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ABSTRACT 

 

PERFORMANCE AND ENVIRONMENTAL BENEFITS FROM BIOCHAR 

SUPPLEMENTATION IN BEEF CATTLE GRAZING SYSTEMS 

 

Emily Conlin       Advisor: 

University of Guelph, 2021     Dr. Katharine Wood  

 

 The objectives for this study included: (1) determining the optimum dose of biochar to 

reduce enteric methane (CH4) emissions from beef cows (EXP1) and (2) determining whether 

biochar supplementation can reduce CH4 emissions from cows on pasture (EXP2). In EXP1, 

pregnant beef cows (n=8) were used in a replicated 4 × 4 Latin square study with biochar 

supplemented at 0, 1, 2, or 3% of dry matter intake (DMI). In EXP2, 64 cows were allocated to 8 

fields (8 cows/field) and using a crossover design, each field was assigned to either control or 

biochar supplemented at 3% of estimated DMI. Enteric CH4 emissions expressed in g/d, g/kg DMI, 

or g/kg BW were not affected (P ≥ 0.35) by biochar supplementation in either experiment. Overall, 

results suggest that biochar supplementation was ineffective for reducing CH4 emissions from beef 

cows, but animal performance was not affected.  
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CHAPTER 1: GENERAL INTRODUCTION  

The global population is expected to reach 9.6 billion by 2050 and this means that food 

production needs to increase by 70% to feed this increasing population (FAO, 2013). In 2050, 

meat consumption is expected to have increased by 80% (Nadathur et al., 2017), and by 2026 beef 

consumption specifically is expected to increase by more than 12% (OECD/FAO, 2017). 

Unsurprisingly, ecologists have estimated that by 2050, food production for Western diets (high 

consumption of meats, refined sugars, and fats) will increase global agricultural-based greenhouse 

gas (GHG) emissions by 80% (Tilman & Clark, 2014).  

Gases that trap heat in the atmosphere and contribute to the global warming phenomenon 

are referred to as GHGs (US-EPA, 2019). Worldwide, beef production systems are a major source 

of agricultural GHG emissions and produce 2.9 Mt of CO2-equivalent emissions per year (Troy et 

al., 2015), with enteric CH4 emissions accounting for 44% of total GHG outputs from beef 

operations (Gerber et al., 2013). Beef cattle are ruminants and therefore they produce CH4 from 

enteric fermentation within the rumen (Zhuang et al., 2019). The rumen serves as a microbial 

fermentation vat, benefiting from the presence of the microbial enzyme cellulase, which is the only 

enzyme capable of digesting the most abundant plant product, cellulose (Oltjen & Beckett, 1996). 

Monogastric animals, which do not benefit from foregut fermentation, are not able to digest 

cellulose, and therefore can’t use large quantities of cellulose in the diet. According to the Food 

and Agricultural Organization (FAO) of the United Nations, 86% of the feed consumed by 

livestock species worldwide is considered inedible for humans (FAO, 2018). The nutritional 

benefits from ruminants are significant since they are able to convert low-quality human-inedible 

forages into high-quality nutrient-dense products like meat and milk (Honan et al., 2021). 

However, this unique ability comes at the cost of higher CH4 production (Hansen et al., 2012). 
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Although CH4 from ruminants is continually implicated in the global warming crisis, enteric CH4 

production from ruminants is a necessary by-product of ruminant fermentation.  

Recently, arguments for consumers to shift towards plant-based diets to reduce GHG 

emissions have gained significant attention; however, as indicated by Payne et al. (2016), diets 

that have lower GHG emissions may not result in significant improvements in nutritional quality 

or health outcomes. Nevertheless, it is evident that consumers are becoming more concerned about 

the environmental footprint of livestock production and therefore sustainable beef production will 

continue to be at the forefront of consumer demand. Sustainability is also on the agenda of many 

governments and has even motivated the formation of national and global organizations like the 

Canadian Roundtable for Sustainable Beef (CRSB, n.d.) and the Global Roundtable for 

Sustainable (GRSB, 2020). Both organizations represent collaborative communities of 

stakeholders dedicated to advancing sustainability within the beef value chain, whether nationally 

or globally. Overall, the heightened attention placed on climate change and global warming by 

consumers, governments, and scientists, has put pressure on the beef cattle industry to investigate 

potential GHG-mitigation strategies.  

There are two important reasons for reducing enteric CH4 emissions from ruminants. 

Firstly, CH4 is an important GHG involved in the global warming phenomenon (Su, 1994) and the 

destruction of the stratospheric ozone layer (Owens et al., 1982) which threatens mankind. 

Secondly, CH4 production results in a gross energy intake loss of 2 to 12%, depending on feed 

intake, diet composition, and apparent digestibility of dietary energy found in the specific diet 

being fed (Blaxter & Clapperton, 1965; Johnson & Johnson, 1995). Therefore, mitigation 

strategies are required to reduce ruminant related CH4 emissions, while still producing beef to meet 

the increasing food requirements of the world’s growing population.   
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A relatively new feed additive known as biochar has shown promise as a potential CH4 

mitigation strategy. Biochar is a form of engineered charcoal which is produced through a process 

called pyrolysis (Lehmann & Joseph, 2015), where a fraction of the carbon (C) present in cellulose-

rich starting material is converted into a more consistent and stable form (Lehmann, 2007; Sohi et 

al., 2010). The resulting biochar product has several agricultural and environmental applications, 

largely owing to its high surface area and porosity, surface functional sites, and mineral 

components (Nartey & Zhao, 2014). Recently, a few research groups have started to investigate 

the potential of biochar as a feed additive for CH4 reduction in beef cattle. The literature review 

presented in Chapter 2 will discuss biochar supplementation as a CH4-mitigation strategy for beef 

cattle production, as well as potential secondary improvements in animal performance and health, 

rumen fermentation, nutrient digestibility, and manure nutrient composition.  
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CHAPTER 2: LITERATURE REVIEW  

2.1 Methane Emissions and Beef Cattle Production  

According to the United States Environmental Protection Agency (EPA), methane (CH4) 

and carbon dioxide (CO2) accounted for 10 and 80% of total US GHG emissions in 2019, 

respectively, along with nitrous oxide (7%) and fluorinated gases (3%; US-EPA, 2019). Although 

the atmospheric half-life of CH4 is significantly shorter than CO2, CH4 it is more efficient at 

trapping heat, and has a global warming potential that is approximately 28 times greater than that 

of CO2 (Myhre et al., 2013). According to the 2019 United States GHG emissions by economic 

sector, agriculture accounted for 10% of total GHG emissions, alongside transportation (28%), 

electricity (27%), industry (22%), and commercial/residential (12%; US-EPA, 2019) origins. 

Similarly, the 2019 Canadian GHG emissions by economic sectors reported that agriculture 

accounted for 10% of total GHG emissions, along with oil and gas (26%), transportation (25%), 

buildings (12%), electricity (8.37%), heavy industry (11%), and waste/other (7%; Environment 

and Climate Change Canada, 2021) origins.  

The Canadian beef industry is a major contributor of GHG emissions from the agricultural 

sector, particularly in the form of CH4. Dyer and Desjardins (2007) evaluated GHG emission 

intensities of Canadian livestock products and found that beef has the highest average emission 

intensity (119 kg CO2-eq/kg protein) compared to milk (31.7 kg CO2-eq/kg protein), pork (24.9 

kg CO2-eq/kg protein), chicken (10.6 kg CO2-eq/kg protein), and eggs (21.9 kg CO2-eq/kg 

protein). Using a Canadian whole-farm emissions model, Legesse et al. (2016) reported that enteric 

CH4 production from beef cattle accounted for 73% of total GHG emissions per kilogram of live 

weight. Specifically, the cow-calf sector accounted for 78% of enteric CH4 production, suggesting 

that the greatest opportunity for CH4-mitigation likely lies within this portion of the beef 
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production cycle. In 2012, Alemu et al. (2017) conducted whole-farm assessments of 295 

Canadian cow-calf operations and found that CH4 emissions were responsible for 69% of total 

farm emissions, of which 94% was from enteric fermentation. Average annual enteric CH4 

emissions were 110 and 91 kg CH4/head/year for mature beef cows and replacement heifers, 

respectively (Alemu et al., 2017). To reduce agricultural-based GHG emissions while still 

producing food to meet the increasing protein requirements of the growing population, CH4 

mitigation strategies for beef production are evidently warranted. 

Morgavi et al. (2010) describe the dynamics of the microbial ecosystem in ruminant species 

like beef cattle. In the rumen, which operates under anaerobic conditions, CO2 and hydrogen gas 

(H2) are produced from the fermentation of feeds (Morgavi et al., 2010). To maintain an efficient 

microbial environment, CO2 and H2 are used for enteric CH4 production and are the main electron 

acceptor and donor, respectively (Morgavi et al., 2010). To facilitate the CH4 production process, 

archaea known as methanogens use CO2 and H2 as substrates and are responsible for reducing CO2 

to CH4 (Feng et al., 2012). Therefore, methane production plays an important role in maintaining 

an efficient microbial ecosystem because it limits increases in the partial pressure of H2, which 

could otherwise interfere with the proper functioning of microbial enzymes (i.e., NADH 

dehydrogenase) necessary for electron transfer reactions (Morgavi et al., 2010). When NADH 

accumulates, rumen fermentation is reduced (Morgavi et al., 2010). According to Johnson and 

Johnson (1995), although CH4 production during enteric fermentation is an inefficient process but 

is also an unavoidable consequence from fermentation.  
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2.2 Feed Additives and Methane Reduction in Ruminant Production Systems 

Modifying nutritional programs for ruminants will likely have the greatest impact on CH4 

production since the majority of CH4 is produced through the fermentation of feed in the rumen 

(Torrent & Johnson, 1994). Research over the last 15 years has investigated a number of dietary 

GHG-mitigation strategies (Boadi et al., 2004; McAllister and Newbold, 2008; Beauchemin et al., 

2009). Specifically, dietary manipulation can be incorporated into management practices through 

feed additives (Cottle et al., 2011). Several groups have reviewed various feed additives for their 

ability to reduce enteric CH4 emissions from ruminants (Honan et al., 2021; Cottle et al., 2011; 

Grainger and Beauchemin et al., 2011; Boadi et al., 2004; McGinn et al., 2004). A few frequently 

reviewed feed additives include nitrates, lipids, and essential oils, with varying levels of efficacy 

reported for GHG emissions reported. Recently, 3-nitrooxypropanol (3-NOP) has gained 

significant attention as a potential feed additive for CH4 mitigation and appears to be one of the 

strongest contenders thus far.  

Traditionally, feed additives have been used to improve feed efficiency and increase animal 

productivity and health, but more recently there has been increased interest in the use of feed 

additives to mitigate CH4 emissions from cattle (Honan et al., 2021). Simply, feed additives 

targeted to reduce CH4 production (g/d) do so by (1) inhibiting the methanogenesis pathway or (2) 

modifying the rumen environment to limit the growth of methanogens (Honan et al., 2021). For 

mitigation strategies to be feasible, Hristov et al. (2013) indicated they must demonstrate consistent 

effectiveness between studies and demonstrate persistent effectiveness over time for CH4 

reduction. In addition, livestock producers are unlikely to adopt a mitigation strategy if it 

compromises animal productivity and health, since this would ultimately decrease profitability.  
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Adding nitrate to ruminant diets has shown to be an effective CH4 mitigation strategy 

(Duthie et al., 2018; Troy et al., 2015; Van Zijderveld et al., 2010). For example, when nitrate was 

added to a corn-silage based diet at 2.6% of dry matter (DM), CH4 production in sheep was reduced 

by 32% (Van Zijderveld et al., 2010). In the rumen, microbes reduce nitrate (NO3
-) to nitrite (NO2

-

) and then to ammonia (NH4
+; Honan et al., 2021), resulting in the redirection of H+ flow from 

CO2 to nitrate reduction, thereby decreasing CH4 production (Olijhoek et al., 2016). However, 

reduced feed intake (Newbold et al., 2014), reduced average daily gain (ADG; Duthie et al., 2017), 

and nitrite toxicity (de Raphelis-Soissan et al., 2014) have been reported in response to nitrate 

supplementation. Therefore, the potential use of nitrates as a CH4 mitigation strategy is hindered 

by these negative side effects on animal health and performance.   

Dietary fat supplementation has been suggested to reduce CH4 production (g/d and g/kg 

DMI) through several mechanisms. Decreasing ruminal OM fermentation (Beauchemin et al., 

2007) or inhibiting the activity and number of methanogens (Machmüller et al., 2003) have been 

suggested as mechanisms for CH4 reduction in response to fat supplementation. In addition, lipids 

rich in unsaturated fatty acids may reduce CH4 emissions through fatty acid hydrogenation 

(Johnson and Johnson, 1995). Although CH4 emission reductions of 40% are possible with high 

levels of lipid supplementation (Jordan et al., 2006; Machmüller et al., 2003), reductions of 10-

25% are more likely in commercial practice (Beauchemin et al., 2007). However, despite 

significant CH4 reductions, dietary fat concentrations greater than 5-6% of dietary DM are likely 

to impose negative effects on dry matter intake (DMI), fiber degradation, and in the case of dairy 

cattle, negative effects on milk yield and milk composition (NRC, 2001). If fibre digestion is 

compromised, DMI may also decrease, and this has frequently been reported in quantitative 

reviews (Grainger and Beauchemin, 2011; Patra, 2013). For example, in a study where canola oil 
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was added at 4.6% of DMI to a basal diet consisting of 75% barley silage and 19% steam-rolled 

barley, total daily CH4 emissions were reduced by 32%. However, the majority of this reduction 

was the result of DMI decreasing by 21% and total tract digestibility of DM decreasing by 15% 

(Beauchemin and McGinn, 2006).  

Essential oils (EO) are volatile compounds that are naturally occurring in plant tissues and 

can be removed through steam distillation or solvent extraction processes (Ohene-Adjei et al., 

2008). Essential oils derived from oregano, cinnamon, and garlic have been reported to produce 

the most persistent effects on CH4 reduction in ruminants (Cobellis et al., 2016). Although the 

exact mechanism for CH4 reduction varies between different EO, plant secondary compounds are 

recognized as antimicrobial agents (Bodas et al., 2012), which inhibit the growth and survival of 

most microorganisms, especially bacteria and protozoa (Benchaar et al., 2007). Ohene-Adjei et al. 

(2008) suggests that EO may decrease methanogenesis by altering the structure of the archaeal 

community or by changing the activity of the methanogenesis pathway. However, their practical 

application for CH4 mitigation is still under review. Beauchemin and McGinn (2006) found no 

reduction in CH4 production from beef cattle that were fed a commercial blend of EO (1 and 2 g/d; 

CRINA® Ruminants), and digestibility of all nutrients was lowered by feeding EO. Moreover, 

since EO have low chemical stability and high volatility, exposure to light, oxygen, and high 

temperatures can compromise their quality (Turek & Stintzing, 2013). Similarly, due to the 

variation in chemical composition of different EO, it is difficult to determine the most optimal 

dose for CH4 reduction (Bodas et al., 2012), especially since the range between beneficial and 

inhibitory doses is narrow (Macheboeuf et al., 2008). In addition, CH4 responses to EO 

supplementation have been shown to dissipate after 7 days, suggesting that the ruminal 

microorganisms may adapt to the presence of certain EO (Cardozo et al., 2004).  
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Using feed additives to mitigate CH4 emissions has continuously proven to be a viable 

method for reducing CH4 emissions from beef cattle, with several studies reporting significant CH4 

reductions. However, their practical application for on-farm implementation remains uncertain, as 

indicated by reductions in DMI, concerns around animal health, and issues with inconsistent 

effects on CH4 reduction. Continued research into the use of feed additives for CH4 mitigation will 

help discover new strategies with persistent effects on CH4 emissions and minimal adverse effects 

on animal performance. Specifically, a new feed additive known as biochar may be a viable option 

for the industry in terms of reducing CH4 emissions from the beef cattle sector. However, biochar 

supplementation to ruminants is a new area of research and further work is required to thoroughly 

explore the potential of biochar as a CH4-mitigator.  

 

2.3 Biochar Production, Characteristics, and Agricultural Applications   

 Biochar is a fine-grained charcoal product that is obtained from the carbonization of 

biomass in a low-oxygen environment. The specific manufacturing conditions for biochar can vary 

considerably; however, the process always involves heating (<800°C) carbonaceous materials 

under low oxygen conditions for a specific duration of time (Sohi et al., 2010). The general steps 

for biochar synthesis include: (1) fractional decomposition of hemicellulose, (2) fractional 

decomposition of cellulose and complete decomposition of hemicellulose, (3) fractional 

decomposition of lignin and complete decomposition of cellulose, and (4) disintegration and 

enhanced carbonization (Tan et al., 2015). Biochar production also produces renewable energy in 

the form of synthetic gas and bio-oil (Lehmann, 2007) that can be used for transportation and 

electricity production (Matovic, 2011).     
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The production and deposition of biochar into the soil has been recognized as a viable 

option for atmospheric carbon sequestration (Matovic, 2011). Typical starting materials include 

forestry and agricultural wastes (Calvelo Pereira et al., 2014); however, a wide range of organic 

matter sources can be used, depending on geographical location and economic feasibility. For 

example, materials like wood, grass, bamboo, crop waste (nut shells, corn cobs, fruit pits, rice 

hulls, etc.), and manure can all be used as starting materials for biochar production (Oregon 

Biochar Solutions, 2017). In many countries, biochar is produced from animal and agricultural 

wastes since these resources are copiously present, can be acquired at minimal or no cost, and are 

typically regarded as waste (Vijayaraghavan, 2021). Canada in particular has large reserves of 

available biomass for biochar production, including forestry resources, pine beetle infested trees, 

and agricultural residues (Matovic, 2011).  

To properly discuss biochar production, it is important to distinguish the term biochar from 

char, charcoal, and activated charcoal. All four terms refer to the production of carbon-rich matter 

via pyrolysis (heating material under low-oxygen conditions). However, char is any carbonaceous 

residue from pyrolysis and fires, whether from biomass or other materials (Brown, 2012). 

Charcoal, on the other hand, is produced from the pyrolysis of animal or vegetable matter for use 

in cooking and heating (Brown, 2012). Biochar is specifically produced for soil application as a 

means to achieve an environmental and/or agronomic benefit (Brown, 2009), and to utilize waste 

biomass that would otherwise naturally degrade to GHGs (IBI, 2018). During the manufacturing 

process, biochar undergoes an activation process using water vapour or CO2 at high temperatures 

or chemical compounds like phosphoric acid and potassium chloride (Hagemann et al., 2018), and 

therefore the terms activated biochar or activated carbon may also be used to reference biochar. 
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Despite the distinct differences between the four terms, they are often used interchangeably by 

researchers, scientists, and industry.  

 The pyrolytic temperature used for biochar production can significantly influence the 

nutrient composition and physical properties of the resulting product (Vijayaraghavan, 2021). For 

example, when the pyrolytic temperature was increased from 400 to 800ºC, the biochar content of 

Na, Ca, Mg, Fe, Al, and P increased from 25.4 to 60.4%, 29.0 to 32.2%, 15.7 to 17.9%, 46.8 to 

54.8%, 46.9 to 55.0%, 28.4 to 34.1%, respectively (Ho et al., 2017). In an experiment by Gaskin 

et al. (2008), where biochar was produced from three feedstocks (raw poultry litter, pelletized 

peanut hulls, and raw pine chips) at two different pyrolysis temperatures (400 and 500ºC), nutrient 

concentrations (P, K, Ca, Mg) were significantly higher in the biochar produced at 500ºC, 

regardless of starting material (Gaskin et al., 2008). In addition, the cation exchange capacity 

(CEC) of biochar produced at 400ºC was significantly higher than biochar produced at 500ºC 

(Gaskin et al., 2008). Sun et al. (2014) also evaluated three different types of starting materials 

(hickory wood, bagasse, and bamboo) at three different temperatures (300, 450, 600ºC) and 

discovered that as the pyrolytic temperature increased, the surface area of the biochar increased as 

well. The biochar produced at 600ºC had surface areas ranging from 373.5 to 401.0 m2/g, which 

was more than 30 times greater than that of the biochar produced at 450ºC (Sun et al., 2014). As 

the pyrolytic temperature increases, surface area increases and volatile compounds are removed, 

but surface functional groups that can provide CEC decrease (Guo & Rockstraw, 2007). Overall, 

the conditions used to produce biochar play an important role in determining the properties of the 

final product and potentially the scope of its application.  

The feedstock used to produce biochar can also impact the physiological properties of the 

resulting biochar product. In the experiment by Gaskin et al. (2008), the C content of the resulting 
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biochars ranged from 40% in the poultry litter biochar to 78% in the pine chip biochar (Gaskin et 

al., 2008). Nitrogen, P, K, Ca, and Mg concentrations were also significantly different; poultry 

litter biochar had the highest concentrations, followed by peanut hull biochar, and then pine chip 

biochar (Gaskin et al., 2008). Mukome et al. (2013) analyzed twelve commercially available 

biochars to investigate potential trends related to feedstock type, and the chemical and physical 

properties of the final biochar product. The compiled data showed that compared to the pyrolytic 

temperature, feedstock type is a better predictor of biochar ash content and carbon:nitrogen (C:N) 

ratio (Mukome et al., 2013). Ash content (grass and manure > wood) and C:N ratio (softwoods > 

grass and manure) were significantly different between feedstocks, although general trends could 

be established by categorizing the 12 different biochars into specific groups (i.e., softwoods, grass, 

manure; Mukome et al., 2013). For example, biochars produced from wood had lower ash content 

than biochars produced from non-wood starting materials (Mukome et al., 2013). However, when 

considering one specific feedstock, pyrolytic temperature is the best predictor of biochar surface 

area (Mukome et al., 2013). As the relationship between pyrolysis temperature, feedstock type, 

and biochar end-product properties continues to grow, it is likely that biochar will eventually be 

“engineered” or “tailored” for specific situations and use (Sohi et al., 2010).   

The literature reports several agricultural and environmental applications for biochar 

(Bouaravong et al., 2017; Feng et al., 2012; Kammann et al., 2017; Park et al., 2013; Sohi et al., 

2010). Biochar is an effective sorbent for various contaminants owing to its large surface area, 

high porosity, surface functional sites (carboxyl, phenolic, hydroxyl, and carbonyl), and mineral 

components (Nartey & Zhao, 2014). These properties also make biochar a good candidate for soil 

clean-up and restoration (Laird, 2008). Supplementing biochar to soil enhances soil structure and 

properties, including soil pH, organic components, CEC, water retention potential, aeration 
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condition, and the generation of soil aggregates (Atkinson et al., 2010; Warnock et al., 2007). In 

addition, biochar minimizes soil leaching losses of P and N, and decreases the release of GHGs 

(CH4 and N2O) from soil (Rondon et al., 2007; Vijayaraghavan, 2016).  

Feeding charcoal products to agricultural animals, particularly ruminants, is not a new 

concept either (Toth & Dou, 2015). Earlier research showed that supplementing biochar to cattle 

at 500 g/d reduced the accumulation of pesticide in fat depots when cattle were fed pesticide-

contaminated feed (Wilson et al., 1971). Feeding charcoal has also been used as a technique to 

enable the intake of poisonous plants such as Sagebrush (Artemisia tridentata) in lambs (Banner 

et al., 2000) and Bitterweed (Hymenoxys adorate) in sheep (GW III et al., 2000), by preventing 

these toxic substances from being absorbed by the gastrointestinal tract. Furthermore, feeding 

charcoal from bark containing wood vinegar liquid (Nekka-Rich) proved to be an effective 

treatment strategy for calves sick with cryptosporidiosis (Watarai et al., 2008). More recently, a 

few research groups have started to explore the idea of feeding biochar to cattle for the purpose of 

reducing enteric GHG emissions. 

  

2.4 Biochar Supplementation in Beef Cattle Production Systems  

2.4.1 Biochar supplementation influence on enteric methane emissions  

 Several in vitro experiments have been conducted to investigate the effect of biochar on 

gas production, and significant CH4 reductions have been reported when 0.5-9% biochar (DM 

basis) was added to the “diet”. Hansen et al. (2012) collected rumen fluid from two Jersey heifers 

fed a diet consisting of grass silage supplemented with grazing during the daytime. In this study, 

four carbon-based additives were tested and dosed at 9% of substrate DM: (1) gasified biochar, (2) 

straw-based biochar, (3) wood-based biochar, and (4) activated carbon (Hansen et al., 2012). For 
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additives 1, 2, and 4, CH4 per g/feed DM, CH4 per g dDM, and CH4 per g dNDF were numerically 

lower, but not significantly different. However, wood-based biochar numerically increased CH4 

per g dNDF by 6% (Hansen et al., 2012).  

In two separate in vitro experiments using buffered rumen fluid, Leng et al. (2012a, 2012c) 

tested a biochar product produced by burning rice husks. In the first experiment, biochar was dosed 

at 0, 1, 2, 3, 4, and 4% of substrate (cassava root meal) DM. In the first 24 hours, the production 

of CH4 (ml/24 hours) was reduced by 12% for the 1% biochar inclusion rate, and there were no 

further benefits from increasing the inclusion rate of biochar beyond 1% (Leng et al., 2012a). In a 

second in vitro study by this group, rumen fluid from cattle previously fed biochar at 0.62% of diet 

DM was used (Leng et al., 2012c). The biochar used in this experiment was the same biochar used 

in the first experiment and was dosed at 1.5% of substrate (cassava root meal) DM (Leng et al., 

2012c). When rumen fluid from cattle previously adapted to biochar was combined with biochar 

added to the incubation medium, there was an additive effect on CH4 (ml/g DM solubilized) 

reduction which was 12.5% (Leng et al., 2012c).  

Saleem et al. (2018) and Teoh et al. (2019) both used the in vitro artificial rumen 

stimulation (RUSITEC) technique to investigate the effect of biochar inclusion on CH4 production. 

In the experiment completed by Saleem et al. (2018), a pine-sourced biochar (surface area: 186 

m2/g) was included at 0, 0.5, 1.0, and 2.0% of substrate (60% barley silage, 27% barley grain) DM. 

There was a quadratic response to increasing levels of biochar inclusion for CH4 production 

expressed as mg/d, g/d of DM incubated, and g/g of DM digested, where the 0.5% inclusion rate 

resulted in the lowest CH4 responses (Saleem et al., 2018). Overall, in all three of these metrics 

measured, biochar diets had lower CH4 production compared to the 0% diet (89.6 vs. 110.8 for 

mg/d; 8.9 vs. 11.1 for g/g of DM incubated; 11.87 vs. 15.2 g/g of DM digested; Saleem et al., 
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2018). In the experiment by Teoh et al. (2019), a hardwood-sourced biochar was included at 0, 

3.6, and 7.2% of substrate (oaten pasture: maize silage: concentrate 35:35:30 w/w) DM. However, 

in this study there was no effect of biochar inclusion on CH4 production (mg/d), although compared 

to the 3.6% inclusion rate, there was a tendency for the 7.2% inclusion rate to lower the % of CH4 

in the gas samples (Teoh et al., 2019).  

To date only a few in vivo experiments that investigate the effect of biochar 

supplementation on enteric CH4 emissions have been conducted. To complement their in vitro 

studies (Leng et al., 2012a, 2012c), Leng et al. (2012b) conducted an experiment using 12 local 

“Yellow” cattle (80-100 kg) fed a basal diet consisting of cassava root chips fed ad libitum and 

fresh cassava foliage at 1% of body weight (DM basis: Leng et al. 2012b). In this study biochar 

produced from rice husks was supplemented at a rate of 0.62% of diet DM and at the end of each 

experiment, a sample of eructated gas from each animal was analyzed for CH4 using Gasmet 

equipment (Leng et al., 2012b). The results from this experiment showed that biochar 

supplementation reduced CH4 production by 22% (Leng et al., 2012b). Despite these findings, it 

is important to investigate biochar supplementation to cattle reared under feeding programs that 

more closely represent Canadian standards.  

The in vivo biochar supplementation experiments by Terry et al. (2019a) and Winders et 

al. (2019) more closely reflect the Canadian beef industry. In the study by Terry et al. (2019), eight 

ruminally cannulated Angus crossbred heifers were supplemented with a pine-sourced biochar 

(surface area: 200-250 m2/g) at 0, 0.5, 1.0, and 2.0% of dietary DM. The basal diet consisted of 

60% barley silage, 35% barley grain, and 5% mineral supplement (Terry et al., 2019a). Biochar 

inclusion in the diet had no effect on CH4 production expressed as g/d or g/kg DMI (Terry et al., 

2019a). In the growing and finishing experiments by Winders et al. (2019), cattle were also 
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supplemented with a pine-sourced biochar, but at different inclusion rates (0, 0.8, and 3% of dietary 

DM) than Terry et al. (2019a). The growing diet consisted of 21% brome hay, 20% wheat straw, 

30% corn silage, 22% wet distillers grains plus solubles, and 7% supplement, and the finishing 

diet consisted of 53% dry rolled corn, 15% corn silage, 25% wet distillers grains plus solubles, and 

7% supplement (Winders et al., 2019). In the growing phase, CH4 production expressed as g/d 

tended to decrease quadratically, and compared to the 0% inclusion rate, the 0.8% inclusion rate 

reduced CH4 production by 10.7% (Winders et al., 2019). In the finishing phase CH4 production 

expressed as g/d was not significantly different between the 3 inclusion rates, however the 0.8% 

inclusion rate numerically reduced CH4 production by 9.6% compared to the 0% inclusion rate 

(Winders et al., 2019). In the growing and finishing phases, CH4 production expressed as g/kg 

DMI numerically decreased by 9.5 and 18.4%, respectively, at the 0.8% inclusion rate (Winders 

et al., 2019).  

As reported by Leng et al. (2013), all biochars are not equal in terms of their CH4 reduction 

potential. This is likely due to differences in biomass source and pyrolysis conditions, which may 

affect the chemical composition, porosity, surface area, and pH of the resulting biochar product. 

Using in vitro rumen incubations, five different charcoal-based products were tested and dosed at 

1% of substrate (cassava root meal) DM: (1) bentonite clay powder from Australia, (2) bentonite 

clay powder from Vietnam, (3) commercial biochar from Australia, (4) rice-husk biochar from 

Lao PDR, and (5) activated charcoal from Columbia (Leng et al., 2013). In this experiment, the 

relative effect of the different treatments for reducing CH4 production improved from 8 to 14% as 

the fermentation time, and therefore the production of CH4, increased from 24 to 48 hours (Leng 

et al., 2013). In addition, there were notable differences between the different charcoal products 
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but the general tendency for CH4 reduction was with the incorporation of either bentonite or 

biochar in the incubation medium (Leng et al., 2013).  

The experiments by Saleem et al. (2018), Winders et al. (2019), and Terry et al. (2019a) 

all used pine-sourced biochar, but the biochar still differed in surface area, bulk density, and pH. 

For example, the biochar used by Saleem et al. (2018) and Terry et al. (2019a) had surface areas 

of 186 and 225 m2/g, respectively. Similarly, the pH of the biochar used by Saleem et al. (2018), 

Winders et al. (2019), and Terry et al. (2019a) was 4.8, 8.0, and 7-8, respectively. Despite the 

biochar being pine-sourced in all three of these experiments, the physical and chemical 

characteristics of the biochar still varied considerably, and these differences can make it difficult 

to compare results between studies.   

 

2.4.2 Biochar mode of action on enteric methane emissions  

 The precise mode of action for biochar and the observed treatment effects on enteric CH4 

emissions is not fully understood, although several mechanisms have been proposed. Hypothesized 

mechanisms are related to biochar’s porous nature, large surface area, and absorptive properties. 

Through a series of experiments, Leng et al. (2012abc, 2013, 2014) have suggested multiple 

hypotheses for the CH4-mitigating potential of biochar:  

 

1. Biochar may absorb gas in the rumen resulting in less CH4 release via eructation (Leng et 

al., 2013).  

2. Biochar may increase the inert surface area in the rumen resulting in improved microbial 

habitat (Leng, 2014; Leng et al., 2013; Leng et al., 2012a, 2012c;).  
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3. Biochar may alter the microbial community in the rumen (Leng, 2014; Leng et al., 2013; 

Leng et al., 2012b, 2012c).  

 

In the literature, considerable emphasis has been placed on mechanism #2, although it is 

likely that all three mechanisms are related. The principle characteristic of biochar is its large 

surface area, which can range from 100 to 460 m2/g (Park et al., 2013), and is thought to act as a 

functional site for improved microbial biofilm formation (Leng et al., 2013). In order for the 

digestion of complex substrates to operate smoothly in the rumen, coordinated activities between 

several microbial species is required, and this process is most efficient when the microbes are 

organized within structured biofilms (Wang & Chen, 2009). Microbial biofilm formation is 

therefore an essential process for ruminal feed degradation (McAllister et al., 1994). In addition, 

microbial biofilm formation promotes an optimal rate of OM degradation and this allows the 

animal to salvage sufficient energy substrates and nutrients to meet growth requirements (Wang 

& Chen, 2009). Within these microbial biofilms, individual microbial colonies are precisely 

positioned to optimize their use of preferred substrate intermediates (Leng, 2014). However, 

exactly how these microbial biofilms coordinate their behaviour remains unclear and further 

investigation is required (Flemming et al., 2007). 

Since biochar may act as a functional site for improved biofilm formation, this could 

support more efficient and rapid microbial growth that may enhance the relationship between 

methanogens and methanotrophs (Leng, 2014). Methanogens are CH4-producing bacteria that 

reduce CO2 to CH4, while methanotrophs are CH4-utilizing bacteria that use CH4 as a carbon or 

energy source (Feng et al., 2012). Methanogens are located on the outer layers of biofilms where 

they retrieve H2 diffusing from the sites of carbohydrate fermentation (Song et al., 2005). Methane 
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production within biofilms is necessary to prevent the partial pressure of H2 from rising to levels 

that inhibit bacterial dehydrogenases, which would otherwise reduce DMI and digestibility (Leng, 

2014). By increasing the inert surface area for biofilm formation, biochar may promote a closer 

relationship between methanotrophs and methanogens and thereby facilitate the oxidation of CH4 

by methanotrophic organisms, resulting in less CH4 release (Leng et al., 2012a).  

It is also important to consider that since methanogens are such integral members of 

ruminal biofilms (Valle et al., 2015), theoretically an increase in biofilm development in response 

to biochar could result in an increase in CH4 production in the rumen, as suggested by Terry et al. 

(2019a). In addition, the existence and relative importance of methanotrophs within the rumen 

remains controversial as research has found them to be absent (Henderson et al., 2015), or only 

present in the rumen at extremely low amounts (Mitsumori et al., 2002; Parmar et al., 2015). 

However, the ability of biochar to reduce CH4 emissions in rice paddy soils was linked to an 

increase in the abundance of methanotrophs relative to methanogens (Feng et al., 2012). Overall, 

this biofilm mode of rumen fermentation is only beginning to be documented (Flemming, 2016) 

and further research is needed to refine biochar’s mode of action in association with microbial 

biofilms and enteric CH4 emissions. 

 

2.4.3 Biochar supplementation influence on animal performance  

For any CH4-mitigating feed additive to be used commercially, it is important to ensure 

that measures of animal performance such as body weight (BW), DMI, and ADG are not 

compromised. In the experiment by Terry et al. (2019a), where ruminally cannulated Angus 

crossbred heifers were supplemented with pine-sourced biochar at 0, 0.5, 1.0, and 2.0% of dietary 

DM, DMI was not significantly different between the 4 treatment levels. Similarly, in steers 
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supplemented with pine-sourced biochar at 0, 0.8, and 3% of dietary DM, DMI was not affected 

in the growing phase, but DMI tended to increase quadratically in the finishing phase, (Winders et 

al., 2019). In another grower-finisher experiment, 160 crossbred steers were supplemented with 

pine-sourced biochar at 0, 0.5, 1.0, and 2.0% of dietary DM (Terry et al., 2019b). This experiment 

investigated carcass quality and found no effect of biochar supplementation on hot carcass weight, 

dressing percentage, back fat depths, rib-eye area, or meat yield (Terry et al., 2019b). In addition, 

the 2% inclusion rate increased lean meat yield and also increased the number of carcasses that 

achieved Canada 1 grade (Terry et al., 2019b). However, at this 2% inclusion rate, total BW gain 

and overall ADG tended to decrease (Terry et al., 2019b). This experiment also examined feeding 

behaviour and found no effect of biochar supplementation on meal size, meal duration, or meal 

frequency (Terry et al., 2019b).  

In the experiment by Leng et al. (2012b) where local “Yellow” cattle were supplemented 

with biochar at 0.62% of dietary DM, BW was increased by 25%, and since DMI was not affected, 

feed:gain (F:G) was improved as well. However, Leng (2017) hypothesized that this improved 

animal performance response was likely the result of biochar binding mycotoxins in the cassava 

root meal. Mycotoxins are toxic secondary metabolites of fungi (Coulombe, 1993), and since the 

experiment took place in the humid Laos climate, the sun-dried cassava root meal likely contained 

mycotoxins produced by fungal contamination during the drying process (Leng, 2017). In this 

context, supplementing cassava root meal with biochar likely enabled mycotoxin detoxification 

since biochar provides surface area for biofilm development, and biofilms have sorption 

capabilities of toxic substances like mycotoxins (Leng, 2017). This mycotoxin binding mechanism 

would explain the greater BW in cattle consuming biochar, compared to cattle that were not 

consuming biochar, since all animals were consuming the same mycotoxin-contaminated basal 
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diet (Leng, 2017). Similarly, an earlier experiment by Erickson et al. (2011) fed activated carbon 

to late lactating Holstein cows consuming corn silage containing the mycotoxin deoxynivalenol. 

In this experiment, milk fat % increased quadratically to increasing levels of activated carbon in 

the diet (0 g/d: 4.05%; 20 g/d: 3.48%; 40 g/d: 4.12%; Erickson et al., 2011). However, in a second 

experiment where good quality corn silage was fed, there were no differences in milk composition 

or milk yield (Erickson et al., 2011). Overall, further work is required to evaluate the impact of 

biochar supplementation on animal performance responses like DMI, BW, ADG, and F:G, 

especially using breeds and diets (i.e., high forage diets) that more closely reflect Canadian beef 

production.  

 

2.4.4 Biochar supplementation influence on nutrient digestibility  

 In addition to investigating animal performance responses, it is also important to evaluate 

nutrient digestibility responses to biochar supplementation. Apparent total tract digestibility 

(ATTD) is the proportion of feed that is not excreted in the feces. Measuring digestibility is a 

technique used to determine how effective the animal’s digestive system is, and how nutritional a 

specific diet is. However, animals can excrete nutrients in other ways, including urination, gas 

emissions, and endogenous contributions (Menezes et al., 2016). 

In the in vitro experiment by Saleem et al. (2018) where biochar was included at 0, 0.5, 

1.0, and 2.0% of dietary DM, increasing the level of biochar linearly increased the digestibility of 

DM, OM, crude protein (CP), acid detergent fibre (ADF), and neutral detergent fibre (NDF). When 

biochar diets (0.5, 1.0, or 2.0% biochar) were compared to control diets (0% biochar), biochar 

resulted in increased digestibility of DM (74.9 vs. 73.2%), CP (86.2 vs. 84.3%), NDF (44.8 vs. 

39.9%), and ADF (36.7 vs. 29.9%). The authors suggested that the increase in DM, CP, and fiber 
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degradability may have been the result of biochar promoting the development of a ruminal 

microbial population that is more efficient at degrading feed (Saleem et al., 2018). However, in a 

similar in vivo experiment by Terry et al. (2019a), where Angus crossbred heifers were 

supplemented with biochar at the same four levels as Saleem et al. (2018), biochar had no effect 

on DM, CP, OM, NDF, ADF, or starch digestibility values. Similarly, in the in vitro experiment 

by Teoh et al. (2019), there was no effect of biochar inclusion on DM digestibility when biochar 

was included at rates of 0, 3.6, and 7.2% of substrate DM.  

In the growing and finishing experiments by Winders et al. (2019), biochar 

supplementation at 0, 0.8, and 3% of dietary DM did impact some measures of nutrient 

digestibility. In the growing phase, there was a tendency for a quadratic increase in OM 

digestibility with the 0.8% biochar inclusion rate resulting in the greatest OM digestibility, 60.6% 

versus 58.6% with no biochar added (Winders et al., 2019). Dry matter digestibility also tended to 

increase quadratically, and there was a linear decrease in NDF digestibility where the 3% inclusion 

rate had the lowest NDF digestibility of 48.2% versus 50.5% with no biochar added (Winders et 

al., 2019). In the finishing experiment, OM and DM digestibility tended to increase quadratically 

as biochar inclusion increased, but ADF digestibility decreased linearly as biochar inclusion 

increased (Winders et al., 2019). In an earlier experiment by Erickson et al. (2011) where biochar 

was fed to late lactating Holstein cows at 0, 20, and 40 g/d, nutrient digestibility was only improved 

when corn silage containing mycotoxins was fed. When cows consumed mycotoxin-contaminated 

corn silage, CP, NDF, and hemicellulose digestibility linearly increased as the level of biochar in 

the diet increased (Erickson et al., 2011). However, in a second experiment where good quality 

corn silage was fed, there were no differences in the ATTD of nutrients (Erickson et al., 2011), 

suggesting that biochar may only be beneficial in situations where poor quality forages are fed.  
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2.4.5 Biochar supplementation influence on the rumen microbial community and VFA 

production 

It has been suggested that biochar inclusion in the diet promotes biofilm formation in the 

rumen, which may stimulate the growth of desirable microbes by providing a favourable habitat 

for their proliferation (Leng, 2014, 2017). The in vitro experiment by Teoh et al. (2019) aimed to 

characterize these affected microbial communities by incubating hardwood-sourced biochar at 0, 

3.6, and 7.2% of substrate DM. However, biochar had no significant effect on rumen archaeal, 

bacterial, or fungal microbiota structures (Teoh et al., 2019). Similarly, in the experiment by Terry 

et al. (2019a) CH4 producing microbes at the phylum, family, and genera levels were unaffected 

by biochar inclusion in the diet, suggesting that at the inclusion rates studied (1.0, 2.0 and 3.0% of 

dietary DM), biochar did not exhibit a toxic effect on methanogens. However, there were several 

shifts in phyla and families in response to biochar supplementation, but these changes did not result 

in rumen fermentation or metabolism changes on a quantifiable level (Terry et al., 2019a).  

Biochar also had no effect on total or individual VFA concentrations in the experiment by 

Terry et al. (2019a) previously discussed. In the in vitro rumen fermentation experiment by Calvelo 

Pereira et al. (2014), the original biomass (corn stover vs. pine) and inclusion rate (81 vs. 186 g/kg 

DM) of biochar did alter VFA concentrations, but these were not different from the control 

treatment. In another in vitro rumen fermentation experiment, VFA production was not affected 

by biochar type (chestnut oak, yellow poplar, and white pine) or biochar particle size (< 178 um 

[fine] and >178 um [coarse]) when biochar was added to an orchard grass basal diet at 81 g/kg 

DM (McFarlane et al., 2017). However, Saleem et al. (2018) found that increasing levels of a pine-

sourced biochar (0, 0.5, 1.0 and 2.0% of DM) increased the production of total VFA, individual 

VFA (acetate, propionate), and branched chain VFA. 
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2.4.6 Biochar as an amendment for manure, soil, and compost  

 Although reducing enteric CH4 emissions is the primary objective for biochar 

supplementation to beef cattle, improvements in manure quality may be an additional benefit. In 

2012, Joseph et al. (2015) implemented a three-year program on a 53-ha farm in Western Australia 

to investigate the costs and benefits of using biochar as a feed supplement for grazing cows. Sixty 

cows were directly fed 300 g/d of a wood-based biochar mixed with 100 g/d of molasses, and dung 

beetles were used to distribute the biochar and manure into the soil profile (Joseph et al., 2015). 

Biochar was extracted from fresh manure and from the top 40 cm of the soil for characterization, 

and it was concluded that biochar absorbed nutrients from the cow’s digestive system and from 

the manure. The biochar extracted from manure and soil samples had an outer organo-mineral 

complex coating with high concentrations of nutrients (P, K, N, Mg, Ca) and minerals rich in Al, 

Si, and Fe (Joseph et al., 2015). Results also showed that the C lattice of biochar remained 

unaffected as it passed through the digestive system, and dung beetles were able to successfully 

move the manure through the soil horizon to increase stable C and enhance soil fertility (Joseph et 

al., 2015). The authors also concluded that biochar enhanced the fertilizing effect of the manure 

since no additional fertilizers were required for pasture growth (Joseph et al., 2015). This 

experiment demonstrated that feeding biochar to grazing cows resulted in positive secondary 

effects on soil fertility and fertilizer efficiency, thus rending biochar a potential cost-effective, 

multi-beneficial supplement.  

Other than the experiment by Joseph et al. (2015), research into the use of cattle as a vessel 

for biochar incorporation into manure is scarce. However, other techniques like blending biochar 

with organic amendments (i.e., manure and urine) have been shown to increase crop yields. In an 

experiment by Schmidt et al. (2017), the use of biochar as a fertilizer was evaluated in 21 field 
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trials covering 13 different crop species in Nepal. Biochar was mixed with either cow urine or 

dissolved in mineral (NPK) fertilizer to produce biochar-based fertilizers that were applied into 

the root zones at rates of 0.5-2 t/ha (Schmidt et al., 2017). In all 21 trials, the biochar fertilizers 

resulted in significantly higher yields compared to the fertilizer treatments without biochar 

(Schmidt et al., 2017). Biochar enriched with dissolved NPK produced on average 20% higher 

yields than standard NPK fertilization without biochar (Schmidt et al., 2017). The authors 

suggested that these increased yield responses were the result of biochar’s nutrient carrier effect, 

which causes a slow nutrient release, more balanced nutrient fluxes, and reduced nutrient losses 

(Schmidt et al., 2017).  

Biochar has also been shown to be an ideal bulking agent for composting materials high in 

N (Steiner et al., 2010). Three poultry litter mixtures consisting of pine-sourced biochar added at 

0, 5, and 20% were placed in bioreactors and left to compost for 42 days (Steiner et al., 2010). At 

the highest rate of biochar inclusion, moisture content decreased, and pH, peak CO2, and 

temperature increased, all indicating a faster rate of decomposition when poultry litter was 

amended with biochar at 20%. In addition, ammonia emissions and total N losses were reduced by 

64 and 52%, respectively (Steiner et al., 2010).  

 Overall, biochar supplementation to beef cattle for the purpose of reducing CH4 emissions 

could potentially provide other secondary benefits. Biochar has been reported to be an ideal 

amendment for manure, soil, and compost, and therefore using cattle as a vessel to incorporate 

biochar into manure maybe a potential strategy to improve manure quality.   
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2.6 Conclusion 

This review suggests that biochar supplementation to beef cattle could potentially reduce 

enteric CH4 emissions or have secondary impacts on improved cow performance, nutrient 

digestibility, rumen fermentation, and manure quality. However, further research is required. 

Although several in vitro experiments have been conducted, in vivo experiments are scarce, 

especially those that use breeds and feeding and management programs similar to Canadian beef 

industry standards. Specifically, further work should investigate biochar supplementation to beef 

cattle reared under different production systems, for example, beef cattle grazing forages. Overall, 

biochar may represent a low-cost feed additive capable of reducing CH4 emissions and minimizing 

the environmental impact of beef production.  

 

2.7 Hypothesis and Objectives 

2.7.1 Hypotheses 

 Through a set of experiments the main hypotheses are that (1) supplementing biochar to 

beef cows fed a high-forage ration in the drylot will decrease CH4 emissions without compromising 

measures of animal performance (Experiment 1) and (2) supplementing biochar to beef cows 

grazing pasture will decrease CH4 emissions without compromising measures of animal 

performance (Experiment 2). 

 

2.7.2 Objectives 

 This series of experiments will investigate the effects of biochar supplementation for beef 

cows fed a high-forage ration in drylot (Experiment 1) and for beef cows grazing pasture 

(Experiment 2). The specific objectives of each experiment are:  
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1. Experiment 1: To determine the optimum dose of biochar to reduce enteric CH4 emissions 

from beef cows through the evaluation of: 

a. CH4 and CO2 emissions 

b. Cow performance: focusing on changes in DMI, BW, body condition score (BCS), 

and backfat depth  

c. Manure quality: by evaluating changes to the manure nutrient profile  

 

2. Experiment 2: To determine whether biochar supplementation can reduce CH4 emissions 

from cows on pasture through the evaluation of:  

a. CH4 and CO2 emissions 

b. Cow performance: focusing on changes in DMI, BW (cow and calf), BCS, and 

backfat depth  

c. Manure quality: by evaluating changes to the manure nutrient profile  
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Chapter 3: The impact of biochar supplementation to late gestation beef cows 

on animal performance, methane emissions, and manure nutrient composition 

in the drylot  

3.1 Introduction  

 There is currently increased pressure on the beef cattle industry to reduce the environmental 

footprint of beef production, primarily enteric CH4 emissions, while still meeting the increased 

food requirements of the world’s growing population. To do this, strategies are needed to reduce 

CH4 emissions without compromising production efficiency. Biochar, a form of charcoal produced 

from burning organic matter under low oxygen conditions (Lehmann & Joseph, 2015), could be a 

potential CH4-mitigation strategy in beef cattle production. Biochar has been reported to reduce 

CH4 emissions up to 25% in vitro (Saleem et al., 2018), but has not been extensively studied in 

cattle, and the mode of action is still not fully understood. Therefore, further work is needed to 

investigate biochar supplementation in beef cattle production systems. The dose rates for biochar 

used in the present experiment were similar to those used in the in vitro experiment by Saleem et 

al. (2018).  

 To properly investigate the potential of any CH4-mitigation strategy, it is important to 

utilize the proper tools and techniques to ensure accurate emissions data can be collected. The 

GreenFeed system has proven to be a useful method to measure enteric gas emissions from beef 

cattle (McGinn et al., 2021). Using the GreenFeed system, CH4 and CO2 emission rates were 

measured and then compared to emission rates from a respiration chamber and a mass flow 

controller that released known quantities of gas over time (McGinn et al., 2021). The GreenFeed 

system and the respiration chamber only differed by 1% and 2% for CH4 and CO2, respectively, 

and the difference between the GreenFeed system and the mass flow controller was only 1% and 

3% for CH4 and CO2, respectively (McGinn et al., 2021).  
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 Research into feeding biochar to beef cattle is still relatively uncharacterized. Therefore, 

the objective of this experiment is to determine the optimum dose of biochar to reduce CH4 

emissions from beef cows, without compromising measures of animal performance. The 

GreenFeed system will be used to collect and quantify enteric gas emissions. 

 

3.2 Materials and Methods  

3.2.1 Animals and Experimental Design  

 This experiment was conducted at the Ontario Beef Research Center (Elora, ON) from 

January-April 2020 to determine the optimum dose of biochar to (1) reduce CH4 emissions and (2) 

to identify the appropriate dose to use in a second experiment on pasture from July-November 

2020. All animals were cared for according to the Canadian Council on Animal Care guidelines 

(Canadian Council on Animal Care, 2009; AUP# 4316) at the Ontario Beef Research Centre for 

the duration of the experiment. The experiment was conducted as a replicated 4 x 4 Latin square 

using 4 cows per square, with 4 dietary treatments and four 21-day periods. Eight multiparous 

Angus crossbred beef cows of similar weight (initial BW = 681 kg, SD = 15 kg) and stage of 

pregnancy were randomly assigned to a square and treatment sequence. Each experimental period 

consisted of 21 days: 14 days for treatment adaptation and 7 days for data collection. Three pens 

were outfitted such that all 8 cows were housed in one large pen with 9 Insentec (Insentec B.V., 

Marknesse, The Netherlands) feeding bins (8 were used) and each cow was assigned to their own 

feeding bin to allow for individual treatment allocation and individual feed intake data to be 

collected daily for measurement of individual DM intake. Each cow had a radio frequency 

identification (RFID) tag that enabled the Insentec feeding system to record the following 

information for individual cows: (1) cow identification number, (2) the time the cow entered and 
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left the feed bin, and (3) the quantity of feed consumed per visit to the feeding bin. This information 

was continuously recorded for the duration of the experiment and the data was stored on the 

University of Guelph server. Cows were previously trained to use this feeding system prior to the 

start of the experiment.  

 

3.2.2 Diet Formulation and Feed Analysis  

The basal diet was formulated to meet or exceed the nutrient requirements for late gestating 

beef cows using the NASEM (2016) Beef Cattle Nutrient Requirement Model software. Cows 

were fed approximately 15 kg/d (DM basis) of a common total mixed ration (TMR) consisting of 

50% alfalfa haylage, 30% wheat straw, 17% corn silage, and 3% mineral premix (Floradale Feed 

Mill Limited, Floradale, ON) on a DM basis (Table 3.1). The feed was prepared daily using a TMR 

mixer to ensure a consistent mix of the feed ingredients. Three weeks prior to the start of the 

experiment, cows were fed this diet daily and remained on this diet for the duration of the 

experiment. Water was offered ad libitum.  

Cows were supplemented with pine-sourced biochar (Oregon Biochar Solution, White 

City, OR) at 0, 1, 2 and 3% of total DMI. The biochar used in this experiment had a pH of 10.5, a 

surface area of 456 m2/g, and a bulk density of 78.5 kg/m3. The particle size distribution of the 

biochar was 1.4% less than 0.5 mm, 3.2% 0.5 to 1 mm, 49.8% 1 to 2 mm, 43.9% 2 to 4 mm, and 

1.8% 4 to 8 mm. The organic carbon and total nitrogen content of the biochar as a % of total dry 

mass was 83.6 and 0.94, respectively. After feed delivery each morning (approximately 0900h), 

the biochar pellet was individually top-dressed to each cow’s feed bin and thoroughly mixed with 

the basal diet. Cows were unable to access their feed bins until the pellet had been added each 

morning. The biochar treatment was established by feeding combinations of either the biochar 
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pellet or the control pellet (Floradale Feed Mill Limited, Floradale, ON) containing no biochar. 

The biochar pellet consisted of 45% biochar, 42.5% wheat midds, 10% canola oil, and 2.5% dry 

molasses (Table 3.1). The control pellet consisted of 85.5% wheat midds, 12% canola oil, and 

2.50% dry molasses, and was fed to each cow consuming 0, 1, and 2% biochar to ensure the dietary 

treatments remained balanced for nutrient composition. (Table 3.1). Therefore, the amount of 

biochar pellet supplemented to each cow at the dietary treatments of 0, 1, 2, and 3% of DMI was 

0, 327, 653, and 980 g/d, respectively, and the amount of control pellet supplemented to each cow 

at each feeding rate was 539, 359, 179, and 0 g/d, respectively (Table 3.2). The amount of biochar 

and control pellet supplemented to each cow was further adjusted if the DM content of any of the 

feedstuffs in the basal diet increased or decreased by greater than 10% (as indicated by a laboratory 

analysis) to maintain the biochar dose rates of 0, 1, 2, and 3% of DMI.  

Samples of the basal diet were collected weekly and stored at -20°C until further analysis. 

Between each period, all 8 feed bins were scooped out and cleaned in order to ensure no biochar 

residue remained. Before completing any chemical analyses on the feed samples, %DM was 

determined. Frozen feed samples were separated into approximately two 100-gram samples, dried 

in a conventional forced air oven at 65°C for 48 hours, and then weighed (AOAC 934.01). The 

samples were then dried for an additional 24 hours and weighed again to ensure they were 

completely dried (i.e., no further weight change). After determining the %DM (Equation 1), dried 

feed samples were kept frozen at -20ºC until they were sent to A&L Canada Laboratories Inc. 

(London, Ontario, CAN) for analysis. Samples of the biochar pellet and control pellet were also 

collected once a month and stored at -20°C until they were sent to the lab for proximate analysis.  

 

 Equation 1: Feed Dry matter Determination (% DM) 

% DM = (Weight out of oven [hour 96, grams] / Weight into oven [hour 0, grams]) x 100  



  
 

 

 

 

32 
 

Proximate analysis was conducted at A&L Canada Laboratories Inc. (London, Ontario, 

CAN). The composited (by period) TMR and pellet (control and biochar) samples were measured 

for CP, ADF, NDF, lignin, ash, starch, crude fat, total digestible nutrients (TDN), net energy, and 

minerals (Ca, Cl, Cu, P, K, S, Mg, Zn, Fe, Mg, Na). Nitrogen content of the diet was determined 

through combustion using a LECO FP628 nitrogen analyzer (AOAC 990.3). Crude protein content 

was calculated by multiplying the nitrogen content by 6.25. Acid detergent fiber and NDF were 

measured with an Ankom 200 using Ankom Method 5 and Ankom Method 6, respectively (AOAC 

973.18, AOAC 2002.04). Lignin content was then determined using the ADF residue and sulfuric 

acid (H2SO4). Ash content was measured with a Blue M Electric programmable muffle furnace 

where samples were ashed at 550ºC for 3 hours (AOAC 942.05). Starch content was determined 

through the assay kit Megazyme K-TSTA using heat stable amylase and amyloglucosidase 

(AOAC 996.11). Crude fat was determined via high temperature solvent (petroleum ether) 

extraction of fat and soil using Ankom XT15 (AOAC 920.39). Total digestible nutrients and net 

energy for growth, lactation, and maintenance were calculated according to the Nutrient 

Requirements of Dairy Cattle (NRC, 2001) and Energy Estimating Equations for Ruminants 

(1990). Minerals (Ca, P, K, S, Mg, Na, C, Fe, Mn, and Zn) were analyzed through aquaregia 

digestion, inductively couple plasma, and atomic emission spectroscopy.  

 

3.2.3 Body Weight Measurements, Body Condition Scoring, and Ultrasound Determination 

of Body condition 

 At the start and end of the experiment, all cows were weighed on two consecutive days, 

and at the end/start of each period. All BW measurements were collected on the same weigh scale 

throughout the entire experiment. Pregnancy-corrected body weight (PCBW) was calculated 
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through a series of equations (Silvey and Haydock, 1978) using actual day of gestation (determined 

by calving date and assuming a 282-day gestation length) and actual calf birth weight to calculate 

the weight of the fetus (Equation 2), gravid uterus, fetal membranes, and fluids (Equation 3), and 

then subtracted from the animal’s pre-partum liveweight (Equation 4).  

 

Equation 2: Regression to calculate the fresh weight of the fetus (F). Fresh fetus weight in 

kg can be defined as the proportion of the calf birth weight (Fp) at the time in gestation (t).  

 

  𝐹 = 0.00000181𝐹𝑝𝑒(0.115𝑡−0.000368𝑡2+0.000000448𝑡3) 

Equation 3: Regression to calculate the gravid uterus, fetal membranes, and fluids (U). 

   𝑈 = 0.00473𝐹𝑝𝑒(0.0349𝑡−0.0000611𝑡2) 

Equation 4: Calculation for pregnancy-corrected body weight (PCBW) by taking into 

consideration the gravid uterus, fetal membranes and fluids (U), fresh fetal weight (F), and 

cow body weight (BW). 

 

𝑃𝐶𝐵𝑊 = 𝐵𝑊 − (𝑈 + 𝐹) 
 

 

At the start and end of each period all cows were body condition scored by a trained 

individual who did not know to treatment allocation for any cow in the study. To determine the 

degree of fat cover, the trained individual palpated the spinous and transverse processes of the 

short ribs, as well as the ribs and tail head. Body condition score was evaluated using a five-point 

scale from 1.0 to 5.0 BCS units, with increments of 0.25 BCS units. The scoring system was 

adapted from the Code of Practice for the Care and Handling of Beef Cattle (NFACC, 2013) and 

is described in Table 3.3. 

 At the start and end of each period all cows were ultrasounded to generate an objective 

measure of body condition. Ultrasound images of subcutaneous fat cover over the rump, ribs and 

the longissimus muscle area (LMA) were collected by a trained ultrasound technician using an 
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EXAGO ultrasound machine (Echo Control Medical, Angolueme, France) with an 18 cm bovine 

transducer. To capture a high-quality image, maximum contact between the cow’s hide and the 

ultrasound transducer was achieved by clipping the hide prior to imaging. Rib fat depth (mm) was 

measured by placing the transducer over the fourth quadrant of the longissimus dorsi, ventral to 

the spine, at the interface of the 12th and 13th ribs on the left side of the animal. Rump fat depth 

(mm) was measured by placing the transducer on a dorsal line where the gluteus medius and biceps 

femoris intersect, between the hook and pin bones on the left side of the animal. ImageJ software 

(NIH Image; version 1.51, 2015) was used by the same trained ultrasound technician to interpret 

the ultrasound images and determine the minimum depth of subcutaneous fat over the ribs and 

rump.  

 

3.2.4 Enteric Gas Emissions  

Enteric gas emissions were measured using a C-Lock GreenFeed trailer (C-Lock Inc., 

Rapid City, SD, USA). Enteric gas emissions (CH4 and CO2) and DMI were collected for the entire 

experiment; however, only data from the last 7 days of each period was analyzed. At the Ontario 

Beef Research Centre there are 3 Insentec feed bins in each pen. To allow for maximum use of the 

GreenFeeder unit by all cows for the entire duration of the experiment, 3 pens were opened and 

fitted to create 1 single pen with 9 Insentec feed bins, of which 8 were used.   

 The GreenFeed system estimates daily CH4 and CO2 production (g/d) by measuring enteric 

gas concentrations when animals visit the unit (Hammond et al., 2016). Upon entry to the 

GreenFeed unit, the animal’s RFID tag is scanned, and pelleted feed is dropped (Hammond et al., 

2016; Hristov et al., 2015). While consuming the pellets, a fan pulls air past the animal’s muzzle 

into an intake manifold, and then into an air collection pipe where continuous airflow rates are 
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measured (Hristov et al., 2015). A sub-sample of air is pumped out of the collection pipe and into 

non-dispersive infrared sensors for continuous measurements of CH4 and CO2 (Hristov et al., 

2015). To estimate daily CH4 and CO2 production, data from multiple visits per day over several 

days is used (Hammond et al., 2016). The GreenFeed system relies on the animal visiting the unit 

at different times during the day to characterize the daily pattern of gas emissions over a number 

of days (Hammond et al., 2015).   

For this experiment, the GreenFeed program was set up so that each cow had to wait 4 

hours between each visit. Per visit the cows were allowed a maximum of 12 drops (32 g/drop) of 

a 12% dairy ration pellet (12.5% crude protein, 2.7% crude fat, 5.3% crude fibre, 0.83% calcium, 

0.61% phosphorus, 0.32% sodium, 9.46 KIU/kg vitamin A, 2.17 KIU/kg vitamin D, and 59 IU/kg 

vitamin E) per day and the pellet drop interval length was set to 25 seconds. Therefore, if a cow 

remained at the unit for all 12 drops without being interrupted by another cow, then it would be in 

the GreenFeeder unit for at least 300 seconds, or 5 minutes. To allow for optimal gas sampling, 

the manufacturer (C-Lock Inc.) recommends that the air is drawn past the cow’s muzzle at a 

minimum rate of 26 l/s. In order to ensure that proper airflow rate in the GreenFeeder was 

maintained, the filter was cleaned weekly (Gunter et al., 2017). Carbon dioxide recoveries were 

also completed on the GreenFeeder unit approximately every four weeks. Enteric gas emissions 

(CH4 and CO2) and DMI were collected for the entire experiment; however, only data from the 

last 7 days of each period was analyzed.  

Enteric CH4 emissions expressed in g/d were calculated on an individual cow basis by 

adding up all of the GreenFeeder visits in the 7-day sampling week, and then dividing by the 

number of visits, to determine average g CH4/d. The same calculation was done to determine 

enteric CO2 emissions expressed in g/d. Enteric CH4 emissions expressed in g/kg DMI were 



  
 

 

 

 

36 
 

calculated on an individual cow basis using average daily CH4 production (g/d) and daily DMI, to 

calculate g CH4/kg DMI per day, and then an average for all 7 days was calculated. These 

calculations were also used to determine enteric CO2 emissions expressed in g CO2/kg DMI. 

Enteric CH4 emissions expressed in g/kg BW were calculated on an individual cow basis using the 

7-day average g CH4/d value and then dividing by BW to determine average g CH4/kg BW. The 

same calculation was done to determine enteric CO2 emissions expressed in g CO2/kg BW.  

Additional metrics to express CH4 production, including CH4:CO2 ratio and CO2e, were 

also calculated. The ratio of CH4 to CO2 (CH4:CO2) was calculated by dividing CH4 production 

(g/d) by CO2 production (g/d). The carbon dioxide equivalent (CO2e) is a term used to represent 

GHGs under a common unit. For any quantity and type of GHG, CO2e represents the amount of 

CO2 which would have an equivalent global warming impact. Any quantity of GHG can be 

expressed as CO2e by multiplying the amount of the GHG by its global warming potential (GWP). 

In the case of CH4, if 1 kg of CH4 is emitted, this can be expressed as 25 kg of CO2e (1 kg CH4 × 

25 = 25 kg CO2e; Brander and Davis, 2012). Therefore, to calculate CO2e in the present 

experiment, CH4 (g/d) was first divided by 1000 to compute CH4 in kg/d and then this value was 

multiplied by 25 to compute kg CO2 eq/d (Brander and Davis, 2012).  

 

3.2.5 Fecal Collection and Analysis  

To assess the impact of biochar inclusion on manure nutrient composition, two fecal grab 

samples were collected from each cow using a labelled plastic bag via the rectum at the end of 

each 21-day period (Williams, 2019). These samples were approximately 250 g each and were 

stored at -20ºC. All frozen fecal samples were thawed and then dried in a conventional forced air 

oven at 55ºC for 96 hours, and then weighed. The samples were then dried for an additional 24 
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hours and weighed again to ensure they were completely dried (i.e., no further weight change). 

After determining the %DM (Equation 1), dried fecal samples were ground using a coffee grinder 

and then kept frozen at -20ºC until they were sent to a commercial lab (A&L Canada Laboratories 

Inc., London, Ontario. CAN) for analysis. Fecal measurements included total N, ammonia (NH4
+), 

total P, OM, C:N, total C, Ca, and Mg. Total N was determined by combustion and thermal 

conductivity using the Dumas Method. Ammonia content was determined by water extraction and 

then colourimetry using the salicylate/nitroprusside method (Hach Method 1855). Organic matter 

content was determined by loss on ignition at 550ºC (EPA Method 160.4) Total carbon was 

determined by combustion and infrared detection of CO2. Total P, Ca, and Mg concentrations were 

determined by acid digestion using an ICP-OES EPA 3050B (EPA Method 6010B).  

 

3.3 Data and Statistical Analysis 

All data was analyzed using the GLIMMIX procedure in SAS (version 9.4; SAS Institute 

Inc., Cary, NC, USA) to evaluate the effects of biochar supplementation on enteric CH4 and CO2 

emissions, DMI, BW, BCS, backfat depth, and manure nutrient composition. Data was evaluated 

for normality using the univariate procedure in SAS. Lognormal distributions were used for fecal 

ammonia (NH4
+) and potassium (total K and K2O) concentrations and reported means and standard 

errors were backtransformed into non-logarithmic values. Data was analyzed with cow as the 

experimental unit for all variables. The statistical model included treatment as a fixed effect and 

cow and period as random effects. If the effect of treatment was significant (P ≤ 0.05), then least 

squares means were separated using the PDIFF option in SAS. Contrast statements were used to 

test for linear, quadratic, and cubic effects using coefficients for an equally spaced treatment 
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structure. A contrast statement was also used to determine if control vs. all biochar treatments 

differed. Statistical significance was declared at P ≤ 0.05, and tendencies are discussed at P ≤ 0.10.  

 

3.4 Results  

 This experiment consisted of 8 late gestation beef cows. However, one cow calved early, 

and therefore the entire data from that cow was removed from the fourth period. Therefore, the 

final n for each treatment was 8, 7, 8, and 8, for the 0, 1, 2, and 3% dietary treatments, respectively.  

 

3.4.1 Effect of biochar supplementation on cow performance  

 Dry matter intake (kg/d) was not significantly different (P = 0.68; Table 3.4) between any 

of the treatments. Average BW (kg), ADG, average PCBW (kg), and BCS were not significantly 

different (P ≥ 0.53). Similarly, rib and rump fat depths (mm) were not significantly different (P = 

0.67 and P = 0.50, respectively) between the treatments. When DMI, average BW, ADG, average 

PCBW, and BCS were each analyzed as biochar inclusion vs. no biochar inclusion, they were not 

significantly different (P ≥ 0.26) between treatments. When rib and rump fat depths were analyzed 

as biochar inclusion vs. no biochar inclusion, they were not significantly different (P ≥ 0.18). 

Results for DMI, average BW, ADG, average PCBW, BCS, and rib and rump fat depths indicate 

that biochar supplementation did not negatively affect overall cow performance. It was also 

observed that the cows ate the biochar pellet well and seemed to have no issues consuming it.  

 

3.4.2 Effect of biochar supplementation on enteric gas emissions  

 According to Arthur et al. (2017), to generate an accurate emission (CH4 and CO2) reading, 

a minimum of 30 visits to the GreenFeeder unit are required. Therefore, any cow that did not 
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achieve 30 visits per sampling week were removed from the gas emissions analysis for that specific 

period. The n for each treatment for the gas emissions analysis was therefore 8, 5, 6, and 8 for the 

0, 1, 2, and 3% dietary treatments.  

 In this experiment, biochar supplementation was ineffective for reducing enteric CH4 and 

CO2 emissions. Enteric CH4 emissions expressed in g CH4/d, g CH4/kg DM, and g CH4/kg BW 

were not significantly different (P ≥ 0.33; Table 3.5) between treatments. Similarly, enteric CH4 

emissions (g/d, g/kg DMI, and g/kg BW) were also not different (P ≥ 0.47) between treatments 

when analyzed as biochar inclusion vs. no biochar inclusion. Enteric CO2 emissions expressed in 

g CO2/d, g CO2/kg DM, and g CO2/kg BW were also not significantly different (P ≥ 0.20) between 

treatments. Similarly, enteric CO2 emissions (g/d, g/kg DMI, and g/kg BW) were also not different 

(P ≥ 0.18) between treatments when analyzed as biochar inclusion vs. no biochar inclusion. 

Methane production expressed as the ratio of CH4 to CO2 (CH4:CO2) or as kg CO2 eq/d was not 

significantly different (P ≥ 0.56) between the four levels of biochar inclusion in the diet.  

 

3.4.3 Effect of biochar supplementation on manure nutrient composition  

 It was observed that cows consuming biochar had notably darker fecal samples than cows 

not consuming biochar (Figure 3.1). Fecal DM (%), ammonia (NH4
+, ppm), total potassium (%), 

potash (K as K2O, %), organic matter (%), calcium (%), and magnesium (%) concentrations were 

not significantly different between treatments (P ≥ 0.27; Table 3.6). Total nitrogen (%) decreased 

quadratically (P = 0.02) as the inclusion rate of biochar in the diet increased. Total phosphorus (%) 

and phosphate (P as P2O5, %) also decreased quadratically (P = 0.04 each) as the inclusion rate of 

biochar in the diet increased. The carbon:nitrogen (C:N) ratio increased quadratically (P = 0.002) 
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with increasing levels of biochar in the diet and total carbon (%) linearly increased (P < .0001) as 

biochar inclusion in the diet increased.  

 

3.5 Discussion  

 The objective of this experiment was to identify the optimum supplementation rate for 

biochar to reduce enteric CH4 emissions from beef cows. There is currently a lack of research that 

explores biochar supplementation in beef cows, and therefore it is important to determine the ideal 

dose rate that not only reduces CH4 production, but also does not compromise animal performance 

and health.  

 

3.5.1 Effect of biochar supplementation on cow performance  

 Using BW, BCS, and rib and rump fat depths as measures of animal performance, the 

present experiment found that the amount of biochar supplementation in the present study did not 

exert any positive or negative effects on overall cow performance. This is perhaps not surprising 

since treatment diets were balanced for energy and protein intake. This general observation for no 

positive or negative changes in cow performance is also supported by Terry et al. (2019a, 2019b) 

and Winders et al. (2019). Additionally, DMI was similar between treatments and this is also 

consistent with previous experiments (Winders et al., 2019; Terry et al., 20129a; Terry et al., 

2019b) where biochar supplementation did not affect DMI in steers and heifers fed high-forage or 

high-concentrate diets.  

 The experiment by Terry et al. (2019a) demonstrated that measures of ruminal metabolism, 

including total VFA production, microbial protein synthesis, and N retention were not affected 

when biochar was supplemented to Angus heifers at 0, 0.5, 1.0, and 2.0% of dietary DM. Similarly, 
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in the experiment by Winders et al. (2019) where biochar was supplemented at the same inclusion 

rates as Terry et al. (2019a), biochar did not cause changes in DM, ADF, or NDF digestibility for 

beef steers fed high-forage or high-concentrate diets. In addition, in the grower-finisher experiment 

by Terry et al. (2019b) where steers were supplemented with biochar at 0, 0.5, 1.0, and 2.0% of 

dietary DM, there was no effect of biochar supplementation on hot carcass weight, dressing 

percentage, back fat, rib-eye area, or meat yield. Terry et al. (2019b) also found no effect of biochar 

supplementation on meal size, meal duration, or meal frequency, suggesting that biochar 

supplementation did not affect feeding behaviour either (Terry et al., 2019b). However, if in vitro 

inclusion levels (9% DM; Hansen et al., 2012) were used in vivo, it is expected that DMI and net 

energy intake would decrease, and this response would likely compromise animal performance, 

specifically BW and ADG.  

 Earlier work by Leng et al. (2012b) and Erickson et al. (2011) highlighted the potential 

benefits from supplementing biochar when low quality feed ingredients are being fed. When Leng 

et al. (2012b) supplemented local “Yellow” cattle with biochar at 0.62% of dietary DM, BW was 

increased by 25% compared to cattle not consuming biochar. However, the basal diet consisted of 

cassava root meal, and it was later hypothesized that the improved animal performance response 

was likely the result of biochar binding mycotoxins in the cassava root meal. Mycotoxins are toxic 

secondary metabolites of fungi (Coulombe, 1993), and since the experiment took place in the 

humid Laos climate, the authors speculated that the sun-dried cassava root meal likely contained 

mycotoxins produced by fungal contamination during the drying process (Leng, 2017). Similarly, 

Erickson et al. (2011) conducted an experiment where activated carbon was supplemented to late 

lactating Holstein cows consuming corn silage containing the mycotoxin deoxynivalenol. In this 

experiment, milk fat % increased quadratically in response to increasing levels of activated carbon 
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in the diet (Erickson et al., 2011). However, in a second experiment where good quality corn silage 

was fed, there were no differences in milk composition or milk yield (Erickson et al., 2011). 

Therefore, it seems plausible that biochar may be an important feed additive for situations where 

feeding mycotoxin laced feeds can’t be avoided, and/or situations where feeding a toxin binder is 

more economical.  

 In CH4 mitigation research, it is often argued that decreasing CH4 production (g/d and g/kg 

DMI) will have positive benefits for both the environment and cattle production since 2-12% of 

gross energy intake is used for CH4 production (Blaxter & Clapperton, 1965; Johnson & Johnson, 

1995). However, since the present experiment found no differences in CH4 emissions between 

cows supplemented with biochar at 0, 1, 2, and 3% of DMI, it is not surprising that BW, ADG, 

and BCS were similar across all four treatments. Furthermore, improved animal performance in 

response to a reduction in enteric CH4 emissions is still highly speculative in mature cows. In the 

experiment by Hristov et al. (2015) where lactating Holstein cows were supplemented with 3-

nitrooxypropanol (3-NOP), CH4 emissions were reduced by 32%, but there were no positive 

improvements in milk production. Similarly, in the experiment by Vyas et al. (2015) where 3-NOP 

supplementation to beef cattle decreased CH4 emissions by 42 and 37% in the backgrounding and 

finishing phases, respectively, there was only a 3 to 5% improvement in G:F (Vyas et al., 2018). 

Although there may be potential improvements in animal performance that are associated with 

reductions in CH4 emissions, further long-term experiments are needed.  

 

3.5.2 Effect of biochar supplementation on enteric gas emissions  

  In the present study, there were no differences in CH4 production (g/d, g/kg DMI, g/kg 

BW) between the control and biochar diets supplemented at 1, 2, and 3% of DMI. Other recent in 

vivo work investigating the effect of biochar supplementation on enteric gas emissions, primarily 
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CH4 production, support the results found in the present experiment. Terry et al. (2019a) found no 

effect of biochar supplementation on CH4 production when pine-sourced biochar was 

supplemented at 0, 0.5, 1.0, and 2.0% of DM to Angus heifers fed a barley silage / barley grain 

basal diet. Additionally, the growing and finishing experiments by Winders et al. (2019) found no 

statistically significant differences in CH4 production when pine-sourced biochar was 

supplemented at 0, 0.8, and 3% of DM to steers fed a growing diet consisting of 21% brome hay, 

20% wheat straw, 30% corn silage, and 22% wet distillers grains plus solubles, and a finishing diet 

consisting of 53% dry rolled corn, 15% corn silage, and 25% wet distillers grains plus solubles 

(Winders et al., 2019).  

 Other than the experiments by Terry et al. (2019a) and Winders et al. (2019), other 

published in vivo experiments that evaluate the potential of biochar supplementation to reduce 

enteric CH4 emissions from ruminants is currently lacking. The only other known live animal 

research is the ex vivo experiment conducted by Leng et al. (2012b) where twelve local “Yellow” 

cattle were supplemented with biochar at 0.62% of DM (Leng et al., 2012b). The biochar used in 

this experiment was produced from rice husks and supplemented to a cassava root chip and cassava 

foliage basal diet (Leng et al., 2012b). Using Gasmet equipment to collect a sample of mixed 

eructated and respired gas from each animal, the results showed that biochar reduced CH4 

production by 22% (Leng et al., 2012b). However, it is challenging to compare these results to the 

present experiment since Leng et al. (2012b) used a different technique to measure CH4 than the 

present study and the latter study used a basal diet and cattle breed that are not comparable to North 

American standards.  

 The present experiment also found no effect of biochar supplementation on enteric CO2 

emissions. However, this is in contrast to findings previously described by Terry et al. (2019a), 
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where CO2 production (g/d) was significantly higher for the 0% biochar treatment (5549 g/d) 

compared to the 0.8% biochar treatment (5051 g/d), resulting in a quadratic decrease in CO2 

production (Terry et al., 2019a). This trend also continued for g CO2/kg DMI, where the 0% 

biochar treatment had the greatest CO2 production (702 g/kg DMI), and the 0.8% biochar treatment 

had the lowest CO2 production (644 g/kg DMI; Terry et al., 2019a). Unfortunately, the other two 

in vivo biochar experiments (Winders et al., 2019; Leng et al., 2012b) did not report data on CO2 

production in response to biochar supplementation, likely because the majority of CO2 production 

reflects respiration activity rather than rumen fermentation activity.  

 The majority of the other biochar supplementation experiments have been conducted under 

in vitro conditions and the results from these experiments conflict with the results found in the 

present experiment. Using rumen fluid collected from two Jersey heifers, Hansen et al. (2012) 

evaluated 4 carbon-based additives: (1) gasified biochar, (2) straw-based biochar, (3) wood-based 

biochar, and (4) activated carbon. The addition of gasified biochar, straw-based biochar, and wood-

based biochar reduced CH4 production between 11 and 17%, when compared to no biochar 

inclusion, although these effects were not significantly different (Hansen et al., 2012). However, 

this in vitro experiment included biochar at 9% of substrate DM, and this is significantly greater 

than the inclusion rates used in the present experiment. Leng et al. (2012a, 2012c) conducted two 

in vitro experiments using buffered rumen fluid and a rice husk-based biochar. In the first 24 hours 

of the first experiment, CH4 production was reduced by 10 and 12.7% when biochar was included 

at 0.5 and 1.0% of substrate (cassava root meal) DM, respectively (Leng et al., 2012a). The second 

experiment used rumen fluid from cattle previously fed biochar at 0.62% of diet DM and biochar 

was dosed at 1.5% of substrate (cassava root meal) DM (Leng et al., 2012c). When rumen fluid 

from cattle previously adapted to biochar was combined with biochar added to the incubation 
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medium, there was an additive effect and CH4 production was reduced by 12.5% (Leng et al., 

2012c).  

 Saleem et al. (2018) and Teoh et al. (2019) recently conducted two in vitro experiments 

using the artificial rumen stimulation (RUSITEC) technique to investigate the effect of biochar 

inclusion on CH4 production. In the experiment by Saleem et al. (2018), pine-sourced biochar was 

included at 0, 0.5, 1.0, and 2.0% of substrate (60% barley silage, 27% barley grain) DM. There 

was a quadratic response to increasing levels of biochar inclusion for CH4 production expressed 

as mg/d, g/g of DM incubated, and g/g of DM digested (Saleem et al., 2018). In that study when 

biochar was included at 0.5% of substrate DM, CH4 production was reduced by 25% for mg/d and 

g/g DM incubated, and 28% for g/g of DM digested, compared to the control. In the experiment 

by Teoh et al. (2019), a hardwood-sourced biochar was included at 0, 3.6, and 7.2% of substrate 

(oaten pasture: maize silage: concentrate 35:35:30 w/w) DM. In this experiment there was no effect 

of biochar inclusion on CH4 production (mg/d), although compared to the 3.6% inclusion rate, 

there was a tendency for the 7.2% inclusion rate to lower the % of CH4 in the gas samples (Teoh 

et al., 2019).  

 Although significant reductions for CH4 production have been found through in vitro 

experiments (Hansen et al., 2012; Leng et al., 2012a, 2012c; Saleem et al., 2018; Teoh et al., 2019), 

these responses are not consistent with the results from other in vivo experiments (Winders et al., 

2019; Terry et al., 2019a), including the present experiment. In vitro experiments can be highly 

variable and are unable to exactly replicate what happens within the rumen, since factors like 

feeding behaviour cannot be replicated under in vitro conditions. However, using an artificial 

rumen system (Saleem et al., 2018; Teoh et al., 2019) does allow for more control over variables 

like intake, pH, passage rate, and other digestion parameters, compared to measuring digestion in 
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vivo. For this reason, in vivo experiments similar to the present experiment must be conducted as 

a method to validate (or invalidate) the results from these in vitro experiments. In the case of the 

present experiment, the results agreed with previous in vivo experiments, and contradicted the 

results from previous in vitro experiments, as previously discussed.  

 It can be challenging to assess and compare the effects of biochar supplementation on CH4 

emissions between studies since the physical properties and chemical characteristics of the actual 

biochar product can vary considerably. This variability can be introduced as a result of different 

biomass sources and variation in the specific pyrolysis conditions (i.e., duration and temperature) 

used during the biochar manufacturing process. These factors can all influence the chemical 

composition, surface area, pH, and porosity of the final biochar product; however, further work is 

needed to explore which of these factors are likely to affect CH4 production.  

 In the present experiment the biochar was produced from pine. Pine-sourced biochar was 

also used in the experiments by Saleem et al. (2018), Winders et al. (2019), and Terry et al. (2019a), 

but the biochar still differed in surface area, particle size distribution, and pH across these three 

experiments and the current experiment. For example, the pH of the biochar used in the present 

experiment was 10.5, whereas the pH of the biochar used in the experiments by Saleem et al. 

(2018), Terry et al. (2019a), and Winders et al. (2019) was 4.8, 7, and 8, respectively. As discussed 

in a review by Schmidt et al. (2019), the acidification of the biochar used in the experiment by 

Saleem et al. (2018) likely oxidized the carbonaceous surfaces and made the biochar more 

hydrophilic, and also probably modified the redox behavior and thus its “affinity” for microbial 

interaction. Since the experiment by Saleem et al. (2018) is one of the only experiments to 

demonstrate a significant reduction (approximately 25%) in CH4 emissions in response to biochar 

supplementation, perhaps this acidification process plays a role in the different responses seen 
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across studies, although it is too early to draw a definitive conclusion. However, this finding does 

indicate that post-pyrolytic treatment of biochar may have the potential to optimize the effect of 

biochar on digestion, and thus CH4 production.  

 Similar to the pH differences in the biochars used across experiments, the differences in 

the surface area of the biochars used in those experiments may account for some of the varying 

responses as well. The surface area of the biochar used in the present experiment was 456 m2/g, 

whereas biochars with considerably lower surface areas of 186 m2/g and 250 m2/g were used in 

the experiments by Saleem et al. (2018) and Terry et al. (2019a), respectively. Since the 

physiochemical characteristics (i.e., surface area and porosity) of biochar are suggested 

mechanisms for biochar’s mode of action (Leng, 2014; Leng et al., 2013; Leng 2012a, 2012c), this 

may also explain the different responses reported in each experiment for CH4 reduction, but 

without a large number of experiments it is difficult to draw conclusions. Additionally, the 

hypothesis that biochar may reduce CH4 emissions by absorbing CH4 within the rumen may not 

be the case, as highlighted by Terry et al. (2019a). Since biochar is typically included in the diet 

at very low concentrations (0.5 to 3% DM), it is unlikely that this small amount of biochar could 

absorb the large amount of CH4 produced within the rumen, although further work is required.  

 Leng et al. (2012a) suggest that by increasing the inert surface area for biofilm formation, 

biochar may promote a closer relationship between methanotrophs and methanogens and thereby 

facilitate the oxidation of CH4 by methanotrophic organisms, resulting in less CH4 release. 

However, the present experiment used a biochar with a very high surface area (456 m2/g) and 

found no significant CH4 reduction responses, whereas Saleem et al. (2018) used a biochar with a 

much lower surface area (186 m2/g) and found significant CH4 reduction responses to biochar 

inclusion. However, these differences may also be the result of Saleem et al. (2018) conducting an 
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in vitro experiment, whereas the current experiment was conducted in vivo, further emphasizing 

the challenge in comparing results from different biochar supplementation experiments. 

Additionally, not all studies report the physical properties and chemical composition of the biochar 

used, and without this information it can be even more difficult to compare results between studies. 

For example, Saleem et al. (2018) did not report the particle size distribution of the biochar used 

in their in vitro experiment and Winders et al. (2019) did not report the surface area of the biochar 

used in their growing and finishing experiments. For future biochar supplementation experiments, 

it is recommended that physical and chemical characteristics of the biochar product like pH, 

particle size distribution, and surface area are always reported. This would provide better insight 

and potentially highlight important reasons for similar or different results reported across 

experiments.  

 

3.5.3 Effect of biochar supplementation on manure nutrient composition 

 Few experiments have directly explored the effect of biochar supplementation on manure 

nutrient composition in beef cattle production systems. However, supplementing biochar to 

ruminants may be an effective strategy to incorporate biochar into the soil profile. Since the 

original and intended use of biochar is as a soil amendment (Glaser et al., 2002; Sohi et al., 2010; 

Joseph et al., 2015) it seems plausible that biochar supplementation could have important 

implications for manure composition as well. It is also important to investigate other ways to 

monetize reductions in CH4 emissions. For example, providing a potential incentive (i.e., improved 

manure quality) for producers to adopt a CH4-mitigation strategy will be important since there is 

still little evidence that mitigation techniques with large effects on CH4 emissions will pay for 

themselves through animal performance improvements.  
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 In the present experiment the manure nutrient profile was altered in response to biochar 

supplementation to beef cows. The C:N ratio increased quadratically to increasing levels of biochar 

in the diet, and this is consistent with the results for total C and total N. Cows supplemented with 

biochar at 0, 1, 2, and 3% of DMI had average C:N ratios of 13:1, 15:1, 15:1, and 14:1, respectively. 

Not surprisingly, as the level of biochar inclusion in the diet increased, the concentration of total 

carbon (C, %) in the manure increased as well. The average concentration of total C in the manure 

samples from cows supplemented with biochar at 0% of DMI was 40.73%, and this linearly 

increased to 43.35% in the manure samples from cows supplemented with biochar at 3% of DMI. 

In addition, total nitrogen (N, %) decreased quadratically to increasing levels of biochar in the diet, 

where cows supplemented with biochar at 0, 1, 2, and 3% of DMI had average total N 

concentrations of 0.40, 0.34, 0.33, and 0.38%, respectively. Total phosphorus (P, %) quadratically 

decreased in response to increasing levels of biochar in the diet, with the 2% treatment having the 

lowest total P content compared to the other 3 treatments. Average total P content in the manure 

samples from cows supplemented with biochar at 0, 1, 2, and 3 % of DMI was 0.12, 0.10, 0.09, 

and 0.11%, respectively. However, other parameters of the manure nutrient profile like dry matter 

(DM, %), ammonia (NH4
+, ppm), total potassium (K, %), organic matter (OM, %), calcium (Ca, 

%), and magnesium (M, %) concentrations were not statistically different between the four levels 

of biochar inclusion in the diet.  

 It is difficult to interpret these manure nutrient composition results since previous 

experiments have primarily focused on the potential CH4 reduction and animal performance 

responses to biochar supplementation. Although it has not been directly investigated, it has been 

speculated that during the digestion process, biochar becomes encased with nitrogen-rich organic 

compounds (Schmidt et al., 2019; Joseph et al., 2013). The excreted biochar-rich manure would 
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theoretically be a more valuable organic fertilizer, causing lower nutrient losses and reducing 

greenhouse gas emissions during storage and soil application (Schmidt et al., 2019; Joseph et al., 

2013). However, this is inconsistent with the present experiment, where at the intermediate levels 

of biochar inclusion (1 and 2% of DM), the % of total N and P were lower compared to the lowest 

and highest levels (0 and 3% of DM) of biochar inclusion.  

 The “U” shaped quadratic response to increasing levels of biochar for total N and total P 

concentration found in the present experiment is also inconsistent with previous biochar 

characterization work by Hagemann et al. (2017) and Joseph et al. (2018). Hagemann et al. (2017) 

used high-resolution spectroscopy and mass spectrometry to identify biochar’s nutrient-rich 

organic outer layer, which covers the outer and inner pore surfaces of biochar particles. The coating 

was identified as a composite of the original compost organic matter and biochar, nanoparticles, 

and enriched in N (primarily NO3
-), K, Ca, Si, Fe, and Al. Similarly, Joseph et al. (2018) confirmed 

these observations by Hagemann et al. (2017) and through a series of spectroscopic and 

microscopic analyses, provided evidence for a complex series of reactions that explains how 

biochar (produced from woody chips) becomes saturated with nutrients when mixed with compost 

(animal manures, straw, stone meal, and soil). Since biochar is highly porous, dissolved nutrients 

are first taken up along a concentration gradient into the inner and outer pore surfaces, and then 

surface sorption and retention processes block these pores, resulting in the formation of a nutrient-

rich organomineral outer coating (Joseph et al., 2018). Specifically, nitrate and phosphate were 

captured inside the biochar particles, and the biochar surfaces were coated with organic substances 

derived from the compost material. Due to this nutrient retention process, when soil is amended 

with compost, it becomes a nutrient provider for plant growth and optimizes soil health and fertility 

(Joseph et al., 2018; Hagemann et al., 2017). Although this is beneficial for agronomic purposes, 
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it is important to consider what this nutrient retention mechanism might mean for animals. Once 

the biochar is ingested, if it binds micronutrients, then trace mineral balance could be negatively 

affected and potentially compromise animal performance and health.   

 These biochar characterization experiments also suggest that as the concentration of 

biochar increases, theoretically there should be an increased capacity to absorb and bind more 

nutrients. However, many of these experiments documenting biochar’s nutrient retention process 

have been done by composting biochar and using very specific molecular techniques, suggesting 

that the ruminal environment might be a reason for the quadratic responses reported in the present 

experiment, and that more detailed (i.e., molecular) manure nutrient analyses are required. One 

possibility is that biochar may alter the microbial environment and microbial CP production, 

although further work is needed to explore this speculation, especially to understand these 

quadratic responses for total N and total P. Additionally, apparent total tract digestibility results 

may help explain some of these manure nutrient results; however, apparent total tract digestibility 

was not investigated in the present experiment but would be important for future research. 

Specifically, it would be important to ensure that biochar supplementation does not negatively 

impact nutrient digestibility, because despite potential improvements in manure quality, at the 

expense of animal performance would be meaningless for beef cattle production.  

 

3.6 Conclusion  

 In the present experiment a pine-sourced biochar was supplemented to late gestation beef 

cows at 0, 1, 2, and 3% of DMI. The results showed that biochar supplementation was ineffective 

for reducing enteric CH4 emissions from beef cows. However, measures of animal performance, 

including DMI, BW and BCS, were not negatively affected by biochar supplementation, and 

biochar inclusion in the diet did alter the manure nutrient profile for total N, P, and C. Since the 
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3% inclusion had the numerically lowest enteric CH4 emission and had no impact on cow 

performance, this dose was selected for use in the field study (Experiment 2).  
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Table 3.1: Ingredient and chemical composition of the total mixed ration (TMR), 

biochar and control pellet fed once daily at 0900 h to cows supplemented with 

biochar at 0, 1, 2, and 3% of dry matter intake (DMI) in Experiment 1  
 

 

 

Ingredient (% DM) TMR  
Biochar 

Pellet 

Control 

Pellet 

Alfalfa Haylage  50     

Wheat Straw  30     

Corn Silage  17     

Vitamin/Mineral Premix 3     

Pellet 

   Biochar   45 0 

   Wheat Midds   42.5 85.5 

   Canola Oil   10 12 

   Dry Molasses   2.5 2.5 

Chemical Composition  TMR  Biochar Control 

DM, % 48.8 82.9 88.6 

NEm, Mcal/kg  1.36 1.98 1.98 

CP, % DM 12.8 12.3 16.3 

NDF, % DM 51.9 33.7 33.4 

ADF, % DM 41.4 14.0 13.7 

Lignin, % 6.5 4.4 3.2 

Crude Fat, % DM 2.7 10.7 15.9 

zVitamin/Mineral Premix: 2.05% calcium, 2.18% phosphorus, 5.98% sodium, 

8.95% chloride, 0.59% potassium, 0.19% sulfur, 2.42% magnesium, 1368.70 

mg/kg iron, 162.00 mg/kg fluorine, 1880.81 mg/kg zinc, 339.86 mg/kg 

copper, 1675.17 mg/kg manganese, 19.60 mg/kg iodine, 24.45 mg/kg cobalt, 

8.00 mg/kg selenium, 250.00 KIU/kg vitamin A, 50.00 KIU/kg vitamin D3, 

1000.00 IU/g vitamin E 
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Table 3.2: Amount (g/d) of control and biochar pellets fed once daily to each cow 

at each Biochar dose in Experiment 1 
 

 

 

Treatmentz 
Biochar Pellet 

g/cow/d 

Control Pellet 

g/cow/d 

Total Pellet 

g/cow/d 

0 0 539 539 

1 327 359 686 

2 653 180 833 

3 980 0 980 

 z0%: biochar added at 0% dry matter intake (DMI), 1%: biochar added at 1% DMI,  

 2%: biochar added at 2% DMI, 3%: biochar added at 3% DMI. 
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 Table 3.3: Scoring system used to assess and determine body condition score of 

cows in Experiment 1 and Experiment 2 
 

 

Scorez 

 

Description 

 

1.0 

 

Extremely thin, no fat in brisket or tail docks, all skeletal structures are 

visible, no muscle tissue evident, no external fat present 

 

2.0 

 

Thin, upper skeleton prominent (vertebra, hips, pin bones), muscle tissue 

evident but not abundant, some tissue cover around the tail dock and 

over the hip bones and the flank. 

 

3.0 

 

Ideal flesh for calving, ribcage only slightly visible, hooks and pins 

visible but not prominent, muscle tissue nearing maximum, fat deposit 

behind shoulder obvious, fat in brisket are, tail docks easily felt. 

 

4.0 

 

Skeletal structure difficult to identify, obvious fat deposits behind should 

and at tail head, fat on brisket and over shoulder. 

 

5.0 

 

Obese, flat appearance dominates, brisket heavy, bone structure not 

noticeable, tail head and hip bones almost completely buried in fat and 

folds of fat. 

 
zScoring system adapted from the Code of Practice for the Care and Handling of Beef 

Cattle (NFACC, 2013).   
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Table 3.4: Performance of cows supplemented with biochar at 0, 1, 2, and 3% of dry matter intake (DMI) in 

Experiment 1 
 

 

 

 

 

Parameter 

Treatmentx  

 

SEM 

P-values 

0% 1% 2% 3% 
Trmt Linear Quadratic Cubic 

0 vs. 

All n = 8 n = 7 n = 8 n =8 

DMI, kg/d 13.9 14.2 14.4 14.6 0.56 0.68 0.29 0.59 0.99 0.26 

BW, kg 742.5 742.2 739.0 742.4 15.78 0.54 0.69 0.37 0.32 0.57 

ADG, kg/d 1.20 1.26 1.06 1.14 0.22 0.76 0.54 0.93 0.38 0.77 

PCBWy, kg 702.5 702.8 698.8 702.3 11.45 0.53 0.65 0.48 0.25 0.65 

BCSz 3.6 3.5 3.6 3.5 0.19 0.81 0.77 0.87 0.37 0.58 

Rump Fat, mm 15.7 14.8 14.8 15.2 1.18 0.50 0.50 0.18 0.85 0.18 

Rib Fat, mm 11.7 11.7 11.5 12.3 1.35 0.67 0.52 0.40 0.58 0.88 

x0%: biochar added at 0% dry matter intake (DMI), 1%: biochar added at 1% DMI, 2%: biochar added at 2% 

DMI, 3%: biochar added at 3% DMI. 
yPCBW: pregnancy-corrected body weight 
zBCS assessed using a system adapted from the Code of Practice for the Care and Handling of Beef Cattle 

(NFACC, 2013). 1: extremely thin; 5: extremely fat.  

Different lowercase letters in rows indicate significantly different means (P ≤ 0.05). 
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Table 3.5: Enteric gas (CH4 and CO2) emissions from cows supplemented with biochar at 0, 1, 2, and 3% of dry 

matter intake (DMI) in Experiment 1 
 

 

 

 

Parameter 

Treatmentz 
 

SEM 

P-values 

0% 1% 2% 3% 
Trmt Linear Quadratic Cubic 

0 vs. 

All n = 8 n = 5 n = 6 n =8 

g CH4/d  298.2 307.3 306.0 298.5 11.39 0.74 0.99 0.28 0.91 0.47 

g CH4/kg DM  21.90 21.30 21.99 21.00 1.23 0.59 0.44 0.77 0.35 0.50 

g CH4/kg BW 0.40 0.42 0.41 0.40 0.02 0.33 0.45 0.10 0.73 0.55 

g CO2/d 10156 10213 10410 10269 229.59 0.49 0.28 0.43 0.42 0.29 

g CO2/kg DM 747.8 709.3 746.2 724.4 39.02 0.55 0.70 0.71 0.21 0.36 

g CO2/kg BW 13.7 13.9 14.1 13.7 0.35 0.20 0.66 0.06 0.46 0.18 

CH4:CO2 0.029 0.030 0.03 0.029 0.0007 0.56 0.40 0.28 0.52 0.79 

kg CO2 eq/d 7.46 7.68 7.65 7.47 0.29 0.74 0.99 0.28 0.91 0.47 

z0%: biochar added at 0% dry matter intake (DMI), 1%: biochar added at 1% DMI, 2%: biochar added at 2% DMI, 3%: 

biochar added at 3% DMI. 

Different lowercase letters in rows indicate significantly different means (P ≤ 0.05). 

 

  



  
 

 

 

 

58 
 

Table 3.6: Manure nutrient composition of cows supplemented with biochar at 0, 1, 2, and 3% of dry matter intake 

(DMI) in Experiment 1 

 

 
  

 

 

Parameter 

Treatmentz  

SEM 

P-values 

0% 1% 2% 3% Trmt Linear  Quadratic Cubic 0 vs. 

All n = 8 n = 7 n = 8 n =8 

DM, % 12.6 12.2 11.9 12.0 0.61 0.81 0.40 0.69 0.90 0.40 

Total Nitrogen, % 0.40 0.34 0.33 0.38 0.02 0.09 0.41 0.02 0.85 0.05 

NH4
+, ppm 54.8 50.3 34.4 72.6 34.02 0.58 0.78 0.29 0.42 0.84 

Total Phosphorus, % 0.12 0.10 0.09 0.11 0.01 0.17 0.48 0.04 0.78 0.09 

Phosphate (P2O5), % 0.27 0.23 0.22 0.25 0.02 0.17 0.48 0.04 0.79 0.09 

Total Potassium, % 0.08 0.09 0.08 0.10 0.01 0.43 0.38 0.49 0.24 0.55 

Potash (K2O), % 0.10 0.11 0.09 0.12 0.02 0.43 0.38 0.49 0.24 0.55 

Organic Matter, % 9.2 9.1 9.0 9.4 0.46 0.95 0.86 0.63 0.78 0.94 

Carbon:Nitrogen, (C:N) 13:1b 15:1a 15:1a 14:1ab 0.45 0.009 0.14 0.002 0.91 0.004 

Total Carbon, % 40.7c 41.7bc 42.2ab 43.3a 0.37 0.001 <.0001 0.79 0.56 0.001 

Calcium, % 0.36 0.33 0.31 0.35 0.03 0.37 0.73 0.11 0.62 0.28 

Magnesium, % 0.09 0.08 0.07 0.09 0.01 0.27 0.35 0.13 0.40 0.17 

z0%: biochar added at 0% dry matter intake (DMI), 1%: biochar added at 1% DMI, 2%: biochar added at 2% DMI, 3%: 

biochar added at 3% DMI. 

Different lowercase letters in rows indicate significantly different means (P ≤ 0.05). 
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Figure 3.1: Manure samples from two different cows supplemented with biochar at 

0, 1, 2, and 3% of DMI in Experiment 1  
 

 

 
 

 
Top four samples and bottom four samples are two different cows supplemented with biochar at 

0, 1, 2, and 3% (left to right) of dry matter intake (DMI). 
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Chapter 4: The impact of biochar supplementation to grazing beef cattle on 

animal performance, methane emissions, and manure nutrient composition  

4.1 Introduction  

 Although nutrition experiments on pasture can present many challenges (i.e., labour 

requirements, variable supplementation intake, inadequate GreenFeeder use, and inconsistent 

pasture DMI estimates), it is important to investigate potential methods to reduce CH4 production 

from grazing cattle, especially since a large portion of enteric CH4 production from beef operations 

is derived from the cow-calf sector (Legesse et al., 2016). For the few biochar supplementation 

experiments that have been completed to date, none have been conducted on beef cattle grazing 

pasture. 

 Since biochar supplementation to beef cows is still a relatively new area of CH4-mitigation 

research, further work is required to provide more accurate and consistent responses for CH4 

emissions and animal performance. In addition, the biochar product can vary considerably in terms 

of chemical and physical composition, resulting in inconsistent responses for CH4 emissions across 

different studies. Therefore, more in-depth research such as the present experiment will help 

determine whether biochar supplementation is a viable option for CH4 reduction within the cow-

calf sector.  

 This experiment was conducted to evaluate the effect of biochar supplementation on 

grazing beef cattle. Based on the results from Experiment 1, it was concluded that supplementing 

biochar at 3% of DMI resulted in numerically lower CH4 emissions (g/d) compared to 

supplementing biochar at 1 and 2% of DMI. Therefore, in this experiment biochar was 

supplemented at 0 and 3% of estimated DMI. The objective of this experiment was to further 

evaluate the effect of biochar supplementation on cow performance, enteric CH4 emissions, and 

manure nutrient composition.  
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4.2 Materials and Methods  

4.2.1 Animals and Experimental Design 

 This experiment was conducted at the Ontario Beef Research Center (Elora, ON) from July 

to November 2020. All animals were cared for according to the Canadian Council on Animal Care 

guidelines at the Ontario Beef Research Centre for the duration of the experiment (Canadian 

Council on Animal Care, 2009; AUP# 4316). In this experiment, 64 multiparous Angus crossbred 

beef cows (initial BW = 689 kg, SD = 77 kg) and their calves were blocked by cow BW and calf 

age, and randomly divided into 8 groups of 8 cow-calf pairs. The experiment was conducted as a 

crossover design that was replicated, with group (8 cow-calf pairs) as the experimental unit. Each 

period consisted of 28 days with 21 days for treatment adaptation and 7 days for data collection. 

Cows were supplemented with biochar at 0 and 3% of estimated DMI (16 kg/d, DM basis) 

on pasture. The biochar and control pellets used in this experiment were the exact same formula 

as the biochar and control pellets used in Experiment 1 (Table 4.1). The amount of biochar pellet 

supplemented to each cow at the feeding rates of 0 and 3% of estimated DMI was 0 and 1.07 kg, 

respectively, and the amount of control pellet supplemented to each cow at each feeding rate was 

0.59 and 0 kg, respectively (Table 4.2). Pellets were fed once daily via a portable trough. Each 

group on the biochar treatment received a total of 8.56 kg of biochar pellet per day (1.07 kg × 8 

cows) and each group on the control treatment received a total of 4.72 kg of control pellet per day 

(0.59 kg × 8 cows). If a cow was removed from pasture and returned to the barn, then the amount 

of pellet supplemented to that specific group was adjusted accordingly. All cows had continuous 

access to a salt block and a commercial vitamin and mineral premix fed free choice, consisting of 

45.39% Dical, 15.38% Salt, 14.86% Limestone, 7.77% Magox, 5.43% DDGS, 4.47% Prolac 

Micro, 1.77% Vitamin E, 1.54% Mineral Oil, 0.79% Sulfate, 0.70% Selenium, 0.46% Vitamin A, 
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0.15% Manganese Sulfate, 0.13% Copper Sulfate, 0.08% Vitamin D, and 0.06% Covotek 571 

Fenugreek (Floradale Feed Mill Limited, Floradale, ON).  

All 8 groups were stagger-started on pasture such that two groups (one for each dietary 

treatment, with each group on a different pasture field) were enrolled in the experiment each week 

for four consecutive weeks. This facilitated the use of the two C-Lock GreenFeeder trailers (C-

Lock Inc., Rapid City, SD, USA) for measurement of enteric gas emissions at the Ontario Beef 

Research Centre, since only two groups were on their data collection week at one time. Each group 

had a “home” field where they spent the first 21 days of each period and were then moved to a 

“data collection” field (with a GreenFeeder trailer) for the final 7 days of each period. After the 

final 7 days of each period, the two groups in the “data collection” fields were moved back to their 

designated “home” fields, and the next two groups entered the two “data collection” fields for their 

7-day sampling week. This rotation continued until each group came through a “data collection” 

field 4 times: 2 times on the biochar treatment and 2 times on the control treatment. For most of 

the experiment, each GreenFeeder remained in the exact same field; however, towards the end of 

the experiment the GreenFeeders were moved to two different fields to maintain optimal pasture 

conditions. The GreenFeeder trailers were stationed near the water bowl and cows were previously 

trained to use the system, in order to encourage frequent system use.  

 Staff at the Ontario Beef Research Centre were also responsible for identifying and 

recording any cows that were not consuming biochar in an effort to identify potential cows to 

exclude from the experiment. Using this information, if a cow was reported not eating pellet on 15 

or more days throughout the entire experiment, then their pellet consumption data was further 

investigated. For these specific cows, each period was investigated, and if the cow was reported 

not eating biochar on 10 or more days during the 28-day period, they were identified as “not eating 
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pellet” and their individual data (gas emissions, calf and cow BW, BCS, backfat ultrasound 

measurements, and manure nutrient composition) was not used for that specific period. Overall, 

no cow was completely excluded from the experiment, although several cows were excluded from 

specific periods. For periods 1, 2, 3, and 4, a total of 9, 7, 3, and 1 cow(s) were removed due to 

lack of pellet consumption.  

 

4.2.2 Pasture Intake and Analysis   

One of the rotational pasture systems at the Ontario Beef Research Centre consists of 

fifteen 8-acre fields. Most fields are further subdivided into eight 1-acre paddocks with a centre 

lane to allow for rotational grazing and continuous access to water and a vitamin/mineral 

supplement (Table 10). Staff at the Ontario Beef Research Centre were responsible for moving the 

cows from one paddock to another in each field. Typically, the cows were rotated through the 

paddocks every two to three days depending on weather and pasture conditions. All 16 fields in 

the pasture were seeded in 2019 with a blend of Will Ladino Clover (2.65 lb/acre; Trifolium 

fabaceae), OAC Bruce Trefoil (10.6 lb/acre; Lotus corniculatus), Pardus Meadow Fescue (3.1 

lb/acre; Festuca pratensis), Fleet Meadow Brome (3.1 lb/acre; Bromus biebersteinii, ‘Fleet’), 

Ginger Kentucky Bluegrass (2.8 lb/acre; Poa pratensis, ‘Ginger’), Cowgirl Tall Fescue (3.1 

lb/acre; Festuca arundinacea), and Lofa Festulolium (3.1 lb/acre).  

Each week, DMI on pasture was estimated using a pre- and post-grazing herbage sampling 

technique similar to that described by Marshall et al. (1998) for the two groups in the “data 

collection” fields. Herbage biomass was measured by hand clipping herbage at ground level within 

quadrats (1.22 m x 0.15 m) and placing the contents in individual plastic bags. Twenty-one 

measurements were taken in a grid pattern for each 1-acre paddock pre- and post-grazing. The 
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handclipped herbage from each plastic bag was weighed, dried at 55ºC for 48 hours, and then re-

weighed to determine quadrat DM. All 21 dried samples from each paddock were then pooled, 

sub-sampled, and stored at -20ºC for future proximate analysis. At the end of the experiment, all 

of the pooled quadrat samples were composited by group and sampling week, such that per 

sampling week, each group had one pre-grazing herbage sample and one post-grazing herbage 

sample (i.e., 8 groups x 4 weeks x 2 samples per week = 64 samples). These composited samples 

were kept frozen at -20ºC until they were sent to A&L Canada Laboratories Inc. (London, Ontario, 

CAN) for analysis using the same standard protocols as described in chapter 2 for analysis of the 

TMR and pellet samples in Experiment 1. The chemical composition of the grass pasture can be 

found in Table 4.2.   

Estimated pasture intake for DM (kg/d, DM basis) was calculated as the difference between 

the average pre- and post-grazing herbage biomass for each paddock, divided by the number of 

animal grazing days (Equation 5). The cows were never moved between paddocks more than once 

daily, and always at approximately the same time, so that estimates of intake could be made on a 

daily basis (Marshall et al., 1998).  

 

Equation 5: Dry matter intake (kg/d) for cattle on pasture using pre- and post-grazing 

 herbage biomass measurements, stocking density, and grazing days 

 

𝐷𝑀𝐼 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑟𝑒 𝑔𝑟𝑎𝑧𝑖𝑛𝑔 ℎ𝑒𝑟𝑏𝑎𝑔𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
− 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑜𝑠𝑡 𝑔𝑟𝑎𝑧𝑖𝑛𝑔 ℎ𝑒𝑟𝑏𝑎𝑔𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠) 
/ (# 𝑐𝑜𝑤 𝑐𝑎𝑙𝑓 𝑝𝑎𝑖𝑟𝑠 𝑥 # 𝑑𝑎𝑦𝑠 𝑠𝑝𝑒𝑛𝑡 𝑔𝑟𝑎𝑧𝑖𝑛𝑔 𝑡ℎ𝑒 𝑝𝑎𝑠𝑡𝑢𝑟𝑒) 

 

 

In addition to quadrat estimates for pasture intake, an additional method was used to 

calculate estimated pasture DMI. The Minson and McDonald (1987) equation estimates DMI on 

an individual basis using cow BW and ADG and is outlined below (Equation 6).  



  
 

 

 

 

65 
 

Equation 6: Dry matter intake (kg/d) for cattle on pasture using body weight (BW, kg) 

 and average daily gain (ADG, kg/d) for individual cows  

 

𝐷𝑀𝐼 =  (1.185 + 0.00454𝐵𝑊 −  0.0000026𝐵𝑊2 + 0.315𝐴𝐷𝐺)2 

 

 

 

4.2.3 Body Weight Measurements, Body Condition Scoring, and Ultrasound Determination 

of Body condition 

At the start and end of the experiment, all animals were weighed on two consecutive days, 

body conditioned scored, and ultrasounded to assess fat deposition. At the start/end of each period, 

all animals were weighed, body condition scored, and ultrasounded using the exact same methods 

and techniques described in Experiment 1. As an additional measure of animal performance, calf 

weights were also collected at the start and end of each period.  

 

4.2.4 Fecal Collection and Analysis  

At the end of each 28-day period, two fecal grab samples were collected from each cow 

using a labelled plastic bag via the rectum (Williams, 2019). These samples were approximately 

250 g each and were stored at -20ºC. All frozen fecal samples were thawed, dried in a conventional 

forced air oven at 55ºC for 96 hours, and then weighed. The samples were then dried for an 

additional 24 hours and weighed again to ensure they were completely dried (i.e., no further weight 

change). After determining the %DM (Equation 1), dried fecal samples were ground using a coffee 

grinder and then composited by group and period. All composited fecal samples were kept frozen 

at -20ºC until they were sent to A&L Canada Laboratories Inc. (London, Ontario, CAN) for 

analysis. Proximate analysis was conducted using methods previously described in Chapter 3, 

Experiment 1.  
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4.2.5 Enteric Gas Emissions  

Enteric gas emissions (CH4 and CO2) were measured using two C-Lock GreenFeed trailers 

(C-Lock Inc., Rapid City, SD, USA) during the last 7 days of each period for each cow group. The 

GreenFeed system estimates daily CH4 and CO2 production (g/d) by measuring enteric gas 

concentrations when animals visit the unit (Hammond et al., 2016). Upon entry to the GreenFeed 

unit, the animal’s RFID tag is scanned, and then pelleted feed is dropped (Hammond et al., 2016; 

Hristov et al., 2015). While consuming the pellets, a fan pulls air past the animal’s muzzle into an 

intake manifold, and then into an air collection pipe where continuous airflow rates are measured 

(Hristov et al., 2015). A sub-sample of air is pumped out of the collection pipe and into non-

dispersive infrared sensors for continuous measurements of CH4 and CO2 (Hristov et al., 2015). 

To estimate daily CH4 and CO2 production, data from multiple visits per day, over several days 

were used (Hammond et al., 2016).  

For this experiment the GreenFeed program was configured to have the exact same 

restrictions as in Experiment 1. Each cow had to wait 4 hours between each visit and per visit the 

cows were allowed 12 drops of a 12% dairy ration pellet (12.5% crude protein, 2.7% crude fat, 

5.3% crude fibre, 0.83% calcium, 0.61% phosphorus, 0.32% sodium, 9.46 KIU/kg vitamin A, 2.17 

KIU/kg vitamin D, and 59 IU/kg vitamin E). The pellet drop interval length was set to 25 seconds. 

Therefore, if a cow remained at the unit for all 12 drops without being interrupted by another cow, 

then it would be in the GreenFeeder unit for at least 300 seconds, or 5 minutes. To ensure proper 

gas sampling, the air filter on both GreenFeeder units was cleaned every week. Carbon dioxide 

recoveries were also completed on the two GreenFeeder units approximately every four weeks. 

Although all cows were previously trained to use the GreenFeeder units prior to the 

experiment, there were also several cows that consistently did not use the GreenFeeder units. As 
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described in Arthur et al. (2017), a minimum of 30 measurements are required in order to generate 

an accurate emission reading using the GreenFeed system. Therefore, any group that did not have 

30 measurements per period were excluded from the gas emissions analysis. Enteric CH4 

emissions expressed in g/d were calculated on an individual cow basis by calculating the average 

g CH4/d for each day in the 7-day sampling week, and then taking the average of all 7 days to 

calculate a weekly g CH4/d value. The same calculation was done to determine average enteric 

CO2 emissions per cow expressed in g CO2/d. Enteric CH4 emissions expressed in g/kg DMI were 

calculated on an individual cow basis using the 7-day average daily CH4 production value (g 

CH4/d) and estimated DMI, to calculate g CH4/kg DMI. The same calculation was done to 

determine average enteric CO2 emissions expressed in g CO2/kg DMI. Enteric CH4 emissions 

expressed in g/kg BW were calculated on an individual cow basis using the 7-day average CH4 

g/d value and then dividing by BW to determine average g CH4/kg BW. The same calculation was 

done to determine average enteric CO2 emissions expressed in g CO2/kg BW.  

Additional metrics to express CH4 production, including CH4:CO2 and CO2e, were also 

calculated. The ratio of CH4 to CO2 (CH4:CO2) was calculated by dividing CH4 production (g/d) 

by CO2 production (g/d). The carbon dioxide equivalent (CO2e) is a term used to represent GHGs 

under a common unit. For any quantity and type of GHG, CO2e represents the amount of CO2 

which would have an equivalent global warming impact. Any quantity of GHG can be expressed 

as CO2e by multiplying the amount of the GHG by its global warming potential (GWP). In the 

case of CH4, if 1 kg of CH4 is emitted, this can be expressed as 25 kg of CO2e (1 kg CH4 × 25 = 

25 kg CO2e; Brander and Davis, 2012). Therefore, to calculate CO2e in the present experiment, 

CH4 (g/d) was first divided by 1000 to compute CH4 in kg/d and then this value was multiplied by 

25 to compute kg CO2 eq/d (Brander and Davis, 2012).  
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4.3 Data and Statistical Analysis  

All data was analyzed using the GLIMMIX procedure in SAS (version 9.4; SAS Institute 

Inc., Cary, NC, USA) to evaluate the effect of biochar supplementation on enteric CH4 and CO2 

emissions, estimated DMI, cow BW, BCS, backfat depth, calf BW, and manure nutrient 

composition. The univariate procedure was used to verify that the data was normally distributed. 

Lognormal distributions were used for fecal DM (%), fecal total N (%), and fecal OM (%). The 

reported means and standard errors for log transformed data were backtransformed to non-

logarithmic units. Cow group was the experimental unit and the statistical model included 

treatment as a fixed effect and group and period as random effects. Cow nested within group was 

treated as a random effect for all response variables, except for manure nutrient composition and 

estimated DMI via quadrat sampling. If the effect of treatment was significant (P ≤ 0.05), then 

treatment means were compared using least squares means. Statistical significance was declared 

at P ≤ 0.05, and tendencies were determined at P ≤ 0.10.  

 

4.4 Results  

 This experiment consisted of 64 cows and calves divided into 8 groups of 8 cow-calf pairs. 

For the entire experiment staff at the Ontario Beef Research Centre were responsible for 

monitoring cow health and deciding if/when any cows needed to be removed from pasture and 

returned to the barn. For 5 of the 8 groups, all cows remained on pasture for the duration of the 

trial. For the remaining 3 groups, one cow was removed from each group for one period throughout 

the trial (primarily for veterinary treatment of hoof health issues). Pellet allotment was adjusted 

for number of cows per paddock when a cow(s) was removed. Overall, no cow was completely 

excluded from the experiment due to lack of pellet consumption, although several cows were 
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excluded from specific periods. For periods 1, 2, 3, and 4, a total of 9, 7, 3, and 1 cow(s) were 

removed due to lack of pellet consumption. For the gas emissions analysis, three groups were 

removed from period 1, two groups were removed from period 2, 1 group was removed from 

period 3, and 1 group was removed from period 4 due to inadequate GreenFeeder use. 

 Since the cows in each paddock were fed the biochar (or control) pellet free choice via 

portable troughs, the calves could have consumed some of the pellet. However, it was often 

observed that the cows consumed the pellet before the calves had a chance, and therefore calf 

intake of pellet was considered negligible.  

 

4.4.1 Effect of biochar supplementation on cow performance  

 Results for average BW and BCS indicate that biochar supplementation did not negatively 

affect overall cow performance. Average BW (kg) and BCS were not significantly different (P ≥ 

0.61) between the control and biochar treatments (Table 4.4). Calf BW (kg) was also recorded as 

an additional measure of cow performance and there were no differences (P = 0.95) in calf weights 

between cows consuming the control treatment and cows consuming the biochar treatment. Cow 

and calf ADG were also calculated and there were no differences (P ≥ 0.40) in cow or calf ADG 

between the two treatments.  

 Estimated DMI (kg/d) using the Minson and McDonald (1987) equation was not 

significantly different (P = 0.42) between cows consuming the control treatment and cows 

consuming the biochar treatment (Table 4.4). However, estimated DMI (kg/d) using the pre- and 

post-grazing herbage sampling technique was significantly higher (P = 0.03) for cows consuming 

the biochar treatment compared to cows consuming the control treatment.  
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4.4.2 Effect of biochar supplementation on enteric gas emissions   

 Enteric CH4 emissions expressed in g CH4/d, g CH4/kg DM, and g CH4/kg BW were not 

significantly different (P ≥ 0.35) between the two treatments (Table 4.5). Enteric CO2 emissions 

expressed in g CO2/kg DM and g CO2/kg BW were also not significantly different (P ≥ 0.11) 

between the two treatments. However, there was a tendency for enteric CO2 emissions expressed 

in g CO2/d to be higher (P = 0.06) for cows supplemented with biochar, compared to cows not 

supplemented with biochar. Methane production expressed as the ratio of CH4 to CO2 (CH4:CO2) 

was not significantly different (P = 0.88) between the two treatments and CH4 production 

expressed as kg CO2 eq/d was also not significantly different (P = 0.35) between cows 

supplemented with biochar and cows not supplemented with biochar. In this experiment, biochar 

supplementation was ineffective for reducing enteric CH4 and CO2 emissions. 

 

4.4.3 Effect of biochar supplementation on manure nutrient composition  

 Similar to Experiment 1, it was observed that cows consuming biochar had notably darker 

fecal samples than cows not consuming biochar. Fecal DM (%), total nitrogen (%), ammonia 

(NH4
+, ppm), total phosphorus (%), phosphate (P as P2O5, %), total potassium (%), potash (K as 

K2O, %), organic matter (%), carbon:nitrogen (C:N), calcium (%), and magnesium (%) 

concentrations were not significantly different (P ≥ 0.10) between cows consuming the control 

treatment and cows consuming the biochar treatment (Table 4.6). Total carbon (%) was 

significantly higher (P = 0.004) in the feces from cows supplemented with biochar, compared to 

cows not supplemented with biochar.  
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4.5 Discussion  

 The objective of this experiment was to determine whether biochar supplementation to 

grazing beef cattle can reduce enteric CH4 emissions. Only a few experiments have investigated 

biochar supplementation in beef cows, none of which have been conducted using beef cattle 

grazing pasture. Since the cow-calf sector has been implicated as a major contributor of enteric 

CH4 emissions within the beef industry (Legesse et al., 2016), it is important to investigate 

opportunities for CH4-mitigation within this area of the production cycle.  

 

4.5.1 Effect of biochar supplementation on cow performance  

 Through the use of BW and BCS as measures of animal performance, the present 

experiment found that biochar supplementation to grazing beef cattle did not exert any positive or 

negative effects on overall cow performance. As discussed in section 3.5.1, this general 

observation for no positive or negative changes in cow performance is also supported by Terry et 

al. (2019a, 2019b) and Winders et al. (2019). Additionally, estimated DMI using the Minson and 

McDonald (1987) equation revealed that DMI was not significantly different between cows 

supplemented with the control pellet (9.77 kg/d) and cows supplemented with the biochar pellet 

(9.45 kg/d). Similar DMI between treatments is also consistent with previous experiments where 

biochar supplementation did not affect DMI in beef cattle fed high-forage (Terry et al., 2019a) or 

high-concentrate diets (Winders et al., 2019; Terry et al., 2019b). However, estimated DMI using 

the pre- and post-grazing herbage sampling technique revealed that DMI was significantly higher 

for cows supplemented with the biochar pellet (17.99 kg/d) compared to cows supplemented with 

the control pellet (13.67 kg/d). These results are inconsistent with the results for estimated DMI 

calculated using the Minson and McDonald (1987) equation, making it difficult to draw definitive 
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conclusions for DMI responses to biochar supplementation, especially since there are no known 

biochar supplementation experiments that have been conducted on pasture. 

 To date there is no universally accepted method for estimating DMI in grazing systems. 

However, DMI is one of the main factors driving enteric CH4 production (g/d) and there is 

generally a strong positive relationship between DMI and CH4 production (Moss et al., 1995; 

Hegarty et al., 2007; Molano and Clark, 2008). Since estimating DMI for grazing animals is 

difficult, and there is currently no robust and universally accepted technique, it can be challenging 

to express CH4 emissions in terms of g CH4/kg DMI.  

 Available techniques for estimating herbage biomass in pasture systems all have varying 

degrees of problems, especially with natural, multi-species grass-legume swards (Marshall et al., 

1998). Using a pre- and post-grazing herbage sampling technique (Marshall et al., 1998) also 

presents several challenges for estimating DMI of grazing cattle. The relationship between DMI 

and pre-grazing herbage biomass (kg DM ha-1) was found to not be linear or quadratic (Marshall 

et al., 1998), as has been previously suggested (Combellas & Hodgson, 1979). The effect of 

herbage biomass on intake in the present study may be complicated by changes in herbage 

digestibility, particularly where variations in biomass and sward height are achieved by varying 

the duration of the period of growth before grazing and hence the maturity of the herbage 

(Hodgson, 1985). Marshall et al. (1998) concluded that since the association between available 

herbage biomass and DMI is sometimes very low, herbage biomass cannot by itself be used to 

predict DMI for a mixed grass-legume pasture in Southern Ontario. For this reason, the Minson 

and McDonald (1987) equation was also used as an additional attempt to estimate DMI on pasture.  

 In the present experiment, there were several challenges associated with the pre- and post-

grazing herbage sampling method for DMI estimation. Firstly, this method requires considerable 
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labour requirements, and secondly, this method also allows for significant human error. In the 

experiment by Marshall et al. (1998) where cattle were grazing grass legume pasture in Southern 

Ontario, the average DMI estimates using the pre- and post-grazing herbage sampling technique 

ranged from 12.11 to 14.81 kg/d across 3 separate years. In the present experiment, the average 

DMI across the entire experiment was 15.33 kg/d (SD: 9.25 kg). However, there were several DMI 

estimates that were considerably higher and lower than the average estimated DMI value for the 

present experiment and the DMI values reported in the experiment by Marshall et al. (1998), likely 

owing to human error and user differences associated with quadrat clipping in the present 

experiment. Although the technique for quadrat sampling is relatively routine with all individuals 

receiving identical instructions for quadrat sampling, there were several individuals involved in 

the quadrat sampling process throughout the entire experiment, and each individual likely adopted 

their own unique method for clipping, particularly how close to the ground they chose to clip. 

Weather differences (i.e., rain) likely also impacted how close to the ground the grass was clipped 

since the electric clippers do not work as well in the rain.   

 As discussed by Reis et al. (2015), using pre- and post-grazing herbage sampling as a 

method for DM disappearance may overestimate DMI if the herbage is clipped to the ground. The 

calculation for DMI estimation considers that all of the biomass inside the quadrat is offered (for 

pre-grazing samples) and that the difference is considered consumed. However, the actual forage 

consumed may not be similar to the forage sampled, since the post-grazing material (mostly dead 

material) may have a higher DM content than the herbage actually consumed. Evidently, there are 

numerous ways that variation can be introduced when using pre- and post-grazing herbage 

sampling is used as a technique to estimate DMI on pasture.  
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 Prediction equations like the Minson and McDonald (1987) equation offer the advantage 

of simplicity and ease of application for estimating DMI of grazing animals (Undi et al., 2008) 

based on animal weight and performance. However, prediction equations do not account for 

nutrient degradability, physiological, environmental, and management factors that may alter feed 

intake (Burns et al., 1994). In addition, prediction equations also provide little insight into 

understanding the basic biology of the animal (Burns et al., 1994). In the experiment by Undi et 

al. (2008) four DMI estimation techniques were compared including (1) the cage technique, (2) 

the N-alkane marker technique, (3) the Minson and McDonald (1987) equation using BW and 

ADG, and (4) the net energy equation using NEm of standing forage and BW. It was found that 

prediction equations (i.e., techniques 3 and 4) may not be the best choice when pasture conditions 

like height of standing forage and ambient temperature are variable from period to period. This 

was the case in the present experiment since it took place over the course of 5 months from June 

to November.  

 It is difficult to determine which method for pasture DMI estimation is correct. Based on 

the Minson and McDonald (1987) equation, the cows were consuming approximately 1.4% of 

their BW on both the control and biochar treatments, and based on the quadrat sampling method, 

the cows were consuming approximately 2.0 and 2.6% of their BW on the control and biochar 

treatments, respectively. According to Hibbard and Thrift (1992), lactating beef cows consuming 

average quality forage (52-59% TDN) have a forage DMI capacity of 2.6% of BW, suggesting 

that the Minson and McDonald equation might have underestimated DMI, and quadrat sampling 

might have more accurately estimated DMI.  

 Although human error was likely present for the quadrat sampling method, it is likely that 

this technique provided more accurate results than the Minson and McDonald (1987) prediction 
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equation. Since quadrat sampling involves clipping and drying the actual forage that is being 

consumed by the grazing animals, it seems plausible that this method would provide more accurate 

results, since the Minson and McDonald equation does not utilize any information about the 

standing forage. However, based on the observations from this experiment, it is recommended that 

both techniques are used (when possible) to validate (or invalidate) the two methods. Overall, in 

order to improve the quality of research that can be conducted on pasture, more robust techniques 

to estimate DM intake are required.  

 

4.5.2 Effect of biochar supplementation on enteric gas emissions  

 The results revealed there were no differences in methane production (g/d, g/kg DMI, g/kg 

BW) between cows supplemented with biochar at 3% of estimated DMI and cows not 

supplemented with biochar. These results further support the results from Experiment 1, which 

showed that biochar supplementation was ineffective for reducing enteric CH4 emissions from 

beef cattle consuming a high forage diet in a drylot. As discussed in section 3.5.1, these results are 

consistent with other in vivo biochar supplementation work by Winders et al. (2019) and Terry et 

al. (2019a). These two experiments also found no effect of biochar supplementation on enteric 

CH4 emissions from heifers fed a high forage diet (Terry et al., 2019a) and steers fed a high 

concentrate (Winders et al., 2019) diet. However, there are no known experiments that have 

supplemented biochar to grazing beef cows, making this experiment one of the first to investigate 

the effects of biochar supplementation on pasture.    

 Previous in vitro work by Saleem et al. (2018) showed that biochar was able to reduce CH4 

production by approximately 25%; however, this response was not replicated in recent in vivo 

work (Winders et al., 2019; Terry et al., 2019a), including the present experiment. This finding 

further highlights the importance of conducting experiments in vivo. In vitro systems like the 
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rumen simulation technique (RUSITEC) allow for more control over all inputs and outputs, 

providing a more constant microbial population and consistent fermentation kinetics. However, in 

a living animal, the quality and quantity of substrate, as well as intake of water are constantly 

changing, along with ambient temperature and other environmental conditions. Taken together, 

these factors are likely to influence rumen fermentation but cannot be replicated in a closed in vitro 

environment. Although in vitro work can provide a good foundation for CH4 mitigation research, 

the applicability of the results to live animal production certainly comes into play.  

 Average CH4 emission values were 263 and 253 g/d for control- and biochar-supplemented 

cows, respectively. These values are lower than the CH4 values reported for Experiment 1, which 

were 298, 307, 306, and 298 g/d for cows supplemented with biochar at 0, 1, 2, and 3% of DMI. 

Since CH4 production is largely dependent on DMI (Moss et al., 1995; Hegarty et al., 2007; 

Molano and Clark, 2008), this difference is likely a reflection of increased DMI in Experiment 1 

(14.21 kg/d) compared to Experiment 2 (9.61 kg/d; Minson and McDonald equation). In the 

experiment by Gunter and Bradford (2017) where Angus heifers were grazing mixed grass 

rangeland in Oklahoma, CH4 emissions ranged from 138 to 169 g/d, as measured by the GreenFeed 

system. These values are also lower than the values observed in the present experiment; however, 

the heifers in the experiment by Gunter and Bradford (2017) weighed considerably less (364 kg) 

than the cows used in the present experiment (689 kg), making it difficult to compare CH4 

emissions between experiments. Since variables like BW, DMI, and forage type and quality all 

affect CH4 production, it is challenging to compare results for CH4 emissions between 

experiments.  

 In the present experiment, CO2 emissions expressed in g/d tended to be higher for cows 

supplemented with biochar (9617 g/d) compared to cows not supplemented with biochar (9247 
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g/d). An explanation for this observed increase in CO2 emissions in response to biochar 

supplementation is not readily apparent. It is well-understood that CH4 emissions are the result of 

fermentation in the rumen, whereas CO2 emissions primarily originate from respiratory activities 

(Pinares-Patiño et al., 2007). On a mole-to-mole basis, CO2 emissions exceed CH4 emissions by a 

factor of approximately 10 (Kinsman et al., 1995; Pinares-Patiño et al., 2007). In the present 

experiment, CO2 emissions were approximately 13 times CH4 emissions. This number is similar 

to the range observed in the two experiments by Kinsman et al. (1995) where CO2 emissions 

ranged from 11 to 15 times CH4 emissions. Although these findings validate the relationship 

between CO2 and CH4 emissions observed in the present experiment, they still do not provide an 

explanation for the observed increase in CO2 emissions when cows were supplemented with 

biochar.  

 As expected, there were notable differences in GreenFeeder use between cows housed in 

the barn (Experiment 1) and cows housed on pasture (Experiment 2), and these differences in 

GreenFeeder use highlight one of the challenges for conducting CH4 mitigation experiments on 

pasture. The total number of visits to the GreenFeeder unit was 1102 and 3445 in Experiment 1 

and Experiment 2, respectively. Although this difference is primarily reflective of Experiment 1 

consisting of 8 cows while Experiment 2 had 64 cows, the average number of visits to the 

GreenFeeder unit per cow per sampling week (i.e., 7 days) was 34 and 13 for Experiment 1 and 

Experiment 2, respectively. However, in Experiment 1 cow was the experimental unit whereas in 

Experiment 2 cow group was the experimental unit. Using this ‘experimental unit’ perspective, 

the average number of visits to the GreenFeeder unit per cow group per sampling week was 82 in 

Experiment 2.   
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 According to Arthur et al. (2017), a minimum of 30 visits to the GreenFeeder unit are 

required to generate accurate emissions (CH4 and CO2) readings. Therefore, any group that did not 

achieve 30 visits per sampling week were removed from the gas emissions analysis for that specific 

period. Since there were 8 groups, and each group went through 4 periods (two biochar and two 

control), there was a total of 32 periods for the entire experiment. Out of these 32 periods, there 

were 7 periods where a group did not achieve the minimum 30 visits per sampling week. This 

likely impacted the experimental power for the gas emissions analysis, although it is difficult to 

determine whether the emissions results would have been impacted if all 32 periods could be used. 

However, it is important to mention that as the experiment went on, cows were reported visiting 

the GreenFeeder units more frequently. This observation was also mentioned by Gunter and 

Bradford (2017), who noted that once cattle are trained to use the GreenFeeder units, they are 

willing to visit on their own.  

 Some groups (Hammond et al., 2016; Waghorn et al., 2016) have expressed concerns 

regarding the spot-measuring technique associated with the GreenFeeder system. These concerns 

are primarily related to the understanding that CH4 emissions from meal-fed ruminants (i.e., 

Experiment 1) where cattle can exhibit large diurnal variation for CH4 production (Robinson et al., 

2015; Jonker et al., 2016). However, in situations like the present experiment where cattle are 

grazing pasture, these diurnal patterns are likely not as pronounced (Hammond et al., 2013; Gunter 

and Bradford, 2015). Since cattle grazing pasture have a constant source of feed, it has been 

suggested that not as many spot samples would be required to generate a precise CH4 or CO2 

estimate, compared to meal-fed cattle (Gunter and Bradford, 2017). In the grazing experiment by 

Gunter and Bradford (2017), approximately one week of sampling was deemed sufficient to obtain 
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a precise estimate of CH4 and CO2 production when cattle were visiting the GreenFeeders two or 

more times a day (i.e., 14 or more visits per week), similar to the present experiment.  

 Future experiments using the GreenFeeder units on pasture may want to consider 

increasing the data collection period from one week to two weeks, to ensure that a minimum of 30 

visits are achieved. Future experiments should also consider incorporating an additional training 

regimen into the experimental design, just before the start of the experiment. Although all the cows 

in the present experiment were previously trained to use the GreenFeeder units, it took some time 

for the cows to begin using the GreenFeeder units on a regular basis while on pasture. Therefore, 

it might be worthwhile to schedule a pre-trial period for a few weeks prior to the actual start date 

of the experiment, such that the animals can get well acquainted with the GreenFeeder units, and 

animals not using the GreenFeeder units can be identified and re-trained before beginning the 

actual experiment. These suggestions would likely result in less cows/groups being removed from 

the experiment due to inadequate GreenFeeder use.   

 Nutrition experiments conducted on pasture also pose challenges in terms of variable level 

of individual animal supplementation intake. The present experiment consisted of 64 cows divided 

into 8 groups of 8 cow-calf pairs. Each morning the pellets (control or biochar) were delivered to 

each group via a portable trough. Typically, each group would consume their allotted pellets 

(biochar or control) within a matter of 5 to 10 minutes of delivery, suggesting that biochar 

palatability was not an issue. Although this method of supplement delivery is relatively efficient 

in terms of labour requirements, there is no way to regulate how much pellet each animal 

consumes. However, there appeared to be amble bunk space at the trough and this likely helped to 

avoid significant differences in individual pellet intake. This presents another challenge associated 

with pasture supplementation experiments, since it is likely not the case that all animals are 
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consuming equal portions of pellet, although this is assumed since there is no effective method to 

regulate individual consumption on pasture. This emphasizes another important difference 

between the two experiments. In Experiment 1, the control and biochar pellets were individually 

fed to each animal using the Insentec feeding system. This method of individual animal 

supplementation could not be replicated in a grazing environment. 

 

4.5.3 Effect of biochar supplementation on manure nutrient composition 

 Although the results for enteric CH4 emissions and animal performance from the present 

experiment are consistent with the results from Experiment 1, the results for manure nutrient 

composition are inconsistent between experiments. In Experiment 1 there were significant 

differences in the manure nutrient profile for total N (%), total P (%), and the C:N ratio. However, 

in the present experiment these nutrient parameters were not significantly different between the 

manure samples from cows supplemented with biochar and the manure samples from cows not 

supplemented with biochar. One observation that might explain this lack of consistency in the 

manure nutrient composition responses between the two experiments is that the low DM from the 

pasture fecal samples required longer time in the oven to dry and may have molded during the 

drying process (Figure 4.1). Although the molded portions of the dried fecal samples were 

discarded and not included in the ground portions sent to A&L Laboratories Inc. for analysis, the 

molding process may have impacted the nutrient profile of the samples, although this is only a 

speculation. It is unclear why the fecal samples from the pasture experiment molded, but not the 

fecal samples from the drylot experiment.  

 Similar to Experiment 1, total C (%) was significantly higher in the manure samples from 

cows supplemented with biochar, compared to cows not supplemented with biochar. Since biochar 
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is a carbon-rich product, this response for total C was expected. Cows consuming biochar had an 

average fecal C content of 43.56%, and cows not consuming biochar had an average fecal C 

content of 42.35%. The C-lattice structure of biochar has been shown to remain intact as it travels 

through the digestive tract (Joseph et al., 2015), thereby increasing the C content in the excreted 

feces.   

 

4.6 Conclusion 

 In the present experiment a pine-sourced biochar was supplemented to grazing beef cattle 

at 0 and 3% of estimated DMI on pasture. The results from this experiment showed that 3% DM 

supplementation of biochar was ineffective for reducing enteric CH4 emissions from grazing beef 

cattle, further supporting the results from Experiment 1. However, measures of animal 

performance, including BW and BCS, were not negatively affected by biochar supplementation. 

Unlike the results from Experiment 1, this experiment did not find any significant positive 

improvements in the manure nutrient composition from cows supplemented with biochar on 

pasture.   
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Table 4.1: Ingredient and chemical composition of the biochar and control pellet 

fed in portable troughs once daily at 0900 h in Experiment 2 
 

 

 

Ingredient Composition, % DM Biochar Pellet Control Pellet 

Biochar 45 0 

Wheat Midds 42.5 85.5 

Canola Oil 10 12 

Dry Molasses 2.5 2.5 

   

Chemical Composition Biochar Pellet Control Pellet 

DM, % 82.9 88.6 

NEm, Mcal/kg  1.98 1.98 

CP, % DM 12.3 16.3 

NDF, % DM 33.7 33.5 

ADF, % DM 14.0 13.7 

Crude Fat, % DM 10.7 15.9 

Lignin, % 5.8 3 
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Table 4.2: Amount (kg/d) of control and biochar pellet fed in portable troughs once 

daily at 0900 h to each cow and cow group on each treatment in Experiment 2  
 

 

 

Treatment 
Biochary Pellet 

(g/cow/d) 

Controly Pellet 

(g/cow/d) 

Totalz Pellet 

(kg/group/d) 

0 0 590 4.72 

3 1070 0 8.56 

 yControl: biochar supplemented at 0% estimated dry matter intake (DMI), Biochar: 

 biochar supplemented at 3% of estimated DMI. 

 zTotal Pellet: calculated as the daily individual cow pellet (biochar or control) intake 

 multiplied by the number of cows in the group (n=8).  
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Table 4.3: Chemical composition of the grass pasture (seeded with a blend of Will 

Ladino Clover, OAC Bruce Trefoil, Pardus Meadow Fescue, Fleet Meadow 

Brome, Ginger Kentucky Bluegrass, Cowgirl Tall Fescue, and Lofa Festulolium) 

in Experiment 2 
 

 

 

Chemical Composition Pasture Standard Deviation 

DM, % 41.8 9.21 

NEm, Mcal/kg 1.36 0.12 

CP, % 15.2 3.50 

UIP. % 29.8 2.84 

NDF, % 60.2 6.54 

ADF, % 41.0 5.07 

Lignin, % 6.9 1.28 

Starch, % 2.0 6.19 

Crude Fat, % 2.7 0.62 

Ash, % 9.0 1.90 

Calcium, % 0.75 0.15 

Phosphorus, % 0.28 0.07 

Values represent sampling from 2 different fields each with 8 one-acre 

paddocks. Twenty-one samples were collected on each pre- and post-grazing 

paddock for each group during each of their 4 sampling weeks. Dried pre-

grazing and post-grazing samples were composited by group and sampling 

week, and then one pre-grazing sample and one post-grazing sample for each 

group for each sampling week were sent for chemical analysis at A&L 

Laboratories Inc. (London, ON).  
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Table 4.4: Performance of cows supplemented with biochar at 0 and 3% of 

estimated DMI in Experiment 2 
 

 

 

 

Parameter 

Treatmentz 
 

SEM 

 

P-value 
Control Biochar 

n = 120 n = 111 

Estimated DMIx, kg/d 9.6 9.8 0.23 0.42 

Estimated DMIy, kg/d  13.7 18.0 1.82 0.03 

BW, kg 690.2 692.2 20.37 0.61 

Cow ADG, kg/d 0.002 0.16 0.19 0.40 

BCS 3.43 3.41 0.15 0.87 

Calf BW, kg 237.3 235.9 10.14 0.95 

Calf ADG, kg/d 1.40 1.41 0.04 0.86 

xDMI estimated using the Minson and McDonald equation (1987) based on ADG 

and BW.  
yDMI estimated using pre- and post-grazing herbage sampling (Marshall et al., 

1998). 
zControl: biochar supplemented at 0% estimated dry matter intake (DMI), Biochar: 

biochar supplemented at 3% of estimated DMI. Differences in n reflect cows being 

removed due to lack of biochar consumption 
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Table 4.5: Enteric gas (CH4 and CO2) emissions from cows supplemented with 

biochar at 0 and 3% of estimated dry matter intake (DMI) in Experiment 2 
 

 

 

 

Parameter 

Treatmentz 
 

SEM 

 

P-value 
Control Biochar 

n = 83 n = 82 

g CH4/d  252.8 262.5 7.38 0.35 

g CH4/kg DM  28.5 27.4 1.19 0.39 

g CH4/kg BW 0.37 0.38 0.02 0.40 

g CO2/d 9247 9617 223.10 0.06 

g CO2/kg DM 944 1015 63.56 0.42 

g CO2/kg BW 13.5 13.9 0.53 0.11 

CH4:CO2 0.03 0.03 0.001 0.88 

kg CO2 eq/d 6.3 6.6 0.18 0.35 

 zControl: biochar supplemented at 0% estimated dry matter intake (DMI), Biochar: 

 biochar supplemented at 3% of estimated DMI. Differences in n reflect cows being 

 removed due to lack of biochar consumption and/or inadequate GreenFeeder use.  
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Table 4.6: Manure nutrient composition from cows supplemented with biochar at 0 

and 3% of estimated DMI in Experiment 2 
 

 

 

 

Parameter 

Treatmentz 
 

SEM 

 

P-value 
Control Biochar 

n = 107 n = 95 

DM, % 14.5 15.7 1.67 0.09 

Total Nitrogen, % 0.52 0.56 0.06 0.18 

NH4
+, ppm 107.1 125.4 11.55 0.22 

Total Phosphorus, % 0.15 0.15 0.02 0.76 

Phosphate (P as P2O5), % 0.35 0.36 0.04 0.76 

Total Potassium, % 0.15 0.15 0.01 0.97 

Potash (K as K2O), % 0.18 0.19 0.01 0.97 

Organic Matter, % 11.0 14.2 1.83 0.10 

Carbon:Nitrogen Ratio (C:N) 12:1 12:1 0.20 0.24 

Total Carbon, % 42.4 43.6 0.72 0.004 

Calcium, % 0.47 0.52 0.05 0.23 

Magnesium, % 0.14 0.14 0.02 0.96 

 zControl: biochar supplemented at 0% estimated dry matter intake (DMI), Biochar: 

 biochar supplemented at 3% of estimated DMI. Differences in n reflect cows being 

 removed due to lack of biochar consumption and/or no fecal sample collected.  
 
  

  



  
 

 

 

 

88 
 

Figure 4.1: Molded fecal samples after drying in a forced-air oven at 55°C for 96 

hours in Experiment 2 
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CHAPTER 5: OVERALL CONCLUSIONS   

 The primary objectives of the present set of experiments were to (1) determine the optimum 

dose of biochar to reduce enteric CH4 emissions from beef cows (Experiment 1) and (2) determine 

whether biochar supplementation can reduce CH4 emissions from beef cows on pasture 

(Experiment 2). Overall, it was hypothesized that supplementing biochar to beef cows fed a high-

forage diet (Experiment 1) and to beef cows grazing pasture (Experiment 2) would reduce CH4 

emissions without negatively affecting animal performance. The results from the gas emissions 

analysis for both experiments did not support these original hypotheses. In Experiment 1 and 

Experiment 2, biochar supplementation was ineffective for reducing enteric CH4 and CO2 

emissions. However, measures of animal performance (BW and BCS) were not affected by biochar 

supplementation in either experiment, which was originally hypothesized.   

 Although some previous studies have found significant CH4 reduction responses from 

biochar supplementation, these responses were not found in the present set of experiments. It can 

be difficult to compare responses to biochar supplementation across different studies since 

variability can be introduced as a result of different feedstock sources. Furthermore, even when 

the same feedstock (i.e., pine) is used, variation in the duration and temperature of pyrolysis, as 

well as post-treatment modifications (i.e., acidification), can all affect the physical and chemical 

characteristics of the final biochar product. For example, it has been continuously suggested that 

the porosity and surface area play an important role in the potential CH4-mitigating effect of 

biochar; however, these characteristics can vary significantly, even when the same feedstock 

source is used.  

 As previously discussed in sections 4.5.1 and 4.5.2, there are several challenges associated 

with conducting nutrition experiments on pasture. In the first experiment, where cows were fed a 
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high-forage ration, there were no differences in DMI, likely indicating that there were no 

palatability issues for cattle when offering the biochar supplement, and it did not influence overall 

feed intake. However, in Experiment 2 on pasture where the biochar was offered free choice on 

pasture, there were several cows that were consistently not interested in consuming biochar, likely 

owing to general dislike for the pellet. Similarly, in Experiment 1 most of the cows were hitting 

their maximum allowed GreenFeeder visits per day, but on pasture there were again cows that 

consistently did not want to use the GreenFeeder. Additionally, measuring DMI on pasture using 

the pre- and post-grazing herbage sampling can be challenging, and since only estimates of DMI 

can be produced using this technique, it can be difficult to interpret and discuss results. Going 

forward it will be important to develop new techniques to measure DMI more accurately on pasture 

and to allow for more robust experiments to take place under rotational grazing systems. 

Specifically, techniques that can estimate DMI on an individual animal basis will be most 

beneficial for CH4-mitigation experiments that utilize the GreenFeeder system, since gas emissions 

could then be expressed for each individual animal in terms of g (CH4 or CO2)/kg DMI.  

 

5.1 Implications  

 Strategies to reduce the environmental impact for beef production are a major consumer 

concern and therefore further research into methane mitigation strategies is warranted. Although 

it is understood that beef cattle play an important role in sustainable food production, strategies to 

reduce GHG production will strengthen consumer trust in beef products and help promote 

environmental sustainability within the beef industry. Additionally, it is well documented that CH4 

production is energy lost to the animal. If CH4 production can be reduced through a CH4-mitigating 

feed additive, the energy lost through CH4 production could be re-directed towards growth or 

lactation: this extra energy could potentially result in improved animal performance. 
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Unfortunately, biochar supplementation using the experimental conditions in the present set of 

experiments was not successful for reducing GHG emissions. Other feed additives currently being 

explored, particularly 3-nitrooxypropanol (3-NOP), appear to show more promise in reducing 

enteric CH4 emissions, with reductions of up to 60% reported for beef cattle (Romero-Perez, 2015). 

Therefore, further investigating other feed additives (i.e., 3-NOP) may be a better use of resources. 

However, biochar supplementation for CH4 reduction is still a new concept, and therefore it seems 

worthwhile to continue to investigate biochar as a potential CH4-mitigation strategy.  

 In terms of manure nutrient composition, there were positive indications for improved 

manure quality in response to biochar supplementation, particularly in Experiment 1. Using 

biochar supplementation as a means to enhance the nutrient profile of manure has important 

implications for producers currently using manure as a soil amendment. Using beef cattle as a 

vessel for biochar incorporation into soil may have important applications to improve soil health 

and fertility, although this will require further investigation into factors like cost, on-farm 

feasibility, and manure product quality.  

 The concept behind supplementing biochar to beef cattle has important implications since 

biochar production has proven to be an energy efficient process. Oregon Biochar Solutions (OBS), 

the company that provided the biochar for Experiment 1 and 2, has several sustainability claims. 

Seventy-five percent of their biomass suppliers operate in compliance with Sustainable Forestry 

Initiative standards, and more than 75% of their biomass travels less than 100 miles to the 

manufacturing plant. In addition, the manufacturing process used by OBS exceeds state and federal 

emission standards and excess energy from the pyrolysis process generates more than 25 MW of 

renewable electricity for Southern Oregon (Oregon Biochar Solutions, 2017).  
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5.2 Future Research  

 In recent years, consumers have grown increasingly concerned about the environmental 

footprint of beef production. This societal pressure will continue to push research to investigate 

potential CH4 mitigation strategies. Since margins are tight in beef cattle production, in order for 

a mitigation strategy to be a viable option it needs to (1) produce consistent results (i.e., 

consistently reduce methane emissions), (2) be inexpensive and (3) not compromise animal 

performance or health. This requires continuous research and investigation into all beef production 

scenarios (cow/calf and feedlot) to ensure consistent and positive results, with detailed economic 

analyses to complement these animal experiments.  

 To continue to evaluate the potential of biochar as a CH4 mitigator, research should 

investigate different biomass sources and pyrolysis conditions to identify the optimal production 

scenario for CH4 reduction and enhanced manure quality. Additionally, the development of a 

system to individually feed biochar on pasture would be ideal, although this would likely result in 

labour-intensive activities if a rotational grazing system were used. However, for experimental 

purposes, being able to individually feed biochar would complement the individual CH4 

measurements generated by the GreenFeed system, and this could aid in further understanding the 

effects of biochar supplementation on CH4 emissions from beef cattle. Although several 

hypotheses have been put forward to explain how biochar might reduce CH4 emissions from 

ruminants, further work is needed to refine (or potentially disprove) these mechanisms.  

 Overall, the present experiment found no negative animal performance responses to 

biochar supplementation and combined with some preliminary findings that suggest the cows 

enjoy consuming the biochar pellet, plus the potential improvements in manure quality, further 

work into biochar as a CH4-mitigator could be warranted. Specifically, higher inclusion rates of 
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biochar could be investigated. However, several other experiments have also found no positive 

CH4 reduction responses from biochar supplementation, and research into other potential CH4 

mitigating feed additives (i.e., 3-NOP) may represent a more promising means to reduce enteric 

CH4 emissions in cattle.    
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APPENDICES  

Table 1: Chemical composition of the grass pasture (seeded with a blend of Will 

Ladino Clover, OAC Bruce Trefoil, Pardus Meadow Fescue, Fleet Meadow 

Brome, Ginger Kentucky Bluegrass, Cowgirl Tall Fescue, and Lofa Festulolium) 

by month and treatment 

  

Parameter 
July August September October 

Control Biochar Control Biochar Control Biochar Control Biochar 

DM, % 45.3 37.4 41.2 41.3 39.5 37.5 42.6 46.3 

NEm, Mcal/kg 1.20 1.21 1.337 1.36 1.375 1.41 1.438 1.391 

CP, % 10.2 9.5 14.3 14.8 15.5 17.0 18.0 16.4 

UIP. % 30.2 30.1 31.3 30.4 30.6 28.5 28.6 29.1 

NDF, % 68.9 70.1 62.3 59.1 59.1 57.8 56.0 59.0 

ADF, % 46.9 48.1 42.2 41.2 40.5 39.1 37.8 39.8 

Lignin, % 7.4 6.8 7.1 7.1 7.3 7.1 6.5 6.3 

Starch, % 2.9 1.3 1.2 1.4 1.5 1.3 4.8 1.5 

Crude Fat, % 1.9 1.9 2.7 2.4 2.7 2.9 2.9 2.9 

Ash, % 7.1 7.2 8.7 9.2 8.2 8.9 10.8 9.3 

Calcium, % 0.53 0.50 0.68 0.80 0.79 0.82 0.82 0.84 

Phosphorus, % 0.19 0.18 0.30 0.30 0.29 0.32 0.29 0.27 
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