associations between milk concen-
trations of trans-10 C18:1 and milk fat concentration 
(Griinari et al., 1998; Kadegowda et al., 2008; Moate 
et al., 2017). The fact that over the 16 wk of this ex-
periment, total milk fat concentrations were negatively 
associated with concentrations of both trans-10,cis-12 
C18:2 and trans-10 C18:1 suggests that the adaptation 
process was not due to a build-up of tolerance within 
the mammary gland to the inhibitory effects of these 
2 fatty acids. Both trans-10,cis-12 C18:2 and trans-10 
C18:1 are formed in the rumen and transported to the 
mammary gland where they are incorporated into tri-
glycerides which constitute the majority of milk fat. 
The data in Tables 2 and 3, as well as Figures 4E and 
4F, indicate that over the 16 wk of this experiment a 
general decline occurred in the milk concentrations of 
both trans-10 C18:1 and trans-10,cis-12 C18:2, suggest-
ing that the adaptation in milk fat concentration was 
due to a decline in the amounts of these fatty acids 
formed in the rumen. Low pH in ruminal fluid has 
been shown to inhibit ruminal biohydrogenation and 
isomerization of long-chain UFA (Troegeler-Meynadier 
et al., 2003), and inhibition of ruminal biohydrogena-
tion can lead to an increase in the formation of both 
trans-10 C18:1 and trans-10,cis-12 C18:2. However, it 
is unlikely that the change in the production of both 
trans-10 C18:1 and trans-10,cis-12 C18:2 were related 
to pH as the data in Tables 5 and 6 and in Figure 3 

Table 6. Influence of diet on pH parameters1 in the ruminal fluid of rumen fistulated cows during wk 4, 10, and 16 of the experiment2

Parameter

Wk 4

 

Wk 10

 

Wk 16

SEMT
3 SEMW

4

P-value

CRN WHT CRN WHT CRN WHT TRT5 Week TRT × week

No. of cows 5 5  5 5  5 5      
Mean pH 6.28a 6.30ab  6.48ab 6.35ab  6.57b 6.34ab 0.106 0.074 0.044 0.106 0.266
Minimum pH 5.72a 5.65a  6.03b 5.80ab  6.15b 5.81ab 0.126 0.094 0.007 0.017 0.366
Maximum pH 6.81a 7.09ab  6.91ab 6.95ab  6.99ab 7.22b 0.130 0.126 0.240 0.342 0.615
Duration below pH 6 (min/d) 313 472  86 255  98 361 130.8 106.5 0.147 0.131 0.865
Area below pH 6 (pH.× min) 84 120  11 48  27 81 37.2 31.4 0.144 0.093 0.951
a,bMeans in the same row followed by different superscripts differ significantly (P < 0.05).
1Measured by means of intraruminal boli.
2CRN = corn diet; WHT = wheat diet.
3SEMT = standard error of the mean for comparisons of treatments within weeks.
4SEMw = standard error of the mean for comparisons between weeks within treatments.
5TRT = treatment.
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Figure 4. Responses in milk fat concentration (A), milk fat yield (B), CH4 yield (C), acetate-to-propionate ratio (D), trans-10 C18:1 (E), and 
trans-10,cis-12 C18:2 (F) at wk 4, 10, and 16. Data from individual cows fed the wheat dietary treatment are depicted by letters A to J. The 
solid lines joining data are included to facilitate the depiction of the time course trajectories of individual cow responses over the experimental 
period. The (�) markers depict the means for cows fed the corn treatment.
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indicate no substantial changes in pH, pH parameters, 
or pH patterns.

Cows A, B, C, and D maintained low milk fat concen-
trations over the entire 16 wk of the experiment, with 
their individual data points for milk fat concentration 
tightly clustered at wk 4, 10, and 16. In this experi-
ment, the data for milk fat concentrations of trans-10 
C18:1 and trans-10,cis-12 C18:2 did not cluster in a 
similar fashion to the data for total milk fat concentra-
tion. This observation suggests that factors other than 
trans-10 C18:1 and trans-10,cis-12 C18:2 may influence 
milk fat concentration.

Methane

Methane emissions, CH4 yield, and CH4 intensity were 
all substantially decreased at wk 4 in the cows fed the 
WHT diet compared with the CRN diet, but contrary 
to our third hypothesis, no differences were observed 
in these metrics at wk 10 or 16. This decline in CH4 
suppression is similar to the adaptation responses in 
milk fat concentration and milk fat yield. Our findings 
at wk 4, with respect to decreased CH4 emissions, CH4 
yield, and CH4 intensity in cows fed the WHT diet 
in comparison to cows fed the CRN diet are similar 
to previous findings, and we have previously discussed 
possible dietary reasons for the differences in these CH4 
metrics (Moate et al., 2017). However, as far as we can 
ascertain, this is the first report to describe the transi-
tory nature of the anti-methanogenic effect associated 
with the feeding of wheat in some but not all cows. 
Furthermore, this is the first report to link the milk fat 
concentration of cows fed a diet containing wheat to 
their CH4 yield (see Figure 2) and also the adaptation 
response over time, in milk fat concentration, to the 
diminishing CH4 inhibitory effect associated with the 
feeding of wheat.

Ruminal pH and Fermentation

The mean pH of ruminal fluid at 4 h after feeding 
(Table 5), was substantially greater in the cows fed the 
CRN diet compared with that in cows fed the WHT 
diet. Furthermore, there was no effect of week and no 
interaction of treatment × week on mean pH of ruminal 
fluid. In the current experiment, at wk 4, the substan-
tially lower ruminal fluid pH in cows fed the WHT diet 
compared with the pH in cows fed the CRN diet is 
consistent with our findings from a previous short-term 
experiment in which cows were fed a similar diet for a 
similar duration (Moate et al., 2017).

Low pH in ruminal fluid has previously been as-
sociated with both low milk fat concentration and 
low enteric CH4 production (Moate et al., 2017). The 

mechanism by which low pH in ruminal fluid can lead 
to reduced CH4 production is not as clear. Moate et 
al. (2017) showed that it is the daily nadir in ruminal 
fluid pH that is most strongly related to the magnitude 
of the rate of CH4 production. In the present research, 
cows fed the CRN and WHT diets exhibited W-shaped 
circadian patterns of pH in ruminal fluid, and these 
patterns were similar to those previously reported for 
cows fed similar corn- and wheat-based diets in a short-
term experiment (Moate et al., 2017). At wk 4, 10, 
and 16, the cows fed the WHT diet exhibited lower 
nadirs in ruminal fluid pH than cows fed the CRN diet. 
Moreover, for the cows fed the WHT diet, despite the 
fact that the patterns of ruminal fluid pH were almost 
identical at wk 4 and 16, the milk fat percentages and 
the magnitudes of the rates of CH4 production were 
both quite different at these 2 periods. This finding in-
dicates that there is not a simple relationship between 
ruminal fluid pH and these parameters and although 
at wk 4, nadir of pH was positively correlated with 
CH4 emissions and CH4 yield, this was not the case at 
wk 10 and 16. Thus, on the basis of these findings, we 
reject our fourth hypothesis that CH4 yield would be 
correlated with the daily nadir in pH of ruminal fluid.

Adaptation

The similarity in the patterns of ruminal fluid pH 
at wk 4, 10, and 16 suggests that the adaptation pro-
cess with respect to CH4 production did not involve 
a marked change in the total rate of acid production. 
However, cows fed the WHT diet had lower (P < 0.001) 
acetate percentage, higher propionate percentage, and 
lower A:P ratio in ruminal fluid than cows fed the CRN 
diet. These findings support results from some previous 
short-term experiments involving the feeding of wheat 
and corn (Gozho and Mutsvangwa, 2008; Guo et al., 
2013; Moate et al., 2017).

A novel finding of the current experiment is that in the 
longer term (i.e., over the 16 wk of the experiment) for 
the cows fed the WHT diet, a linear increase occurred 
in the molar percentage of acetic acid and a decrease in 
molar percentage of propionic acid. The ruminal syn-
thesis of acetic acid is accompanied by the production 
of hydrogen reducing equivalents (metabolic hydrogen), 
while the synthesis of propionic acid consumes meta-
bolic hydrogen (Demeyer 1991). Metabolic hydrogen is 
a substrate that is used in the ruminal production of 
CH4 (Janssen 2010) and also used in the biohydrogena-
tion of UFA (Demeyer, 1991; Jenkins et al., 2008). For 
cows fed the WHT diet, the A:P ratio increased from 
1.79 at wk 4 to 2.3 at wk 10 and 2.78 at wk 16. The A:P 
ratio has previously been shown to correlate with the 
magnitude of CH4 emissions (Mohammed et al., 2004). 
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Thus, it is not surprising that for cows fed the WHT 
diet, the increases (P < 0.05) in A:P ratio at wk 10 and 
16, compared with wk 4, were associated with increases 
in CH4 emissions, yield, and intensity. The interactions 
between dietary treatment and week for the molar per-
centage concentrations of acetic, propionic, n-butyric, 
iso-valeric, n-valeric, and hexaenoic acids, as well as for 
the A:P ratio, are all evidence of substantial adapta-
tion changes in ruminal fermentation processes during 
the 16 wk of the experiment. These changes in ruminal 
fermentation necessarily must involve changes in either 
populations of ruminal microorganisms or changes in 
the activities of microorganisms. Furthermore, evidence 
for substantial changes in ruminal fermentation over 
the 16 wk of the experiment is provided by the changes 
in the concentrations of various fatty acids in milk. In 
the rumen, metabolic hydrogen is used to biohydroge-
nate unsaturated long-chain fatty acids (Jenkins et al., 
2008). Therefore, the marked increase in concentrations 
of total SFA and decrease in concentrations of total 
MUFA and total PUFA at wk 10 and 16, in comparison 
to the corresponding concentrations at wk 4, is evi-
dence of either an increase in the ruminal production of 
metabolic hydrogen over the course of the experiment 
or an increase in the populations of ruminal bacteria 
that produce biohydrogenation enzymes and or the ac-
tivity of those enzymes. It has also been reported that 
a strong relationship is present between the concentra-
tion of C17:0 in milk and rumen function (Fievez et al., 
2012). In particular, a relationship is present between 
the C17:0 yield in milk and the microbial protein flow 
from the rumen (Fievez et al., 2012). For cows fed the 
WHT diet, the yields C17:0 in milk at wk 4, 10, and 16 
can be calculated as 14.3, 11.3, and 11.4 mg/d, respec-
tively. This suggests a substantial change in the total 
daily microbial production in the rumen between wk 4, 
10, and 16.

The finding that cows that did not adapt well in 
their milk fat concentration also did not adapt well in 
their CH4 yields and A:P ratio, whereas cows that did 
adapt well in their milk fat concentration also adapted 
well in their CH4 yields and A:P ratios suggest that 
the adaptation process affects these 3 parameters. The 
finding that the adaptation process took place over 16 
wk is surprising. Many experiments are short-term (i.e., 
less than 5 wk duration) because of the widespread 
belief that the majority of ruminal adaptation takes 
place within about 2 wk (Kaufmann et al., 1980). How-
ever, there is evidence that under some circumstances, 
ruminal adaptations may take many weeks (Weimer et 
al., 2010).

Stearoyl-CoA desaturase 1 is an enzyme that occurs 
in both the liver and mammary gland, and its func-

tion is to introduce a cis-9 bond into saturated long-
chain fatty acids (Rincon et al., 2012). The C14D9R, 
C16D9R, and C18D9R indexes are proxies for the 
activity of the stearoyl-CoA desaturase enzyme, and 
the fact that for the cows offered the WHT diet, these 
indexes declined after wk 4, provides evidence that 
some of the adaptation process may have taken place 
within the liver or mammary gland. The fact that in 
the current experiment, treatment differences in terms 
of milk fat concentration and CH4 emissions were quite 
different at wk 4 compared with wk 16, and our obser-
vation that adaptation changes in ruminal fermenta-
tion parameters were still occurring at wk 16, highlight 
the disadvantage of short-term (i.e., less than 4 wk) 
experiments to quantify important dietary effects on 
production and CH4 emissions. Further research will be 
required to elucidate how the archaeal and microbial 
populations adapt over time to a diet containing a high 
proportion of wheat.

The mechanisms and causes for the adaptation re-
sponses over time in milk fat concentration and CH4 
emissions are not clear. In this experiment, over the 16 
wk of the experiment, the chemical composition of the 
feeds and the daily quantities of the feeds offered to 
the cows did not change, and over the 16 wk of the ex-
periment, there were only minor variations in the daily 
amounts of both diets consumed and the percentage of 
grain in the diets. The suggestion that adaptation in 
milk fat concentration over time was due to a decline in 
the amounts of certain fatty acids formed in the rumen 
implies that the rumen microbiome changed over the 
course of the experiment. Indeed, Pitta et al. (2018) 
showed that alterations occur in ruminal bacterial pop-
ulations at induction and recovery from diet-induced 
milk fat depression in dairy cows. What remains to be 
elucidated is why some cows are adaptive in that they 
spontaneously recover from milk fat depression whereas 
other cows continue to exhibit milk fat depression for 
an extended period.

Implications of This Research

 (1) Findings from short-term experiments may not 
accurately reveal the long-term effects of specific 
diets.

 (2) Attempts to predict either milk fat concentra-
tions or CH4 yields of dairy cows using simple 
mathematical models based mainly on DMI 
and dietary nutrient concentrations may not be 
very accurate unless they take adaptation into 
account. There are, therefore, still formidable 
challenges to be overcome before either empiri-
cal or dynamic/mechanistic models will be able 
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to accurately predict milk fat concentration and 
CH4 yields of dairy cows.

 (3) If, as is suggested by this research, there exists 
a cohort of cows that are poorly adaptive and a 
cohort that adapts well to dietary changes, then 
future research will be required to elucidate the 
underlying mechanisms for these phenotypes, 
the attributes of these phenotypes, and the pos-
sibility that cow genetics may be involved. Adap-
tive phenotypes may be desirable for production 
purposes, but nonadaptive phenotypes may be 
desirable for CH4 mitigation.

CONCLUSIONS

This experiment confirmed that in the short term 
(i.e., up to 4 wk) the feeding of wheat to dairy cows 
is associated with decreased milk fat concentration, 
decreased milk fat yield, and decreased emission, yield, 
and intensity of CH4 in lactating dairy cows. However, 
the important novel finding of this research was that 
these effects were transitory, in that the decreased milk 
fat yield, decreased CH4 yield, and decreased CH4 emis-
sions that occurred in the short term were not present 
by wk 10. Over 16 wk of this experiment, some cows 
did not adapt well to the wheat feeding but other cows 
adapted by increasing their A:P ratio in ruminal fluid, 
increasing their CH4 yields, milk fat concentrations 
and milk fat yields. The mechanisms involved in these 
adaptation effects are not clear, but do not involve a 
change in the circadian patterns of pH in ruminal fluid. 
We propose that differences in the ability of individual 
cows to adapt to diets containing a high proportion 
of wheat may have substantial ramifications for dairy 
industries in several countries, and further research in 
this field is warranted. The scientific literature contains 
numerous articles describing short-term experiments 
concerned with dietary interventions to mitigate enteric 
CH4 emissions from ruminants. This research shows 
that the results from short-term studies may not always 
be used to reliably predict the long-term effects of such 
interventions.

ACKNOWLEDGMENTS

This investigation was funded by the Victorian De-
partment of Economic Development, Jobs, Transport 
and Resources; Emissions Reductions Alberta, Canada; 
and Dairy Australia. This work would not have been 
possible without the excellent work of the technical 
staff at Department of Economic Development, Jobs, 
Transport and Resources, Victoria, Ellinbank Centre 
(Australia).

REFERENCES

Bauman, D. E., and J. M. Griinari. 2003. Nutritional regulation of 
milk fat synthesis. Annu. Rev. Nutr. 23:203–227.

Beauchemin, K. A., and S. M. McGinn. 2005. Methane emissions from 
feedlot cattle fed barley or corn diets. J. Anim. Sci. 83:653–661.

Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid 
extraction and purification. Can. J. Biochem. Physiol. 37:911–917.

Dairy One. 2015. Analytical Procedures. Accessed Feb. 26, 2018. 
http:// dairyone .com/ wp -content/ uploads/ 2014/ 02/ Forage -Lab 
-Analytical -Procedures -Listing -Alphabetical -July -2015 .pdf.

Demeyer, D. I. 1991. Quantitative aspects of microbiological metabo-
lism in the rumen and hindgut. Pages 217–237 in Rumen Microbial 
Metabolism and Ruminant Digestion. J. P. Jouany, ed. INRA Edi-
tions, Paris, France.

Faldet, M. A., T. Nalsen, L. J. Bush, and G. D. Adams. 1989. Utiliza-
tion of wheat in complete rations for lactating cows. J. Dairy Sci. 
72:1243–1251.

Fievez, V., E. Colman, J. M. Castro-Montoya, I. Stefanov, and B. 
Vlaeminck. 2012. Milk odd- and branched-chain fatty acids as bio-
markers of rumen function–An update. Anim. Feed Sci. Technol. 
172:51–65.

Garner, J. B., M. L. Douglas, S. R. O. Williams, W. J. Wales, L. C. 
Marett, T. T. T. Nguyen, C. M. Reich, and B. J. Hayes. 2016. 
Genomic selection improves heat tolerance in dairy cows. Sci. Rep. 
6:34114. https:// doi .org/ 10 .1038/ srep34114.

Gawehn, K. 1988. D-(-)-Lactate. Pages 588–592 in Methods of Enzy-
matic Analysis 3rd ed., Vol VI. H. U. Bergmeyer, ed. VCH Pub-
lishers Ltd., Cambridge, UK.

Gozho, G. N., and T. Mutsvangwa. 2008. Influence of carbohydrate 
source on ruminal fermentation characteristics, performance, and 
microbial protein synthesis in dairy cows. J. Dairy Sci. 91:2726–
2735. https:// doi .org/ 10 .3168/ jds .2007 -0809.

Grainger, C., and K. A. Beauchemin. 2011. Can enteric methane emis-
sions from ruminants be lowered without lowering their produc-
tion? Anim. Feed Sci. Technol. 166–167:308–320. https:// doi .org/ 
10 .1016/ j .anifeedsci .2011 .04 .021.

Grainger, C., T. Clarke, M. J. Auldist, K. A. Beauchemin, S. M. Mc-
Ginn, G. C. Waghorn, and R. J. Eckard. 2009. Potential use of 
Acacia mearnsii condensed tannins to reduce methane emissions 
and nitrogen excretion from grazing dairy cows. Can. J. Anim. 
Sci. 89:241–251.

Griinari, J. M., D. A. Dwyer, M. A. McGuire, D. E. Bauman, D. L. 
Palmquist, and K. V. V. Nurmela. 1998. Trans-octadecenoic acids 
and milk fat depression in lactating cows. J. Dairy Sci. 81:1251–
1261.

Guan, H., K. M. Wittenberg, K. H. Ominski, and D. O. Krause. 2006. 
Efficacy of ionophores in cattle for mitigation of enteric methane. 
J. Anim. Sci. 84:1896–1906.

Guo, Y. Q., Y. Zou, Z. J. Cao, X. F. Xu, Z. S. Yang, and S. L. Li. 
2013. Evaluation of coarsely ground wheat as a replacement for 
ground corn in the diets of lactating dairy cows. Asian-Australas. 
J. Anim. Sci. 26:961–970.

Harvatine, K. J., J. W. Perfield, and D. E. Baumaan. 2009. Expres-
sion of enzymes and key regulators of lipid synthesis is upgraded 
in adipose tissue during CLA induced milk fat depression in dairy 
cows. J. Nutr. 139:849–854.

Hristov, A. N., J. Oh, F. Giallongo, T. W. Frederick, M. T. Harper, 
H. L. Weeks, A. F. Branco, P. J. Moate, M. H. Deighton, S. R. 
Williams, M. Kindermann, and S. Duval. 2015. An inhibitor per-
sistently decreased enteric methane emission from dairy cows with 
no negative effect on milk production. Proc. Natl. Acad. Sci. USA 
112:10663–10668.

Janssen, P. H. 2010. Influence of hydrogen on rumen methane forma-
tion and fermentation balances through microbial growth kinet-
ics and fermentation thermodynamics. Anim. Feed Sci. Technol. 
160:1–22.

Jenkins, T. C., R. J. Wallace, P. J. Moate, and E. E. Mosley. 2008. 
Board-Invited Review: Recent advances in biohydrogenation of 
unsaturated fatty acids within the rumen microbial ecosystem. J. 
Anim. Sci. 86:397–412.



7132 MOATE ET AL.

Journal of Dairy Science Vol. 101 No. 8, 2018

Kadegowda, A. K. G., L. S. Piperova, and R. A. Erdman. 2008. Prin-
cipal component and multivariate analysis of milk long-chain fatty 
acid composition during diet-induced milk fat depression. J. Dairy 
Sci. 91:749–759.

Kaufmann, W., H. Hagemeister, and G. Dirksen. 1980. Chapter 28: 
Adaptation to changes in dietary composition, level and frequency 
of feeding. Pages 587–602 in Digestive Physiology and Metabolism 
in Ruminants. Y. Ruckebusch and P. Thivend, ed. AVI Publishing 
Company Inc., Westport, CT.

Klop, G., J. Dijkstra, K. Dieho, W. H. Hendricks, and A. Bannink. 
2017. Enteric methane production in lactating dairy cows with 
continuous feeding of essential oils or rotational feeding of essential 
oils and lauric acid. J. Dairy Sci. 100:3563–3575. https:// doi .org/ 
10 .3168/ jds .2016 -12033.

Leddin, C. M., C. R. Stockdale, J. Hill, J. W. Heard, and P. T. Doyle. 
2010. Increasing amounts of crushed wheat fed with Persian clover 
herbage reduced ruminal pH and dietary fibre digestibility in lac-
tating dairy cows. Anim. Prod. Sci. 50:837–846.

Moate, P. J., M. H. Deighton, S. R. O. Williams, J. E. Pryce, B. J. 
Hayes, J. L. Jacobs, R. J. Eckard, M. C. Hannah, and W. J. Wales. 
2016. Reducing the carbon footprint of Australian milk produc-
tion by mitigation of enteric methane emissions. Anim. Prod. Sci. 
56:1017–1034. https:// doi .org/ 10 .1071/ AN15222.

Moate, P. J., S. R. O. Williams, M. H. Deighton, and W. J. Wales. 
2012. A comparison between wheat or maize grain fed as a high 
proportion of the diet on milk production and methane emissions 
from dairy cows. Pages 452–453 in Proc. 5th Australasian Dairy 
Sci. Symp., Attwood, Victoria, Australia. Australasian Dairy Sci-
ence Committee, Melbourne, Australia.

Moate, P. J., S. R. O. Williams, M. H. Deighton, W. J. Wales, and 
J. L. Jacobs. 2014a. Supplementary feeding of wheat to cows fed 
harvested pasture increases milk production and reduces methane 
yield. Pages 176–178 in Proc. 6th Australasian Dairy Sci. Symp., 
Hamilton, New Zealand. Australasian Dairy Science Committee, 
Hamilton, New Zealand.

Moate, P. J., S. R. O. Williams, C. Grainger, M. C. Hannah, E. N. 
Ponnampalam, and R. J. Eckard. 2011. Influence of cold-pressed 
canola, brewers grains and hominy meal as dietary supplements 
suitable for reducing enteric methane emissions from lactating 
dairy cows. Anim. Feed Sci. Technol. 166–167:254–264. https:// 
doi .org/ 10 .1016/ j .anifeedsci .2011 .04 .069.

Moate, P. J., S. R. O. Williams, J. L. Jacobs, M. C. Hannah, K. 
A. Beauchemin, R. J. Eckard, and W. J. Wales. 2017. Wheat is 
more potent than corn or barley for dietary mitigation of enteric 
methane emissions from dairy cows. J. Dairy Sci. 100:7139–7153. 
https:// doi .org/ 10 .3168/ jds .2016 -12482.

Moate, P. J., S. R. O. Williams, V. A. Torok, M. C. Hannah, B. E. 
Ribaux, M. H. Tavendale, R. J. Eckard, J. L. Jacobs, M. J. Auld-
ist, and W. J. Wales. 2014b. Grape marc reduces methane emis-
sions when fed to dairy cows. J. Dairy Sci. 97:5073–5087. https:// 
doi .org/ 10 .3168/ jds .2013 -7588.

Mohammed, N., N. Ajisaka, Z. A. Lila, K. Hara, K. Mikuni, S. Kanda, 
and H. Itabashi. 2004. Effect of Japanese horseradish oil on meth-
ane production and ruminal fermentation in vitro and in steers. J. 
Anim. Sci. 82:1839–1846.

NHMRC. 2013. Australian code for the care and use of animals for 
scientific purposes. 8th ed. National Health and Medical Research 
Council, Canberra, Australia. Accessed Jan. 7, 2017. http:// www 
.nhmrc .gov .au/ publications/ synopses/ ea16syn .htm.

NRC. 2001. Nutrient Requirements of Dairy Cattle: Seventh Revised 
Edition. National Academies Press, Washington, DC. https:// doi 
.org/ 10 .17226/ 9825.

O’Mara, F. P., J. J. Murphy, and M. Rath. 1997. The effect of re-
placing dietary beet pulp with wheat treated sodium hydroxide, 
ground wheat, or ground corn in lactating cows. J. Dairy Sci. 
80:530–540.

Omar, J. A. 2004. Effect of different ionophore treatments on some ru-
men metabolic measures of steers. Dirasat Agric. Sci. 31:178–184.

Packer, E. L., E. H. Clayton, and P. M. V. Cusack. 2011. Rumen fer-
mentation and liveweight gain in beef cattle treated with monensin 
and grazing lush forage. Aust. J. Vet. Res. 89:338–345.

Pitta, D. W., N. Indugu, B. Vecchiarelli, D. E. Rico, and K. J. Harva-
tine. 2018. Alterations in ruminal bacterial populations at induc-
tion and recovery from diet-induced milk fat depression in dairy 
cows. J. Dairy Sci. 101:295–309. https:// doi .org/ 10 .3168/ jds .2016 
-12514.

Rincon, G., A. Islas-Trejo, A. R. Castillo, D. E. Bauman, B. J. Ger-
man, and J. F. Medrano. 2012. Polymorphisms in genes in the 
SREBP1 signalling pathway and SCD are associated with milk 
fatty acid composition in Holstein cattle. J. Dairy Res. 79:66–75.

Sauer, F. D., V. Fellner, R. Kinsman, J. K. G. Kramer, H. A. Jackson, 
A. J. Lee, and S. Chen. 1998. Methane output and lactation re-
sponse in Holstein cattle with monensin or unsaturated fat added 
to the diet. J. Anim. Sci. 76:906–914.

Sauvant, D., S. Giger-Reverdin, A. Serment, and L. Broudiscou. 2011. 
Influences des régimes et de leur fermentation dans le rumen sur 
la production de méthane par les ruminants. INRA Prod. Anim. 
24:433–446.

Taylor, A. G., and C. Savage. 2006. Fatty acid composition of New 
Zealand green-lipped mussels, Perna canaliculus: Implications for 
harvesting for n-3 extracts. Aquaculture 261:430–439.

Thornton, J. H., and F. N. Owens. 1981. Monensin supplementation 
and in vivo methane production by steers. J. Anim. Sci. 52:628–
634.

Tommervik, R. S., and D. E. Waldern. 1969. Comparative feeding 
value of wheat, corn, barley, milo, oats, and a mixed concentrate 
ration for lactating cows. J. Dairy Sci. 52:68–73.

Torok, V. A., N. J. Percy, P. J. Moate, and K. Ophel-Keller. 2014. 
Influence of dietary docosahexaenoic acid supplementation on the 
overall rumen microbiota of dairy cows and linkages with produc-
tion parameters. Can. J. Microbiol. 60:267–275.

Trei, J. E., R. C. Parish, Y. K. Singh, and G. C. Scott. 1971. Effect of 
methane inhibitors on rumen metabolism and feedlot performance 
of sheep. J. Dairy Sci. 54:536–540.

Troegeler-Meynadier, A., M. C. Nicot, C. Bayourthe, R. Moncoulon, 
and F. Enjalbert. 2003. Effects of pH and concentrations of linoleic 
and linolenic acids on extent and intermediates of ruminal biohy-
drogenation in vitro. J. Dairy Sci. 86:4054–4063.

Tyrrell, H. F., and J. T. Reid. 1965. Prediction of the energy value of 
cow’s milk. J. Dairy Sci. 48:1215–1223.

van Zijderveld, S. M., W. J. J. Gerrits, J. Dijkstra, J. R. Newbold, R. 
B. A. Hulshof, and H. B. Perdok. 2011. Persistency of methane 
mitigation by dietary nitrate supplementation in dairy cows. J. 
Dairy Sci. 94:4028–4038. https:// doi .org/ 10 .3168/ jds .2011 -4236.

Waldern, D. E., and G. Cedeno. 1969. Comparative acceptability and 
nutritive value of barley, wheat mixed feed, and a concentrate ra-
tion in meal and pelleted forms for lactating cows. J. Dairy Sci. 
53:317–324.

Weimer, P. J., D. M. Stevenson, H. C. Mantovani, and S. L. C. Man. 
2010. Host specificity of the ruminal bacterial community in the 
dairy cow following near total exchange of ruminal contents. J. 
Dairy Sci. 93:5902–5912. https:// doi .org/ 10 .3168/ jds .2010 -3500.

Williams, S. R. O., T. Clarke, M. C. Hannah, L. C. Marett, P. J. 
Moate, M. J. Auldist, and W. J. Wales. 2013. Energy partitioning 
in herbage-fed dairy cows offered supplementary grain during an 
extended lactation. J. Dairy Sci. 96:484–494. https:// doi .org/ 10 
.3168/ jds .2012 -5787.

Williams, S. R. O., P. J. Moate, M. C. Hannah, B. E. Ribaux, W. J. 
Wales, and R. J. Eckard. 2011. Background matters with the SF6 
tracer method for estimating enteric methane emissions from dairy 
cows. Anim. Feed Sci. Technol. 170:265–276. https:// doi .org/ 10 
.1016/ j .anifeedsci .2011 .08 .013.



 

142 
 

Appendix II. Hannah MC, PJ Moate, PS Alvarez-Hess, VM Russo, JL Jacobs and RJ Eckard. 2016. 

Mathematical formulae for accurate estimation of in vitro CH4 production from vented bottles. Animal 

Production Science 56, 3: 244-251. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Mathematical formulae for accurate estimation of in vitro
CH4 production from vented bottles
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Abstract. A widely used method for the in vitro measurement of fermentation parameters, total gas and methane (CH4)
production (mL/g) from feed samples employs AnkomRF Technology with vented bottles, initially flushed with carbon
dioxide (CO2). The volumes of gas accumulated between ventings, and the volumes vented, are calculated from the
headspace pressure data. By using these data, it is possible to infermathematically the quantity of CH4 produced, given just a
single measurement of the CH4 mixing ratio measured in the headspace at the termination of fermentation. However, this
calculation requires an additional assumption. Two possibilities for this are considered. We present mathematical formulae
arising from each, and describe their sensitivity to violations of their respective assumptions. Also considered is a formula
based on usingN2 instead of CO2 as the flushing gas. It appears that, in practice, all three formulae are suitable for estimating
CH4 production, with errors less than 3%.

Additional keywords: AnkomRF, methane, methodology.
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Introduction

In ruminant nutrition research, there is a long history of in vitro
fermentation studies conducted tomeasure the production of total
fermentation gases from various feedstuffs and, in turn, make
inferences about their relative fermentability (Rymer et al. 2005).
An important development in this fieldwas the use of sealed glass
vessels for fermentation studies,with total gas production and gas
fermentation kinetics determined by a pressure transducer to
measure the accumulation of pressure in the vessel headspace
(Wilkins 1974; Pell and Schofield 1993; Theodorou et al. 1994).
However, Theodorou et al. (1998) suggested that the build-up of
pressure in these closed systems might produce less gas than if
the system was open, and it was subsequently observed that gas
production in closed vesselswas 18% lower than in vented bottles
(Cattani et al. 2014).Muchof this differencewas accounted for by
Henry’s law describing the dissolution of carbon dioxide (CO2)
under pressure. Nonetheless, the problem of pressure build-up
was circumvented by the systems described by Cone et al. (1994)
and Davies et al. (2000) where a pressure transducer was fitted
to each incubation bottle and when pressure in the bottle built
up to a pre-set threshold, a micro-valve was actuated to open,
and thereby release gas from the reaction vessel for a pre-set time.
In recent years, these general features were incorporated into
the AnkomRF Gas Production System (AnkomRF Technology,
New York, USA). A description of the AnkomRF apparatus or

module, and user guide for conducting in vitro studies on total
gas production, can be found on the Ankom website (https://
www.ankom.com/, verified 8December 2015). Figure 1a depicts
typical pressure data from a fermentation study conducted using
an AnkomRF system. The sawtooth pattern in the pressure data
arises due to the periodic venting of gas from the system. The
AnkomRF system has built-in software that enables the automatic
reconstruction of the total gas production curve (Fig. 1b), and,
therefore, is quite suitable for studies focusing on the production
of total gases.

Gases produced by fermentation of substrates by rumen
microorganisms are generally composed of ~60–80% CO2,
20–40% methane (CH4) and 0.1% hydrogen (H2), but the
percentage of CH4 can be altered by dietary factors (Moate
et al. 1997, 2011, 2014). Nutrition research has focussed on
ways to reduce the enteric production of CH4 by ruminants and
much of this research has involved in vitro studies, including
research using the AnkomRF system. The AnkomRF system
has been employed by numerous scientists in many countries
to conduct in vitro studies on total gas production (Cornou et al.
2013), but there have been far fewer studies in which the
AnkomRF system has been used to specifically investigate
CH4 production. Measurement of CH4 production by means of
the AnkomRF system is complicated, not only by the venting
of gases during the fermentation process, but also by the fact
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that under some implementations, carbon dioxide (Pellikaan
et al. 2011; Teshome 2013) or nitrogen (Dubois et al. 2013;
Machado et al. 2014) may be used to flush air from the
headspace of the incubation bottle before the start of the
incubation. Furthermore, detailed descriptions of the method
for calculating CH4 production have been omitted from most
articles describing rumen fermentation experiments using the
AnkomRF system (e.g. Machado et al. 2014, 2015; Xu et al.
2010).

Pellikaan et al. (2011) proposed amethodwhereby headspace
is sampled at 0, 1, 4, 7, 11, 15, 23, 30, 46, 52 and 72 h during the
fermentation, and a modified non-linear monophasic Michaelis–
Menten equation is fitted to the data. With respect to calculating
CH4 production, it is not clear exactly what data Pellikaan et al.
(2011) referred to. Nevertheless, the requirement to collect
numerous samples of headspace gas at specified time intervals
would be laborious and the subsequent gas chromatographic
analysis of the CH4 in many samples is likely to be expensive.
Cattani et al. (2014) developed a methodology using the
AnkomRF system, with vented gas collected in bags. Methane
production was then the sum of CH4 collected in the bag plus
CH4 remaining in the bottle headspace at the conclusion of
the experiment. This provides a ‘gold-standard’ for in vitro
measurement of CH4 production, but one that requires two
gas-chromatographic analyses per incubation as well as the
inconvenience of managing collection bags. The objective of
the research described here was the derivation of simple
alternative methodologies and algorithms to estimate total
CH4 production on the basis of the CH4 mixing ratio in a

single sample of the headspace gas at the termination of a
fermentation study and on pressure or volume data already
provided by the AnkomRF system.

Materials and methods

Development of equations needed to infer
CH4 production
Consider a sealed AnkomRF bottle containing rumen fluid, a
sample of substrate and a gas headspace containing a mixture
of the original flushing gas and some fermentation gas. The
pressure in the headspace gas is measured continuously, and
the headspace is vented when the pressure builds up to a fixed
threshold. The gas in the headspace is sampled at the conclusion
of the incubation and measured for CH4 mixing ratio (sometimes
called CH4 concentration). The bottle may be accompanied by
one or more blank control bottles, identical in all ways except
without substrate. All bottles are initially flushed with CO2.

Definitions and notation
For time intervals between venting events, i = 1. . .n, define the
following:

n ¼ number of intervals; including a final interval at the

conclusion of the incubation that is not vented;

Vi ¼ the standardised volume of gas in the headspace at the

beginning of Interval i; so that V 1 is the headspace

volume of the bottle;

ui ¼ the standardised volume of gas that is added to the

headspace during Interval i;

vi ¼ the standardised volume of gas vented from the

headspace at the end of Interval i; with vn as the volume

of gas that would be vented in a final vent; returning the

headspace pressure to 101:325 kPa ð1 atmÞ;
ai ¼ the standardised volume of CO2 dissolved in the liquid

phase of the rumen fluid during Interval i;

All volumes are derived from the pressure measurements
provided by the AnkomRF system, standardised to a temperature
of 39�C and a pressure of 1 atm, using the ideal gas law.

Using these definitions we further define

U ¼
Xn
i¼1

ui ¼ the total of gas volume added to headspace;

A ¼
Xn
i¼1

ai ¼ the total CO2 gas volume absorbed into rumen

fluid; and

Vb ¼
Xn�1

i¼1

vi ¼ the total volume of gas vented; potentially

captured by bag:

We also define VF to be the volume of gas in the headspace
at the termination of fermentation.
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Fig. 1. Headspace pressure versus in vitro incubation time from AnkomRF

system. (a) Raw pressure data from vented bottles and (b) cumulative gas-
production pressure, derived mathematically from data in a. The sawtooth
pattern in a shows repeated build-up andventing of gas frombottle headspace.
Dashed lines indicate venting times.
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For time intervals between venting events, i=1. . .n, we define

Ci ¼ mixing ratio; or ‘fraction’; ðL=LÞ of CH4 in headspace

gas at the ith venting;

c ¼ mixing ratio; or ‘fraction’; ðL=LÞ of CH4 in gas

fermented from the substrate:

The mixing ratio of CH4 in the headspace at start we define
as C0 = 0, and Cn = the measured mixing ratio of CH4 in the
headspace at the termination of fermentation. Otherwise, the Ci

is unknown, i = 2. . .(n – 1).

Algorithm I
The amount of CH4 in the headspace at the end of Interval i
consists of the CH4 already in the headspace at the start of
the interval, plus the CH4 released by fermentation during
the interval. This total, divided by the amount of gas in the
headspace at the end of the interval, gives the mixing ratio, Ci,
of CH4 in the headspace at the end of Interval i. The total volume
of fermentation gas during Interval i is ui + ai, and so the mixing
ratio of CH4 in the headspace at the end of Interval i is

Ci ¼ Ci�1Vi þ cðui þ aiÞ
Vi þ ui

: ð1aÞ

which can be written as

Ci ¼ Ci�1ri þ csi; where ri ¼ Vi

Vi þ ui
and si ¼ ui þ ai

Vi þ ui
: ð1bÞ

If c, the mixing ratio of CH4 in the fermentation gas, is
constant, then c can be calculated using the volume ratios, ri
and si, and the final headspace CH4 mixing ratio, Cn. But to do
this, the following recursive relationship is required.

Theorem: if

Ci ¼ Ci�1ri þ csi; Ki ¼ ri Ki�1 þ si; i ¼ 1 . . . n; and K0 ¼ 0;

ðT1Þ
then

Ci ¼ cKi; i ¼ 1 . . . n: ðT2Þ
Proof (by mathematical induction):
Equation T2 holds for i = 0, since C0, the initial headspace

mixing ratio of CH4, is 0.
If Ci = cKi, then by T1,

Ciþ1 ¼ riþ1Ci þ csiþ1

¼ cðriþ1Ci=cþ siþ1Þ
¼ cðriþ1Ki þ siþ1Þ
¼ cKiþ1:

That is, given T2 holds for a Value i, then it also holds for
i + 1. Since T2 does hold for i = 0, it must hold for all i = 1. . .n
(end of proof).

The theorem implies that, in particular,

c ¼ Cn=Kn; ð2Þ
whereCn is themeasuredCH4mixing ratio in the headspace at the
conclusion of the incubation.Ki depends only on the volume data

and can be calculated recursively using (T1), startingwithK0 = 0,
up to and including Kn, the ratios, ri and si, being defined by
Eqn 1b.

The total production volume of CH4 (mL) is then the CH4

mixing ratio in the fermentation gas, namely c, multiplied by the
total volume of fermentation gas. That is,

CH4 production ðmLÞ ¼ Cn

Kn
ðU þ AÞ: ð3Þ

The calculation of CH4 production using Eqn 3 is exact when
the CH4 mixing ratio in fermentation gas is constant. Equation 3
can be simplified if each of ui = u, ai = a and Vi = V, are the same
in each interval. These could be obtained as u = U/n, a = A/n and
V = V1. This would imply that ri = r and si = s, independent of
Interval number i, and the calculation of Kn at (T1) simplifies to,

Kn ¼ sð1� rnÞ
1� r

; ð4Þ

which does not require iterative calculation.
Further, if blank control bottles are ignored, that is, if sorption

of CO2 is zero throughout, Kn further simplifies to Kn = 1 � rn.
Thus, Algorithm 1 simplifies to

CH4 production ðmLÞ ¼ CnU 1� V

V þ u

� �n� ��1

: ð5Þ

Algorithm II
An alternative algorithm for estimation of CH4 production can be
derived by assuming a linear increase in the headspace CH4

mixing ratio, Ci, with venting number, i. An approximate linear
increase would occur with constant CH4 mixing ratio in
fermentation gas if the headspace was large relative to total
gas production. In this case only a small quantity of
fermentation gas would be lost at each venting, and the CH4

would build up in the headspace almost linearly. Alternatively,
exact linear increase in headspace CH4 mixing ratio would be
possible if the CH4 mixing ratio in fermentation gas gradually
increased, just enough to compensate for the loss of CH4 at each
venting. Algorithm II ignores possible effects caused by either
sorption or desorption of CO2 from the incubation medium. The
important attribute of algorithm II is that it applies provided Ci

changes linearly, beginning withC0 = 0, and finishing atCn = the
measured mixing ratio of CH4 in the headspace at the conclusion
of the incubation. This can be expressed as,Ci =Cn i/n, i = 0. . .n.
The CH4 production is then the sum of CH4 remaining in the
bottle headspace at the conclusion of incubation, plus the sum of
CH4 lost at individual ventings. Thus,

CH4 production ðmLÞ ¼ VFCn þ
Xn�1

i¼1

viCni=n

¼ Cn VF þ 1
n

Xn�1

i¼1

ivi

 !
:

ð6Þ

Assuming constant individual venting volumes would mean
that Eqn 6 simplifies to

CH4 production ðmLÞ ¼ Cn VF þ Vb

2

� �
: ð7Þ
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This formula gives CH4 production as the volume of gas
remaining in the headspace plus half the volume of gas vented,
all multiplied by the final headspace CH4 mixing ratio.

Sensitivity to changing fermentationmethanemixing ratio
In Algorithm I, calculations of CH4 production were derived
under an assumption that the mixing ratio of CH4 in fermentation
gas remains constant. How failure of this assumption affects the
accuracy of the method is now considered. This is undertaken
by simulating scenarios, the first scenario being one in which c
increases linearly and, the second, in which changes in c are
consistent with those observed in published data. We use these
simulations to compare the accuracy of both algorithms with the
true (simulated) CH4 production.

Hypothetical linear changes in c
For computational and illustrative simplicity, an idealised
AnkomRF system was considered in which the ventings take
place at fixed pressure and in which vented volumes are equal
throughout the incubation, with no net sorption or desorption of
CO2 to or from rumenfluid.Accordingly, let v (without subscript)
be the constant vented volume at the end of each interval, and
V be the constant headspace volume at the beginning of each
interval.

Suppose that ci, the mixing ratio of CH4 in fermentation gas
in Interval i, changes linearly with interval number according to

ci ¼ aþ b · ½i� ðnþ 1Þ=2�; ð8Þ
where b is a slope (rate of change), and a is the average mixing
ratio. With this formulation, the maximum slope allowable, to
avoid any mixing ratio ci being negative, is bmax = 2a/(n�1).
Thus, for example, at maximum slope bmax, ci ranges linearly
from 0when i= 1, in thefirst interval, to 2awhen i= n, in thefinal
interval.

This provides a framework in which the CH4 mixing ratio
in fermentation gas can be made to vary over the course of an
incubation, controlled by b, while the average mixing ratio, a,
and thus total CH4 production nav, can be held constant. This
framework is now used to simulate data from scenarios in which
b takes values 0, 0.2, 0.5 and 1, times bmax (Fig. 2a).

Each of these scenarios was simulated with selected values
of vent volume v (10 or 20 mL), and total number of ventings,
n (5, 10, 20, or 40). Headspace volume of 200 mL is
assumed throughout. The headspace mixing ratios Ci were
derived iteratively, using Eqn 1a with Vi = 200, ui = v, and
ai = 0, beginning with zero mixing ratio, C0 = 0.

For these simulated data, total CH4 production was estimated
using Algorithms I and II. Percentage biases were calculated
relative to actual simulated CH4 production.

Changes in c based on published data
Getachew et al. (2005) provided gas production, CH4 yield and
CH4 mixing ratio data during each of four successive periods
within 72-h in vitro incubations of seven total mixed rations
(TMR). Their experiment used 100 mL syringes with 200 mg
TMR samples and 30 mL of buffered rumen fluid. The mixing
ratio, c, changedwith time and the pattern of CH4 productionwas
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Fig. 2. (a) Four hypothetical patterns of methane mixing ratio, ci, of
fermentation gas. In each, ci changes linearly with the venting number.
The slopes were selected as the following proportions of the maximal
slope: 0 (*), 0.2 (~), 0.5 (˛), and 1 (&). All scenarios give the same
methane mixing ratio (0.3) in the total gas fermented over the 10 ventings of
equal volume. (b) Headspace methane mixing ratio, ci, generated using the
mixing ratios of fermented gas given in part a of the figure for 10 ventings
of 10 mL, with a headspace of 200 mL. All curves correspond to a total gas
production of 100 mL, and a total methane production of 30 mL.

Table 1. Methane mixing ratio (L of CH4/L of total gas) and gas yields
(mL/g) in four time periods during in vitro fermentation, averaged
over seven total mixed ration samples (summarised from table 4 of

Getachew et al. 2005)

Period
(h)

Gas yield
(mL/g DM)

CH4 yield
(mL/g DM)

[CH4]
(L/L total gas)

0–6 89.6 12.3 0.14
6–24 125.3 21.5 0.17
24–48 25.2 5.6 0.22
48–72 9.0 2.5 0.28
0–72 249.1 41.9 0.17
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broadly similar for all seven TMR. Their data, averaged over the
TMR samples, are summarised in Table 1.

To assess the consequences of these observed changes in CH4

mixing ratio on the accuracy of Algorithms I and II, a comparable
experiment for an AnkomRF system was simulated. The mass of
substrate sample, rumen-fluid volume and headspace were all
scaled up by a factor of 2.5, to 500mg substrate in 75mLbuffered
rumen fluid, suitable for 250 mL AnkomRF bottles. Ventings of
10 mL were assumed. Gradually changing CH4 mixing ratios for
fermentation gaswere engineered to equal those in Table 1within
each of the four periods, and these are shown in Fig. 3. Gas
production was simulated for 500 mg samples by using the yield
rates given in Table 1, rounded to the nearest 10 mL for each

period, except for the final period where gas production was set
to 5 mL.

For these simulated data, total CH4 production was estimated
by Algorithms I and II, and compared with the simulated CH4

production at 6, 24, 48 and 72 h. Percentage biases, relative to the
actual (simulated) CH4 productions, were calculated.

Results

Hypothetical linear changes in c

Figure 2b shows simulatedCH4mixing ratios in the headspace for
the four different linear patterns of mixing ratio in fermentation
gas shown in Fig. 2a. When the CH4mixing ratio in fermentation
gas changed linearly from initially low, to finally high (non-circle
symbols inFig. 2a), thefinalmixing ratioofCH4 in theheadspace,
at Venting 10, was higher than when the mixing ratio of CH4 in
fermentation gas remained constant (open circles, Fig. 2b).

The percentage biases in estimated CH4 production are
tabulated in Table 2 for the scenarios shown in Fig. 2 (n = 10,
v=10) and for someother scenarios inwhich theCH4mixing ratio
in fermentation gas changed linearly. Table 2 shows thatwhen the
mixing ratio ofCH4 in fermentation gas ranged linearly from20%
below average, to 20% above average (i.e. slope coefficient =
0.2bmax), the bias in the estimates of CH4 production remained
within �8% for both algorithms. This was so for total gas
production up to twice the headspace volume. Bias increased
as the linear changes in CH4 mixing ratio in fermentation gas
becamemore extreme. This increase in bias was often helpful for
Algorithm II, removing the negative bias apparent when mixing
ratio of CH4 in fermentation gas was constant.

For Algorithm I, the positive bias was accentuated by
increasing the total volume of fermentation gas, whether this
occurred due to larger individual vent volume, or due to increased
number of ventings. Thus, for example, if the mixing ratio of
CH4 in fermentation gas increased linearly from 100% below to
100% above average, over the course of 40 ventings of 10 mL,
with a 200 mL headspace, the method would overestimate CH4
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Fig. 3. Interpolatedmethanemixing ratio in fermentation gas versus venting
number, based on data reported for each of four periods by Getachew et al.
(2005). Periods are indicated by vertical dashed lines.

Table 2. Percentage bias in estimation of methane production when methane mixing ratio in fermented gas was simulated to
change linearly with each venting

Headspace volume was fixed at 200 mL. The coefficients, b = 0, 0.2, 0.5, 1, give multiples of maximum possible slope, bmax, of
linear change in fermentation [CH4]. A coefficient of b implies that the fermentation methane mixing ratio ranged from b · 100%
below average at the first venting, to b · 100% above average at the final venting. The percentage figures given do not depend on what

the absolute average fermentation methane mixing ratio might have been

Algorithm Number of Volume per Total gas Percentage bias in estimate of CH4 production
ventings (n) vent (mL) production (mL) b = 0 b = 0.2 b = 0.5 b = 1

I 5 10 50 0 1.0 2.4 4.9
I 10 10 100 0 1.8 4.5 8.9
I 20 10 200 0 3.4 8.4 16.8
I 40 10 400 0 6.3 15.7 31.4
I 10 20 200 0 3.4 8.6 17.2
II 5 10 50 –0.4 0.5 2.0 4.4
II 10 10 100 –1.5 0.2 2.8 7.2
II 20 10 200 –5.0 –1.8 3.0 11.0
II 40 10 400 –13.1 –7.7 0.5 14.1
II 10 20 200 –4.8 –1.5 3.4 11.6
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production by 31%.However, for this to happen, both an extreme
change in CH4 mixing ratio, and a very large volume of
fermentation gas, in this case equal to double the headspace
volume, were required.

Biases in Algorithm II were systematically more negative
(less positive) than those in Algorithm I. The differences are
most easily seen between the two algorithms under coefficient 0
in Table 2, where Algorithm I is unbiased but Algorithm II is
negatively biased. Thedifferenceswere similar under coefficients
0.2, 0.5 and 1.

Changes in c based on published data

Simulated and estimated CH4 production, based on the varying
CH4 mixing ratios in four periods reported by Getachew et al.
(2005), are shown in Table 3. The CH4 production data
shown are cumulative from 0 h to the time shown in each
case. The corresponding estimates of cumulative CH4

production were calculated using Algorithms I and II, on the
basis of the simulated headspace mixing ratios at the conclusion
of each period, and the venting and headspace volumes. Table 3
shows biases less than 4% in all cases, including at 72 h, despite
a doubling of the CH4mixing ratio in fermentation gas from 0.14
to 0.28.

Discussion

The methods presented in the current paper were originally
motivated by a need to estimate CH4 production from a series
of in vitro experiments in which the headspace pressure data
and final headspace gas mixing-ratio data were recorded, without
collection or sampling of vented gas. By employing the minimal
assumption that the mixing ratio of CH4 in fermentation gas
remained constant (Algorithm I), or that headspace CH4 mixing
ratio increased linearly with venting number (Algorithm II), it
was possible to mathematically derive estimates of the total CH4

production. The derivation and resulting mathematical formulae
required to do this have been presented above.

The question of how sensitive the results would be to failure
of the key assumption was examined by way of simulation.
Data were simulated for situations in which mixing ratio of
CH4 in fermentation gas increased linearly, and estimated CH4

production was compared with true CH4 production. In these
circumstances, the percentage bias for Algorithm I was positive,

and Algorithm II was negatively biased relative to Algorithm I.
In extreme cases, for example, when CH4 mixing ratio in
fermentation changed from zero to twice the average over the
course of an incubation and, simultaneously, total gas volume
from fermentation was as large as or larger than the headspace,
serious bias, in the order of 15% or more, could occur.

These results are unsurprising. When the mixing ratio
in fermentation gas changes from low to high, then some gas
with a lowerCH4mixing ratio, produced earlier in the incubation,
would be displaced from the headspace by gas with a higher
CH4 mixing ratio, produced later in the incubation. This results
in higher final CH4 mixing ratio in the headspace than would
be observed had the CH4 mixing ratio in fermentation gas
remained constant throughout the period of fermentation. This
is particularly so when large amounts of gas are produced,
resulting in the gas remaining in the headspace at the
conclusion of an incubation being more representative of gas
produced later in the incubation. The simulation showed that
thebias remains tolerably small exceptwhen theCH4mixing ratio
in fermentation gas changes markedly over the course of the
incubation period and a large total gas production (i.e. larger than
the headspace volume) occur simultaneously. When the CH4

mixing ratio in fermentation gas increases over the course on
an incubation, as appears more likely to be the case in practice,
Algorithm II was demonstrated to have an even smaller bias.
Algorithm II assumes a linear increase in headspace CH4 mixing
ratio with successive ventings.

To put these hypothetical scenarios into some perspective, we
point out that, in our laboratory, using awide variety of feedstuffs,
we routinely measure total gas productions generally less than
125 mL or 50% of the volume of the headspace. Furthermore,
Moate et al. (1997) reported mean CH4 mixing ratio in vivo in
rumen gas during active fermentation to be 22.4%, and to range
from 18.6% to 25.5%, and even up to 40.5% at a period in the day
when rumen fermentation was least active. Thus, the assumption
that mixing ratio of CH4 remains constant was not supported by
published in vivo data of Moate et al. (1997), nor the in vitro
data of Getachew et al. (2005) who observed [CH4] in each
of four time intervals doubling over a 72 h incubation of
TMR samples. Simulation showed biases of 2% at 24 h, or
3.6% at 72 h under Algorithm I, and of 0.1% and 2.2% under
Algorithm II, respectively, under these conditions. Given the
inherent variability associated with in vitro data, and that

Table 3. Simulated actual and estimated cumulative methane (CH4) production (mL) over four time periods during in vitro fermentation in
vented bottles

Datawere simulated assuming that theCH4mixing ratios in fermented gasduring eachperiod increased as reportedbyGetachew et al. (2005).The ventingnumber
i is the number of 10mL ventings since the start of incubation at 0 h, with a concluding 5 mL venting at 72 h. The fermented CH4 mixing ratio is the average CH4

mixing ratio of fermented gas during the interval between the previous time and current time, as per Table 1 and Fig. 3. The actual cumulativeCH4 is as simulated.
The estimated cumulative CH4 is the CH4 production since 0 h, estimated under each algorithm using the actual headspace mixing ratio at this time point

Time Venting Gas Fermented Actual Algorithm I Algorithm II
(h) number i production

(mL)
CH4 mixing
ratio (L/L)

cumulative
CH4 (mL)

Estimated
cumulative
CH4 (mL)

Percentage
bias (%)

Estimated
cumulative
CH4 (mL)

Percentage
bias (%)

6 4 40 0.14 5.5 5.5 0.0 5.5 –0.3
24 10 100 0.17 15.8 16.1 2.0 15.8 0.1
48 11 110 0.22 18.0 18.5 2.8 18.1 0.4
72 12 115 0.28 19.4 20.1 3.6 19.8 2.2
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incubations aremostly for 24h, biasesof thismagnitude shouldbe
tolerable.

Similarly, while Pellikaan et al. (2011) did not directly present
estimates of CH4 mixing ratio versus time, their data suggested
that it could be far from constant over a 72 h period for some
treatments, especially for those involving CH4 inhibitors. This is
not clear for incubation times up to 24 h.

A gold-standard method of in vitro measurement of CH4

production involves the collection of all vented gas. In this case,

CH4 production ðmLÞ ¼ VFCn þ VbCb; ð9Þ
whereVF is thevolumeofgas (mL), andCn is theCH4mixing ratio
of gas (L CH4/L total gas) in the headspace at the termination of
the incubation, Vb is the total volume of gas vented, and Cb is the
CH4 mixing ratio of the total volume of gas that was vented from
the incubation vessel over the course of the incubation. This
approach would of course require determination of the CH4

mixing ratios from the headspace and the vented gas, and the
vented gas would have to be quantitatively collected, perhaps in
gas bags. Cattani et al. (2014) reported using gas bags to collect
vented gases and they used Eqn 9 to calculate CH4 production. In
the experiment of Cattani et al. (2014), the gas-chromatographic
method employed to measure CH4 in the fermentation gas
employed hydrogen (H2) as the carrier gas. We consider that
under some circumstances, this may be somewhat problematic
since this would preclude the possibility of measuring hydrogen
in the fermentation gas, and hence potentially introduce errors
into the determination of the true CH4 mixing ratio in the
fermentation gas. Teshome (2013) also reported having used
bags to collect gas produced during the incubation period, but
made no mention of what specific gas samples were analysed,
how they were analysed or the calculations involved. With these
minor potential problems acknowledged, the advantage of this
approach in comparison to the method described by Pellikaan
et al. (2011) is that only two samples of gas need be analysed for
each incubation module.

A modification of the method uses N2 gas instead of CO2 for
initial flushing of bottles (Dubois et al. 2013; Machado et al.
2014). In this case, we propose the following equation to estimate
CH4 production:

CH4 production ðmLÞ ¼ U ½CH4�=ð½CH4� þ ½CO2� þ ½H2�Þ;
ð10Þ

whereU is the volume of gas produced (ignoring any absorption
of CO2 into rumen fluid), and [ ] denotes the mixing ratio of
each gas in the headspace at the termination of the incubation.
It is assumed that fermentation gas is composed only of CH4,
CO2 and H2. With this particular algorithm, CH4, CO2 and H2

could be readily measured in the same sample of gas by gas
chromatography, employing helium gas as the carrier. By using a
flushing gas (N2) completely different from fermentation gases,
this algorithm enables direct measurement of the CH4 mixing
ratio in fermentation gas. However, it does rely on the same
assumption as does Algorithm I, that this mixing ratio remains
constant, and is, consequently, subject to the same set of caveats.

With these caveats acknowledged, our simulations showed
that for incubations up to 24 h duration in which the mixing ratio
of CH4 in fermentation gas varies by less than � 20% from its

average, and where gas production remains less than the
headspace volume, our methods for mathematically inferring
CH4 production are all likely to produce estimates with less
than 3% error. The most detailed versions of Algorithms I and
II are given by Eqns 3 and 6. These take into account variations in
the volumes of gas produced or vented in each venting interval.
We speculate that, in practice, these variations would be
unimportant and that the simplified versions that assume no
variation, given by Eqns 5 and 7, would perform equally well.
The alternative algorithm given by Eqn 10, for use with N2 as the
headspace flushing gas, relies only on an assumption of constant
mixing ratio in fermentation gas. Definite statements as to which
algorithm, or which of these equations, is the most accurate must
necessarily depend on extensive validation testing. Such testing
will need to involve a large number of substrates of diverse origin,
including fermentation modulators and CH4 inhibitors, and to be
evaluated against the gold standard, that is Eqn 9.Choice between
equationsmay also be influenced by logistical and computational
convenience.

Conclusions

Three potential methodologies and related algorithms have been
presented for estimating CH4 production from in vitro rumen
fermentation experiments employing the AnkomRF system. The
methods presented employ headspace pressure data captured by
theAnkomRF systemandmeasurement of gas composition froma
single sample taken from the headspace at the conclusion of the
incubation. We consider that all the methods and algorithms
presented are likely to result in sufficient accuracy to be of use
in research requiring in vitro measurement of CH4 production,
with the possible exception of the extreme situation in which
CH4 mixing ratio in fermentation gas varies widely during
the course of an incubation and gas production is very high.
However, no validation data were available. Validation testing
is required to determine how accurate and appropriate are the
proposed algorithms in practice for in vitro studies employing the
AnkomRF system.
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Appendix VI. Alvarez-Hess PS, S Little, PJ Moate JL, Jacobs, KA Beauchemin and RJ Eckard. 2018. 

A partial life cycle assessment of the greenhouse gas mitigation potential of feeding 3-nitrooxypropanol 

in two Australian dairy farms. Conference Proceedings of the 10th International Symposium on the 
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Appendix VII. Alvarez-Hess PS, PJ Moate, JL Jacobs, KA Beauchemin, RJ Eckard. 2018. A partial 

life cycle assessment of the greenhouse gas mitigation potential of feeding nitrate in an Australian beef 

farm. Conference Proceedings of the 69th Annual Meeting of the European Federation of Animal 

Science. Dubrovnik, Croatia, Aug. 27-31 2018.  
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with low abatement and low carbon price, feeding the nitrate block generated considerable losses when actual prices 

method would be required to incentivise its use in the Australian beef industry.
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Appendix VIII. Alvarez-Hess PS, PJ Moate, JL Jacobs, KA Beauchemin, RJ Eckard. 2018. The effect 

of forage to grain ratio on in vitro methane production from wheat versus corn. Conference Proceedings 

of the 69th Annual Meeting of the European Federation of Animal Science. Dubrovnik, Croatia, Aug. 

27-31 2018.
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In ruminant diets, the inclusion of greater proportions of grain have been reported to reduce methane, but not all 
grains are equally effective and there are indications that the proportion of grain in the diet may have a non-linear 
effect on methane production. The aim of the study reported here was to study the in vitro methane mitigating effect 
of different proportions of wheat and corn in the substrate. It was hypothesized that a greater proportion of wheat or 
corn in the incubation substrate fermented in vitro
This in vitro

in vitro incubation was conducted using the Ankom GP system 

and three fed corn. The experiment was repeated in two in vitro

that a greater proportion of wheat, but not corn, in the substrate, reduces in vitro
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fed wheat based or corn based diets. Conference Proceedings of the 32nd Conference of the Australian 

Society of Animal Production, Wagga Wagga, NSW, Australia, Jul. 2-4 2018. 
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Reducing greenhouse gas emissions from an Australian dairy farm 

PS Alvarez-HessAD, PJ MoateB, JL JacobsB, KA BeaucheminC, RJ EckardA 
 AThe University of Melbourne, Parkville, Victoria 3010, Australia.  

BAgriculture Research, Department of Economic Development Jobs Transport and 
Resources, Ellinbank, Victoria 3821, Australia. 

CAgriculture and Agri-Food Canada, Lethbridge, Alberta, Canada T1J4B1. 
DCorresponding author. Email: pabloah@student.unimelb.edu.au 

 
Methane is a greenhouse gas contributing to climate change, and ruminant livestock are 

the dominant source of human induced methane. Research has shown that dietary inclusion of 
3-nitrooxypropanol (3-NOP) can reduce enteric methane production of cattle, however, the net 
impact on whole farm greenhouse gas (GHG) emissions is unclear. In addition, under current 
policy and carbon pricing regimes, there are no clear profit drivers for producers to reduce 
livestock methane. This partial farm-gate life cycle assessment (LCA) aimed to quantify the 
effect of 3-NOP on whole farm GHG emissions and revenue of an Australian dairy farm. The 
dairy farm modelled was located in Gippsland, Victoria. It considered a milking herd of 340 
cows and 181 replacement heifers over a six year period. Milk production was on average 440 
kg milk solids/year and milking cows were fed a pasture based diet supplemented with barley 
grain and ryegrass silage. It was assumed that 3-NOP was fed to the milking herd daily during 
the 300 days of lactation at a rate of 80 mg NOP/kg dry matter intake. The Australian National 
Greenhouse Gas Inventory method was used for estimating GHG emissions. It was assumed 
that when animals were fed 3-NOP daily methane emissions were reduced by 32%. Feeding 3-
NOP reduced whole farm GHG emissions by 13%. The sale of carbon credit units at the carbon 
price of $11.82/kg CO2e abated, increased gross revenue by $2,335/year or $6.86/cow, which 
represents a 2.2% increase of the farm’s earnings before interests and tax (EBIT). For the farm 
to remain cost neutral, the breakeven cost of  3-NOP was $28/kg. It is concluded that 3-NOP 
can make an important contribution to reducing whole farm greenhouse gas emissions. 
However, a carbon offset method would need to be developed to incentivise the use of 3-NOP 
in the Australian dairy industry. 

 

Additional keywords: Methane, carbon offsets, 3-nitrooxypropanol, dairy. 
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Appendix XI. Alvarez-Hess PS, PJ Moate, JL Jacobs, KA Beauchemin and RJ Eckard. 2018. Is there 

profit in reducing methane emissions from dairy cows? Conference Proceedings of the Australian Dairy 

Conference, Melbourne, Vic, Australia, Feb. 13-15 2018. 
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Is there profit in reducing methane from dairy cows? 

P. S. Alvarez-Hessa, P. J. Moateb, J. L. Jacobsb, K. A. Beaucheminc, R. E. Eckarda  

a The University of Melbourne, Faculty of Veterinary and Agricultural Science, Parkville, Victoria 3052, 
Australia. 

b Agriculture Victoria, Department of Economic Development Jobs Transport and Resources, Ellinbank, 
Victoria 3821, Australia. 

c Agriculture and Agri-Food Canada, Lethbridge, Alberta T1J 4B1, Canada. 

Presenting author: pablo.alvarez@unimelb.edu.au 

Methane is a potent greenhouse gas contributing to climate change, and ruminant livestock are the 
dominant source of human induced methane. The agricultural sector is currently under intense 
pressure to reduce the methane produced by cattle. However, under current policy and carbon pricing 
regimes, there are no clear profit drivers for dairy farmers to reduce livestock methane. 

Numerous studies have demonstrated that it is possible to reduce methane emissions from cattle by 
modifying their diet or through supplementation with additives and chemical compounds. One new 
and promising compound is 3-nitrooxypropanol (3-NOP), which is designed to specifically inhibit an 
enzyme involved in the production of methane in the rumen. 

The effectiveness of 3-NOP on methane production from individual animals was tested in an in vitro 
batch culture which simulates ruminal function in a laboratory environment. Ruminal fluid from dairy 
cows was used. Then, the effect of 3-NOP on whole farm greenhouse gas emissions was tested by 
applying the results of the in vitro experiment to a virtual dairy farm model covering a 12 month 
period. The virtual farm considered a milking herd of 340 cows and 181 replacement heifers. Milk 
production was on average 440 kg milk solids/year and milking cows were fed a pasture based diet 
supplemented with barley grain and ryegrass silage. It was assumed that 3-NOP was fed to the milking 
herd daily during the 300 days of lactation at a rate of 80 mg 3-NOP/kg dry matter intake as per the in 
vitro experiment. 

In the in vitro experiment, our results showed that 3-NOP reduced methane production by 52%. This 
result was within the range of 24%-60% reduction in methane production observed in previous studies 
that have fed 3-NOP to sheep, dairy cows and beef cattle. When the reduction observed in our in vitro 
experiment was applied to daily methane emissions of the lactating herd during 300 days of lactation, 
yearly whole farm enteric methane emissions were reduced by 23% and whole farm greenhouse gas 
emissions by 14% or 297 t CO2e per year (Fig 1).  
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Figure 1 Source of greenhouse gas emissions (tonnes of CO2 equivalent) from the control and 3-NOP 
scenarios. 

An Australian carbon credit unit (ACCU) is the equivalent to one tonne of CO2e avoided by a project 
(Clean Energy Regulator 2017). An ACCU price of $12 and $20 per tonne of CO2e abated was used, to 
represent a low and high carbon credit price, respectively.  

The sale of ACCUs from the modelled farm resulted in an additional income of $3,510 and $5,939 per 
year for the low and high ACCU price, respectively (Fig 2). However, this calculation does not consider 
the purchase of the 124 kg of 3-NOP needed per year, which means that for the modelled farm to turn 
a profit or remain cost neutral, the cost of 3-NOP would have to be less than $28/kg for the low-price 
scenario and less than $48/kg for the high price scenario.  

 

Figure 2 Breakeven cost of 3-NOP and yearly potential profit associated with feeding 340 cows 80 mg 
3-NOP/kg DMI during 300 days of lactation, both at an assumed ACCU price of $12 and $20. 

It is important to consider that per the Dairy Farm Monitor Report (2017) the annual EBIT (earnings 
before interests and tax) for a farm similar to the farm modelled here is $166,800, which means that 
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the profit generated by reducing methane from the cows could represent a 2.1% and 3.6% of the farms 
EBIT, for the two carbon prices respectively. 

It is concluded that 3-NOP is a potent methane mitigation option for dairy farming and can make an 
important contribution to reducing whole farm greenhouse gas emissions. However, a carbon offset 
method would need to be developed to incentivise the use of 3-NOP in the Australian dairy industry. 

This study is part of my PhD which aims to find dietary strategies to reduce enteric methane emissions 
from ruminants, under the supervision of Prof. Richard Eckard, Dr. Peter Moate, Dr. Joe Jacobs and 
Dr. Karen Beauchemin. This project is supported by Emissions Reduction Alberta, Canada, the 
University of Melbourne, Agriculture Victoria and the Primary Industries Climate Challenges Centre. 
My PhD studies are supported by the Conicyt scholarship awarded by the Chilean government. 

References 

Department of Environment and Energy Emissions Reduction Fund 
http://www.environment.gov.au/climate-change/government/emissions-reduction-fund 

Dairy Farm Monitor Report Australia 2017 
http://agriculture.vic.gov.au/__data/assets/pdf_file/0003/368733/FINAL_WEB_Dairy-Farm-Annual-
Report-16_17_4.4.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

171 
 

Appendix XII. Alvarez-Hess PS, PJ Moate, SRO Williams, JL Jacobs, MC Hannah, KA Beauchemin, 

RJ Eckard and WJ Wales. 2017. Effect of basal diet on the methane mitigation effect of dietary fats 

(Efecto del aumento del contenido de lípidos en la dieta de vacas de producción de leche alimentadas 

en base a maíz o trigo sobsre emisisones de metano y producción de leche). Conference Proceedings of 

the 13th Chilean Buatrics Conference (XIII Congreso Chileno de Buiatria), Osorno, Chile. Nov. 23-25 
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EFECTO DEL AUMENTO DEL CONTENIDO DE LIPIDOS EN LA DIETA DE VACAS DE 
PRODUCCION DE LECHE ALIMENTADAS EN BASE A MAIZ O TRIGO SOBRE SUS 

EMISIONES DE METANO Y PRODUCCION DE LECHE. 
 

Effect of fat supplementation on methane emissions from dairy cows fed corn or 
wheat based diets. 

 
P.S. Alvarez-Hessa, P. J. Moateb, S. R. O. Williamsb, J. L. Jacobsb, M. C. Hannahb, K. A. 
Beaucheminc, R. E. Eckarda and W. J. Walesb 
a The University of Melbourne, Faculty of Veterinary and Agricultural Science, Parkville, 
Victoria 3052, Australia. 
bAgriculture Victoria, Department of Economic Development Jobs Transport and Resources, 
Ellinbank, Victoria 3821, Australia. 
c Agriculture and Agri-Food Canada, Lethbridge, Alberta T1J4B1, Canada. 
 
Dirección electrónica del expositor: pabloah@unimelb.edu.au 
 
INTRODUCCIÓN  
El gas metano es un potente gas de efecto invernadero y estudios previos han demostrado 
que es posible disminuir su producción, generada por los rumiantes, modificando su dieta. 
Los lípidos en la dieta de los rumiantes disminuyen las emisiones de metano ya que inhiben 
la función de la micro flora ruminal (Grainger & Beauchemin 2011). El objetivo de esta 
investigación fue estudiar el efecto del aumento del contenido de lípidos en la dieta de vacas 
de producción de leche, alimentadas en base a dos tipos de dietas, sobre las emisiones de 
metano y la producción de leche. La hipótesis del presente estudio es que aumentar el 
contenido de lípidos disminuirá las emisiones de metano de manera constante en los dos 
tipos de dietas, sin afectar el consumo de materia seca ni la producción de leche. 
 
 
MATERIAL Y METODOS 
Este experimento se realizó en el Centro de Investigación Agricola, Ellinbank, Australia e 
incluyo vacas de lechería con producción promedio de 24.9 ± 4.07 kg leche/día, a los 72 ± 7 
días de lactancia, con peso promedio de 635 ± 43.3 kg y edad promedio de 7.2 ± 2.32 años. 
En total se utilizaron 32 vacas que fueron distribuidas en cuatro grupos, cada grupo recibió 
un tipo de dieta, siguiendo el protocolo descrito por Moate et al. (2017). Todas las dietas 
fueron basadas en 11.5 kg MS/día de heno de alfalfa. Los tratamientos fueron: a) 8 kg MS/día 
de maíz molido (MAI), b) 8 kg MS/día de trigo molido (TRG), c) 8 kg MS/día de maíz molido 
más 0.8 kg de aceite de canola (MML), y d) 8 kg MS/día de trigo molido más 0.8 kg de aceite 
de canola (TML). Las dietas MAI y TRG alcanzaron un porcentaje total de lípidos de 2% 
mientras que las dietas MML y TML alcanzaron un porcentaje total de lípidos de 6%. Las 
vacas se alimentaron con estas dietas durante 5 semanas, durante las cuales se midió la 
producción de leche y el consumo de materia seca. Durante la última semana se midieron las 
emisiones de metano a través del método SF6 descrito por Deighton et al. (2014). El análisis 
estadístico se realizó a través de Ancova con tipo de grano (maíz o trigo) y lípidos (con o sin 
aceite de canola) como factores independientes y consumo de materia seca (CMS), 
producción de leche (PL) y producción de metano (CH4) como factores dependientes. 
 
RESULTADOS Y DISCUSION 
Se observó que aumentar el contenido de lípidos de la dieta de los rumiantes disminuyo la 
producción entérica de metano cuando las vacas eran alimentadas en base a trigo, pero no 
cuando eran alimentadas en base a maíz. Una similar interacción entre lípidos y dietas ha 
sido previamente reportado por Chung et al. (2011) al comparar la mitigación de metano de 
lípidos en dietas en base a ensilaje y heno. Sin embargo, estudios adicionales son necesarios 
para definir los factores que generan la interacción entre dieta y lípidos. Aumentar el contenido 
de lípidos en la dieta de vacas alimentadas en base a trigo produjo una reducción en las 
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emisiones diarias de metano de un 10%, lo cual es mayor que el 8% reportado previamente 
por Moate et al. (2011) al aumentar el contenido de lípidos de 5.1% a 6.5%.  
 
Tabla 1. Producción de leche y metano del grupo de vacas de cada tratamiento. 
 

Ítem MAI TRG MML TML P (D) P (L) P (DxL) 
CMS kg/d 20.7a 21.3ab 21.7b 21.8b 0.122 0.003 0.458 
PL (L/d) 21.1a 23.7ab 26.1b 24.9b 1.256 0.577 0.002 
LCE 23.2 26.1 25.8 21.4 1.49 0.291 0.406 
CH4 (g/d) 524a 637c 523a 569b 19.2 <0.001 0.021 
CH4 (g/kg 
MS) 25.5a 29.9b 24.1a 26.2a 1.07 <0.001 0.004 

Valores en la misma columna con distinto superíndice son significativamente distintos (P < 
0.05). D=Dieta, L=Lípido, CMS=Consumo de materia seca, PL=Producción de leche, 
LCE=Leche corregida por energía. 
 
CONCLUSIONES 
Concluimos que aumentar el contenido de lípidos de la dieta de rumiantes disminuye la 
producción entérica de metano de vacas alimentadas en base a trigo, pero no en vacas 
alimentadas en base a maíz. 
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Appendix XIII. Alvarez-Hess PS, PJ Moate, JL Jacobs, KA Beauchemin and RJ Eckard. 2017. Effects 

of basal diet on in vitro methane inhibition by 3 nitrooxypropanol and nitrate (Efecto de la dieta sobre 

la mitigación del metano in vitro de 3-nitrooxypropanol y nitrato). Conference Proceedings of the 13th 

Chilean Buatrics Conference (XIII Congreso Chileno de Buiatria), Osorno, Chile. Nov. 23-25 2017.  
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EFECTO DE LA DIETA SOBRE LA MITIGACION DEL METANO IN VITRO DE 3-
NITROOXYPROPANOL Y NITRATO  

 
Effects of basal diet on in vitro methane inhibition by 3 nitrooxypropanol and nitrate  

 
 

P.S. Alvarez-Hessa, P. J. Moateb, J. L. Jacobsb, K. A. Beaucheminc, R. E. Eckarda 
a The University of Melbourne, Faculty of Veterinary and Agricultural Science, Parkville, 
Victoria 3052, Australia. 
bAgriculture Victoria, Department of Economic Development Jobs Transport and Resources, 
Ellinbank, Victoria 3821, Australia. 
c Agriculture and Agri-Food Canada, Lethbridge, Alberta T1J4B1, Canada. 
 
Dirección electrónica del expositor: pablo.alvarez@unimelb.edu.au 
 
INTRODUCCIÓN 
El gas metano es un potente gas de efecto invernadero y su producción en rumiantes se 
puede disminuir a través de aditivos alimentarios. El 3-nitrooxypropanol (3-NOP) es un 
compuesto sintético que disminuye la producción de metano al inhibir la función enzimática 
que cataliza el ciclo de producción de metano (Hristov et al. 2015). Por su parte, el nitrato 
disminuye la producción de metano por medio de su metabolismo en el rumen, ya que este 
proceso ocupa hidrógeno, disminuyendo la cantidad disponible de este compuesto para la 
producción de metano (Van Zijderveld et al. 2010). El objetivo de esta investigación fue 
estudiar el efecto del 3-NOP y el nitrato sobre las emisiones de metano producidas por la 
incubación in vitro de trigo, maíz y alfalfa.  
 
 
MATERIAL Y METODOS 
Este estudio se realizó en la facultad de Veterinaria y Agricultura de la Universidad de 
Melbourne, Australia, incluyendo 2 experimentos in vitro. Cada experimento in vitro se realizó 
por duplicado durante 24 horas. El experimento 1 incluyó 6 tratamientos: trigo, maíz y alfalfa 
sin nitrato, y trigo, maíz y alfalfa con nitrato. La dosis de nitrato utilizada fue de 20 g de nitrato 
/kg materia seca (MS). El experimento 2 incluyó 6 tratamientos: trigo, maíz y alfalfa con y sin 
adición de 3-NOP. La dosis de 3-NOP utilizada fue de 100 mg de 3-NOP/kg MS. Los 
experimentos se realizaron con un sistema in vitro Ankom GP. El líquido ruminal se obtuvo 
mediante cánula ruminal de 3 vacas Holstein-Friesian alimentadas con alfalfa, trigo y maíz. 
Se midió; producción de metano (PM), producción de gas (PG), pH del líquido ruminal y 
degradación de materia seca (DMS). El análisis estadístico se realizó a través de ANOVA con 
dieta (trigo, maíz o alfalfa) y compuesto (nitrato o 3-NOP) como factores independientes. 
 
 
RESULTADOS Y DISCUSIÓN 
En el experimento 1 el nitrato disminuyó la producción de metano en un 19%, en promedio, y 
la proporción de mitigación fue constante entre las tres dietas. La disminución en la 
producción de metano es similar a lo reportado por de Raphélis-Soissan et al. (2014) (15-
19%) al incluir 2% de nitrato en la dieta de ovejas. En el experimento 2, el 3-NOP disminuyó 
la producción de metano en un 53%, en promedio, y la proporción de mitigación fue constante 
entre las tres dietas. Este efecto mitigador de 3-NOP fue mayor al anteriormente reportado 
por Hristov et al. (2015) (30%), es posible que esta diferencia sea producto de la menor dosis 
utilizada en dicho estudio (80 mg/kg MS).  
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Tabla 1. Producción de metano (PM, mL), producción de gas (PG, mL), pH y 
degradación de materia seca (DMS, g/kg) de la incubación in vitro de alfalfa, maíz y 
trigo con y sin nitrato en el experimento 1 y con o sin nitrooxypropanol (3-NOP) en el 
experimento 2. 
 

 Experimento I Experimento 2 
Dieta PM PG pH DMS PM PG pH DMS 
 TRT = Nitrato TRT= 3-NOP 
Alfalfa 68ª 78c 6.3ª 380c 77ª 101b 6.2ª 392c 
Maíz 67ª 113ª 6.0b 590ab 85ª 113ª 5.8b 587b 
Trigo 68ª 115ª 6.0b 583ab 82ª 110ª 5.9b 631ab 
Alfalfa + TRT 55b 68d 6.4ª 376c 37b 66d 6.2ª 390c 
Maíz + TRT 55b 107b 6.0b 564b 41b 105ab 5.9b 587b 
Trigo + TRT 53b 114a 6.0b 603a 39b 94c 5.9b 633a 
P (Dieta) 0.95 0.001 0.001 0.001 0.30 0.001 0.001 0.001 
P (TRT) 0.001 0.001 0.86 0.68 0.001 0.001 0.30 0.99 
P (Dieta x TRT) 0.88 0.01 0.90 0.07 0.83 0.001 0.69 0.99 

Valores en la misma columna con distinto superíndice son significativamente distintos (P < 
0.05) 
 
 
CONCLUSIONES 
Se concluye que el 3-NOP y el nitrato tienen un marcado efecto sobre en la disminución de 
las emisiones de metano in vitro, manteniendo la proporción de mitigación constante entre 
las dietas de alfalfa, maíz y trigo. 
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Appendix XIV. Alvarez-Hess PS, RJ Eckard, PJ Moate, SRO Williams and JL Jacobs. 2016. 

Comparison of different cereal grains for their in vitro total gas and methane production. Conference 

Proceedings of the Australian Dairy Science Symposium. Sydney, Australia Nov 16-18 2016. 
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Comparison of different cereal grains for their in vitro total gas and methane production  

Pablo Alvarez-Hess1  
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1The University of Melbourne  

2 The University of Melbourne, Australia  

3The Department of Economic Development, Jobs, Transport and Resources, Ellinbank Research Centre, 
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A starch rich diet has the potential to reduce rumen methane production, as starch fermentation in 

the rumen favours propionate over acetate production. Increasing starch supplementation in the diet can 

also result in a reduction in ruminal fluid pH, thereby also reducing methanogenesis. However, this can 

also lead to an increased likelihood of rumen acidosis. It has therefore been proposed that methane 

production can be reduced without increasing the amount of grain offered, but by feeding cereal grains that 

contain more degradable starch. This study consisted of an in sacco and an in vitro experiment. In the in 

sacco experiment rolled corn, rolled wheat, rolled barley and double-rolled barley were incubated in the 

rumen of three dairy cows in an incomplete block design. The in vitro experiment incubated lucerne (as a 

control), wheat, corn and barley with different degrees of processing over a 48 h period in a completely 

randomized design. Rolled wheat had the fastest rate of in sacco degradation of dry matter, crude protein, 

starch and organic matter. Ground wheat and barley produced less in vitro methane yield per unit of 

degradable dry matter (MZ) than rolled wheat and barley. Ground wheat produced 25% less in vitro MZ 

than ground corn. It can be concluded that rate of starch degradability had an effect on methane production 

and that the results from in sacco degradability aligned with the in vitro methane production with increased 

grains processing. 
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Appendix XV. Alvarez-Hess PS, JL Jacobs, MC Hannah, PJ Moate and RJ Eckard. 2016. Analysis of 

three methods for the estimation of in vitro CH4 production from vented bottles. Conference 

Proceedings of the 31st Conference of the Australian Society of Animal Production. Adelaide, 

Australia. July 5-7 2016.  
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Summary 

In vitro methane production from three experiments incubating 1.0 gm DM of wheat and Lucerne, different 
amounts (0, 0.5, 1.0 and 1.5 gm DM) of wheat and lucerne and Lucerne, corn, wheat and barley with different 
degrees of processing, was calculated using [CH4 concentration in headspace x headspace volume] + [CH4 
concentration in gas bag x GP] as the gold standard method and compared to the five algorithms proposed by 
Hannah et al. (2016). The algorithms predicted methane production well. Method 1a had the greatest 
correlation and Lin’s concordance coefficient with the gold standard and can be recommended for estimating 
methane production when vented gas is not collected in gas bags.

 

Introduction 

Several strategies have been proposed for 
reducing enteric methane production (MP), and it 
is therefore important to quantify MP. One 
method for measuring total gas production (GP) 
and MP is through an in vitro fermentation 
technique using the AnkomTM system. The “gold 
standard” method for estimating MP using the 
AnkomTM system requires collection and analysis 
of the headspace and the vented gas (Hannah et 
al. 2016). However, Hannah et al. (2016) proposed 
other options to calculate methane production 
without the need to collect and analyse the vented 
gas.  These options involve algorithms to estimate 
methane production based on the volumes of 
vented gas and the final methane concentration in 
the headspace of the AnkomTM incubation flask. 
This study aimed to evaluate the five algorithms 
proposed by Hannah et al. (2016) with the “gold 
standard” method for estimating MP by the 
AnkomTM technique under three incubation 
scenarios.  

 

Materials and Method 

The substrates (1.0 gm DM) in the first experiment 
comprised wheat and lucerne. The substrates in 
the second experiment comprised different  

 

 

amounts (0, 0.5, 1.0 and 1.5 gm DM) of wheat and 
Lucerne. The substrates (1.0 gm DM) in the third 
experiment comprised Lucerne, corn, wheat and 
barley with different degrees of processing. Each 
treatment was tested in eight replicates. In all 
incubations, substrate was incubated in AnkomTM 
bottles each containing 75 mls of Kansas State 
buffer solution and 25 mls of ruminal fluid. 
Cumulative pressure and the ideal gas law were 
used to estimate GP over the course of the 
incubation period. As the gold standard method, 
MP was calculated as: [CH4 concentration in 
headspace x headspace volume] + [CH4 
concentration in gas bag x GP]. 

 

Results and Discussion 

The five algorithms proposed by Hannah et al. 
(2016) were compared against the gold standard. 

All algorithms predicted MP very well with close 
concordance with the gold standard method. 
Method 1a had the greatest correlation (R=0.956) 
and Lin’s concordance coefficient (CC = 0.952) with 
the gold standard, although only just. In method 
1a, MP is calculated as: 



                        MP =  ( ).n
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, 0 0K , nC  = CH4 mixing ratio in 

headspace, U  = gas volume added to headspace 
(ml), A  = volume of CO2 absorbed into ruminal 
fluid (ml), Vi = pressure at the start of venting 
interval (atm), iu  = change in pressure during 

venting interval (atm), ia  = negative change in 
pressure in blank control during the venting 
interval (atm), n  = number of ventings, and 

1...i n  is venting number. 

Table 1 Lin’s concordance, correlation coefficient 
and experimental coefficient of variation of the 
five algorithms proposed by Hannah et al. (2016) 
with the gold standard for which %CV=9.0. 

Algorithm Concordance Correlation %CV 

1a 0.952 0.956 10.3 
1b 0.945 0.951 10.5 
1c 0.945 0.951 10.5 

2a 0.948 0.950 10.2 
2b 0.950 0.950 10.1 

    
 

It is concluded that if vented gas is not collected 
during in vitro studies with the AnkomTM system, 
then total methane production can be accurately 
estimated by using any algorithm listed in Table 1, 
with small cost to experimental precision.  
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