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Abstract 

Ullenboom, Tawnya R., M.Sc., University of Manitoba, June, 2015.  The relationship of 

carbon dioxide and enteric methane emissions of growing Angus beef bulls with efficiency 

on two diets.  Major Professors; Kim Ominski and Gary Crow. 

 

Residual Feed Intake (RFI) and enteric methane (CH4) emissions were measured over two years 

on 120 Angus bulls receiving either a silage-hay diet or a silage-grain diet (277±28 and 286±25 d 

of age in year 1; 249±23 and 250±23 d of age in year 2).   Emissions were similar between diets 

(240 vs. 248  7.9 L d
-1

, P>0.05; silage-hay vs. silage-grain) and RFI grouping (P>0.05).  DMI 

increased for high RFI bulls versus low RFI bulls (7.68±0.2 and 8.24±0.2 kg DM d
-1

, low vs. 

high).  Correlations between RFIfat and CH4 emissions were not significant.  These findings 

agree with previous studies and suggest that RFI ranking may be associated with metabolic 

mechanisms other than fermentation efficiency. 
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1.0 General Introduction 

 Sustainability of the beef cattle industry involves many factors, including reduction of 

adverse environmental impacts, and economic viability associated with input costs such as feed, 

labor and land.  Livestock produce greenhouse gases (GHG) and enteric fermentation from 

ruminants contributed 25 Mt CO2 eq in 2013 towards Canada’s total GHG emissions 

(Environment Canada, 2013).  When in abundance, these gases have detrimental effects on the 

environment (Nguyen et al., 2013).  Selection of feed efficient cattle has the potential to not only 

reduce the impact of the cattle industry on the environment through reduced GHG emissions 

(Hegarty et al., 2007) but also to reduce feed costs (Basarab et al., 2013).  Residual Feed Intake 

(RFI) is a measure of feed efficiency that can be used as a trait or incorporated into a multi-trait 

index to select cattle with lower feed intake at the same level of gain and body size (low RFI 

animals) as animals that have higher feed intake.  Alberta Environment and Parks (Government 

of Alberta, Canada, http://aep.alberta.ca/climate-change/guidelines-legislation/specified-gas-

emitters-regulation/offset-credit-system-protocols.aspx) has approved the use of RFI as a carbon 

offset protocol.  Eligible cattle producers in Alberta can receive carbon offset credits for animals 

with certified low RFI estimated breeding values (RFI-EBV) for a period of 8 years (maximum).  

A reduction in GHG of 1 tonne is associated with each carbon offset credit (Government of 

Alberta, Canada, 2012).  Therefore, adoption of RFI as a carbon offset protocol across all 

provinces could potentially reduce GHG`s and improve profitability for farmers as a 

consequence of increased efficiency and cost reduction.  However studies relating enteric CH4 

emissions with RFI in Western Canadian environments are still lacking and should be explored 

in full so that the exact benefits to Canadian producers can be determined.   Examining the 
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relationship between superior feed efficiency and GHG production in Western Canadian 

environments is the major theme of this thesis. 

2.0 Literature Review 

2.1 Methane and the Environment 

2.1.1 Global Warming and Methane 

 Global warming is defined as the increase in surface, atmospheric, and oceanic 

temperatures due to increased concentration of GHGs in the atmosphere from anthropogenic 

sources (Nema et al., 2012).  Greenhouse gases cause chemical changes in the ozone layer. This 

layer plays an important role in maintaining the surface temperature of the earth by trapping the 

heat that is released from the surface and reflecting it back.  Without the ozone layer, the earth 

would be too cold to sustain life (Nema et al., 2012).  Although GHGs released into the 

atmosphere aid in maintaining temperature, increased anthropogenic sources have led to excess 

emissions which have altered the ozone layer and resulted in increasing surface temperatures 

(Nema et al., 2012).   

 There are three major gases involved in global warming: methane (CH4), carbon dioxide 

(CO2), and nitrous oxide (N2O) (Beauchemin et al., 2011; Asgedom and Kebreab, 2011).  These 

three gases each have a different global warming potential and thus are expressed in equivalents 

of CO2 (Bernstein et al., 2007) which is given a relative warming potential of 1 CO2 eq (CH4 is 

25 CO2 eq and N2O is 298 CO2 eq).   The agriculture sector emits N2O and CH4 as a result of 

microbial breakdown of feed by ruminants (enteric CH4), microbial activity of manure, and 

addition of fertilizer and manure to fields to improve soil quality (Asgedom and Kebreab, 2011).  
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Nitrate fertilizer and manure both contain nitrogen which can form N2O through volatilization 

(Olson et al., 2010).  

 Annual global emissions of GHG from agriculture increased by 1.6% yr
-1

in the period 

from 1961 to 2010, with total emissions of 4.6 Gt CO2 eq yr
-1

 in 2010 (Tubiello et al., 2013).  

Enteric emissions account for 41-50% or 25 Mt CO2 eq of the total Canadian GHG’s emissions 

from the agriculture sector, with GHG emissions from agriculture representing 8% of Canada’s 

total emissions.  In terms of world emissions, Canada’s GHG emissions represent 2% of total 

global emissions (Environment Canada, 2013; Tubiello et al., 2013; Beauchemin et al., 2011; 

Asgedom and Kebreab, 2011).    

2.2 Methane Production in Ruminants 

2.2.1 Microbial Fermentation and Methanogens 

 Cattle have the ability to digest forages which contain cellulose through microbial 

fermentation in their rumen.  It is during fermentation in the rumen that CH4 is produced; 

resulting in losses of 2-15% of ingested feed energy (Kumar et al., 2009).  Methane is produced 

by methanogens from the Archaea domain, with 5 genera, 9 families, and a total of 23 known 

species (spp.) (Kumar et al., 2009; Blaut, 1994).  Methanogens are most prolific in the pH range 

of 6.0-8.0 and may be bacillary, coccal, or spiral shaped in morphology.  Methanogens are 

hydrophobic and have developed symbiotic relationships with organisms that produce H2 or 

other H2 rich substrate by using strategies such as attachment and floc formation with these 

organisms to create a protective barrier from water (Kumar et al., 2009).  According to Kumar et 

al. (2009) the rumen typically contains 10
8
-10

9
 methanogens which can be affected by diet and 

feeding pattern of the animal (Janssen and Kirs, 2008; Kumar et al., 2009).  Common 

methanogenic spp. cultured from the rumen include Methanobacterium formicicum, Mb. byantii, 
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Methanobrevibacter ruminantium, M. smithii, M. olleyae, M. millerae, Methanomicrobium 

mobile, Methanosarcina barkeri, and Methanoculleus olentangyi.   

 Methanogens can also be diverse in their requirements and use different substrates in the 

production of CH4.  They reduce carbon compounds such as CO2 with hydrogen, formate, the 

methyl moiety of methanol, acetate, and methylamines to create CH4 (Blaut, 1994).  The 

substrate used for this reaction depends on the type of methanogen (Blaut, 1994; Kumar et al., 

2009).    

2.2.2 Factors Affecting Methane Production 

Methane production by ruminants is largely determined by the ratio and levels of volatile 

fatty acids (VFA) present in the rumen which are, in turn, influenced by diet, and methanogen 

community in the gut (Boadi et al., 2004).  Factors such as diet type, quality, digestibility, as 

well as addition of feed additives and supplements can influence emissions (Na et al., 2013).        

Boadi and Wittenberg (2002) studied the effects of forage quality, as determined by in 

vitro organic matter digestibility (IVOMD), defined as high – 61.5%, medium – 50.7%, and low 

– 38.5%, on CH4 emissions from dairy and beef heifers.  As the quality of forages increased, the 

level of digestible nutrients also increased and resulted in a faster rate of passage of digesta 

through the rumen.  Animals grazing high quality pasture had increased digestible organic matter 

intake (DOMI) (6.0  0.14 kg d
-1

) compared to those grazing low quality pastures (2.4  0.14 kg 

d
-1

) when fed ad libitum.  Methane emissions were higher for the low quality forage than the 

high quality forage, 83.2  4.02 L kg
-1

 DOMI and 47.8  4.02 L kg
-1

 DOMI for low and high 

respectively (Boadi and Wittenberg, 2002).  Similarly, Yan et al. (2000) examined metabolism 

and CH4 emissions in 75 beef steers and 247 lactating dairy cows using 30 varieties of perennial 

ryegrass silages supplemented with concentrate (the level of supplement ranged from 0 to 0.815 
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as a proportion of the diet on a DM basis).  The ADF (g/kg DM) ranged from 301 to 486 in the 

test diets.  A 6-d metabolism study was followed by a 48-h CH4 collection period using the 

indirect calorimetry method.  Methane emissions (%GEI) increased as the DMI of the animals 

increased (P < 0.0001) and also as the fiber content of the diet (ADF) increased, CH4 emissions 

(%GEI) increased (P < 0.0001).  

Na et al. (2013) found increases in the concentrate supplement percentage (comprised of a 

50% corn grain mix) in the diet of dairy cows caused a decrease in CH4 emissions expressed as 

percent of gross energy intake (%GEI).  Three diet treatments, 1) 60:40 - 60% forage to 40% 

concentrate diet with corn stalks used for the forage component (87.65% DM, 58.66% NDF, and 

36.87% ADF), 2) 60:40 - 60% forage to 40% concentrate diet with corn silage as the forage 

component (49.22% DM, 52.80% NDF, and 31.13% ADF), and 3) 40:60 - 40% forage to 60% 

concentrate diet with corn silage as the forage component (62.79% DM, 44.76% NDF, and 

24.28% ADF),  were fed to 12 lactating dairy cattle (Na et al., 2013).  Methane emissions as a 

%GEI were 7.13  0.27, 6.50  0.17, and 5.91  0.20 for the 60:40 (corn stalk forage), 60:40 

(corn silage forage), and the 40:60 (corn silage forage) diet treatments respectively (Na et al., 

2013).  Emissions as a %GEI for the corn stalk forage diet were greater than the other two diets 

(P<0.05).  These findings are similar to Yan et al. (2000) in that increasing fibre content in the 

diet led to increasing CH4 emissions from cattle.  Further, the proportion of acetic acid to 

propionic acid produced in the rumen of the animal ingesting the 60:40 (corn silage) diet 

compared to the 40:60 (corn stalk) diet were significantly lower for the 40:60 (corn stalk) diet  

and this reflected the pattern of CH4 emissions as a % GEI (Na et al., 2013).  Propionic acid is 

known to have a negative correlation with CH4 thus agreeing with the results of this study (Na et 

al., 2013). 
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The type of forage and the level of starch versus fibre in the forage (e.g. corn silage versus 

alfalfa silage) impacts production of CH4 in the rumen.  Hassanat et al. (2013) fed nine lactating 

Holstein cows diets with increasing proportions of corn silage (CS) and decreasing proportions 

of alfalfa silage (AS) in the total ration (0%:56.4%, 50%:28.2%, and 100%:0% CS:AS in the 

complete ration).  The CS had higher levels of starch (33.9 vs 1.81%), similar levels of NDF 33.3 

vs 35.7%), and lower levels of ADF (20.1 vs 32.5%) compared to the AS.  Therefore, the starch 

content increased and NDF/ADF decreased as the level of CS inclusion of the diet increased.  

Furthermore, the level of ADF intake decreased (P < 0.01) as the inclusion of CS in the diet 

increased.  Methane sampling occurred over 4-d using the indirect calorimetry chamber method 

during the feeding trial (animals were allowed 18-hr periods of time within the CH4 chamber 

prior to CH4 measurement).  Methane emission (g d
-1

) and yield (g kg
-1

DMI, %GEI) was found 

to have a significant (P < 0.01) quadratic relationship with increasing CS proportion in the diet, 

with CH4 increasing from 440 g/d in the 0% CS diet to 483 g/d in the 50% CS diet and 

decreasing to 434 g/d for the 100% CS diet.  Increased emissions in the 50% CS diet were 

thought to be due to increased DMI (+ 1.6 kg d
-1

) diet.  Increasing CH4 with increasing DMI has 

been observed in previous studies (Boadi et al., 2004).  However, as DMI increases, gut fill 

becomes a limiting factor.  When gut fill reaches capacity the rate of passage through the rumen 

increases, limiting the time of digestion and thus production of CH4 (Okine et al., 1989, 

Benchaar et al., 2001).  This effect at very high levels of intake may in part explain the reduction 

in CH4 emissions for the 100% CS diet which had increased DMI (+ 2.9 kg d
-1

) compared to the 

0% CS diet.  Additionally, the 100% CS diet contained a significantly higher starch content 

(30% starch) compared to the 0% CS diet (17% starch) resulting in increased/decreased rumen 

pH, VFA levels, and rumen microbial populations and may also have led to the observed 
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reduction in CH4.  The starch level differences between the 0% CS diet (17% starch) and the 

50% CS diet (23% starch) diets did not appear to be large enough to result in differences in CH4 

emissions. The level of acetate: propionate was significantly decreased with increasing CS 

content of the diets, leading to a decrease in the H2 available for CH4 formation and reduced 

emissions.  Protozoal populations decreased (P < 0.01) with reduced fibre in the diet (4.85 x 10
5
 

ml
-1

, 4.75 x 10
5
 ml

-1
, 3.35 x 10

5
 ml

-1
 for 0% CS, 50% CS, and 100% CS diets respectively) 

leading to lowered CH4 emissions since protozoa act symbiotically with methanogens by 

producing H2 during the formation of butyrate for use in their metabolism. 

Bernier et al. (2012) studied the effects of long term cold exposure on DMI and CH4 

production in 30 mature beef cows using diets supplemented with 50:50 wheat and corn dry 

distillers’ grains with solubles (DDGS).  The treatments were low-quality forage, low-quality 

forage and 10% DDGS, and low-quality forage and 20% DDGS.  Feed intake was measured 

throughout the trial, and CH4 sampling occurred over four 24-hr periods using the sulphur 

hexaflouride technique (SF6 technique).  Increased supplementation of protein with low quality 

forage in the diet led to decreases (P < 0.05) in CH4 (%GEI), with values of 6.5 % GEI, and 

5.3% GEI between the non-supplemented diet and the 20% DDGS supplemented diet.  Methane 

was significantly lower during cold stress temperatures, 5.2 % GEI, compared to thermoneutral 

temperatures, 7.1 % GEI.  Cold temperatures have been shown to speed up the rate of passage 

causing decreased fermentation time in the rumen and thus lowering CH4 emissions (Kennedy 

and Milligan, 1978).  Cold stress from animals exposed to temperatures below their lower critical 

temperature (LCT) increases the energy demands of the animal as they attempt to maintain 

homeothermy.  Lower critical temperature can be estimated by determining an animal’s level of 

thermal insulation, including hair coat and superficial tissue layers, as well as their level of heat 
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production during a state of thermoneutrality (Webster, 1974; Young, 1981).   Alternatively, 

Kennedy (1985) has shown increased rate of passage due to the animal response to cold stress 

without a subsequent increase in DMI in studies with sheep.  Pelleted diets were offered ad 

libitum to the sheep during cold stress and intake was not found to differ.  Mader et al. (2001) 

similarly examined the effect of cold stress and dietary fiber level on intake for 264 steers over 

two years.  A total of four diets/feeding patterns were used for the study: a 7.5% alfalfa hay (AH) 

diet over the full feeding period, a two-diet sequence switching between a 15% AH diet and a 

7.5% AH diet (during cold stress), a two-diet sequence switching between a 7.5% AH diet and a 

15% AH diet (during cold stress), and a 15% AH diet over the full feeding period.  Cold stress 

was determined by temperatures falling below the animal’s lower critical temperature (LCT) 

with mean temperatures of -4.39˚C and -4.50˚C for the wind protected areas and non-wind 

protected areas respectively during the period of study.  Cows in non-wind sheltered facilities 

were found to have increased percentage of DMI with decreased temperature and increased wind 

exposure for all diets excepting the 15% AH (fed throughout whole feeding period) diet (P < 

0.05).  It was determined that switching to higher fiber diets did not increase heat production and 

thus did not improve the animal’s ability to maintain body temperature during times of cold 

stress (P> 0.05), however increased intake itself occurred during periods of cold stress.  This 

premise of increased DMI with decreasing temperatures is related to increasing heat production 

(heat increment) during increased DMI.   

The inclusion of feed additives such as dietary fat and ionophores has been shown to 

reduce CH4 emissions in cattle (Kumar et al., 2009).  Boadi et al. (2004) compared emissions 

from steers in Western Canada being fed isocaloric diets of either an equal forage to grain ratio 

diet (41.8:41.7% DM basis) with the inclusion of sunflower seeds (14% DM basis), to those of a 
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low forage to grain ratio diet (11.5:83.5% DM basis) without the inclusion of sunflower seeds 

(0% DM basis).  Fat content (ether extract – EE) of the two diets were 8.3% and 2.2% (DM 

basis) and fibre content (NDF) of the two diets were 29.1% and 19.6% (DM basis) for the high 

forage to grain diet and the low forage to grain diet respectively.  They found that animals fed 

the 11.5:83.5% DM diet produced more CH4 than animals on the 41.8:41.7% DM diet, with 

enteric CH4 as %GEI of 3.49  0.2 and 2.48  0.2 respectively.  This demonstrated that the 

inclusion of a high fat dietary component such as sunflower seeds suppressed the enteric CH4 

emissions as a % GEI in the high forage diet (29.1% NDF).  Dietary fat in the form of 

unsaturated fatty acids is not readily fermented and can coat fibrous materials in the rumen, 

effectively reducing fibre degradation in the rumen and thus reducing the potential substrate for 

methanogens (Machmuller, 2006; Boadi et al., 2004).  In addition to reduced fibre degradation, 

hydrogenation of unsaturated fatty acids in the rumen consumes hydrogen and competes for this 

substrate which is used in methanogenesis (Machmuller, 2006).   

Ionophores are a common feed additive used to improve feed efficiency in animals through 

its antibiotic properties.  These compounds have been shown to inhibit protozoa and cellulolytic 

bacteria in the rumen and cause a decrease in the ratio of acetate: propionate (Guan et al., 2006).  

In a study by Guan et al. (2006) steers were fed an iso-nitrogenous, low-concentrate diet (0:86% 

DM basis) or a high-concentrate diet (67.9:31% DM basis) with monensin, or a low-concentrate 

diet (0:86% DM basis) or high-concentrate diet (67.9:31% DM basis) without monensin. 

Supplementation with monensin decreased CH4 emissions (%GEI) by 27% in the high-

concentrate diet, and by 30% in the low-concentrate diet.  This suppression however, lasted only 

for the initial 2-week period for the high-concentrate diet, and the initial 4-week period for low-

concentrate diet; after these periods CH4 production was similar between monensin and non-
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monensin treatments. The reduction of CH4 was due to a lack of substrate (hydrogen) for 

methanogens in the rumen.  Acetate, butyrate, lactate, and ammonia production were decreased 

with the addition of monensin to the diet due to its effect on the gram positive bacteria that 

produce these substances.  The pathways that lead to the formation of these substances produce 

hydrogen for methanogens to use in the production of CH4 (Russel and Strobel, 1989).  In 

addition to gram positive bacteria, protozoa digest fibrous material and produce hydrogen as a 

by-product, thus creating substrate for CH4 formation by methanogens (Ushida and Jouany, 

1996).  Initial counts of protozoal populations, 2.6 X 10
5
 CFU/ml (colony forming unit), were 

significantly reduced to 8.40 X 10
4
 CFU/ml with the addition of monensin (P <0.0001).   Guan et 

al. (2006) concluded that effects of monensin are not persistent in the long term due to the ability 

of protozoa populations to adapt to its use; populations returned to initial levels after 3.6 weeks 

of the monensin treatment (Guan et al., 2006).   

Breed specific differences in methanogen populations can lead to differences in CH4 

emissions.  King et al. (2011) examined the rumen microbial population of lactating Jersey and 

Holstein dairy cows.  A total mixed ration consisting of corn silage, haylage, hay, canola meal, 

and soybean meal was fed to both breeds under the same environmental conditions.  The rumen 

methanogen community was analysed for ribosomal ribonucleic acid (rRNA).  Isolated rRNA 

was then compared to rRNA found in both a Holstein and Jersey specific library of cloned 

methanogen genes.  These two breeds shared 80% and 90.3% of measured rRNA sequences 

which represent each breed’s rRNA library sequence of methanogen populations, meaning the 

remaining 20% and 9.7% had sequences unique to the breed.  Holstein had 43 breed-specific 

genetic sequences and Jersey had 32 breed-specific sequences.  Thus Holstein was found to have 

greater diversity in methanogen populations.  The higher level of diversity for Holstein was 
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further supported by the Shannon diversity indices, 2.81  0.20 for Holstein versus 2.29  0.19 

for Jersey, indicating that different breeds fed the same diet and in the same environment had 

different methanogen communities.  Greater diversity in methanogen populations in certain 

breeds means that CH4 emissions could vary between breeds, as well as the means for mitigation 

of CH4 emissions could be less effective in breeds with greater diversity in CH4 populations such 

as that found in Holstein cattle. 

Host species differences in methanogen populations have also been described by 

Jeyanathan et al. (2011) in red deer, cattle, and sheep grazing perennial rye grass and white 

clover supplemented with alfalfa silage in the grazing season, and overwintered on alfalfa silage.  

Number of methanogenic species was greater in red deer than in cattle, and differ (P<0.0001), for 

all three ruminant species depending on diet (summer pasture, winter pasture, or silage), as 

already described above.  Therefore, in addition to breed differences in methanogen populations, 

the species of animal will have different methanogen populations as well.   

In conclusion, there are multiple factors that affect methanogenesis in the rumen.  Feeding 

high starch forages (high quality), such as cereal and corn silages has been shown to reduce CH4 

emissions (Hassanat et al., 2013; Na et al., 2013).  While increasing fibre in the diet has been 

shown to increase substrate available for methanogenesis and thus reduce overall CH4 produced 

(Yan et al., 2000; Mader et al., 2001; Boadi and Wittenberg, 2002).  Feed additives (ionophores 

and bacteriocins) have been shown to reduce CH4 but the effects are not long lasting in the case 

of ionophores (Guan et al. 2006). The addition of fat to high forage diets has been shown to 

decrease CH4, by coating fibrous materials in the rumen and leading to less substrates for 

methanogenesis.   Environmental temperature and cold stress will reduce emissions (Bernier et 

al., 2012).  Lastly different species and breeds have been shown to have differing methanogen 
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populations which may influence CH4 produced.  Selection of those breeds and species that have 

methanogen populations with a lower CH4 output has the potential to reduce emissions.  

 2.3 Carbon Dioxide Emissions in Cattle 

 Carbon dioxide emissions from cattle are an indication of the metabolic status of the 

animal with regards to respiration or oxygen consumption of the body (Vercoe, 1973).  Ruminal 

gases enter the lungs of the animal via the trachea during eructation (90% of total ruminal gases) 

and mix with lung derived gases prior to being exhaled by the animal (Boadi et al., 2002b; 

Madsen et al., 2010).  Oxygen consumption and the production of CO2 accounts for 40 to 50% of 

an animal’s daily heat production (HP) due to the heat generated by metabolism in the body 

(Reynolds, 2002).  Oxygen is required by cells for cellular respiration which creates energy, in 

the form of adenosine triphosphate (ATP), to be used for chemical reactions within the body 

(Boveris and Boveris, 2007) such as protein synthesis (Webster, 1980).  The CO2 gas is created 

as a by-product of cellular respiration and is transported from the cells to the lungs via the 

bloodstream where it is then expired from the animal.  As the body requires more energy for 

metabolism, the level of CO2 expired will increase.  The metabolic efficiency of the animal will 

determine how much CO2 is emitted and a study by Jentsch et al. (2009) found an inverse 

relationship between CO2 emissions with increasing metabolic efficiency of the animal.  Studies 

have shown that increasing DMI will lead to increased size of visceral organ mass and thus 

increased energy usage by those organs (Ferrell and Jenkins, 1998; Basarab et al., 2003) 

resulting in increased oxygen consumption and thus increased CO2 production.    

 2.3.1. Measurement of Methane and Carbon Dioxide 

 Methane and CO2 can be measured from animals using the following techniques: i) the 

sulphur hexafluoride tracer gas technique, ii) indirect calorimetry chambers, iii) 
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micrometeorological mass balance, and iv) GreenFeed Emission Monitoring (GEM).  These 

techniques vary in invasiveness and capability.  The indirect calorimetry chamber, sulphur 

hexafluoride tracer gas, and GEM techniques can be used to provide estimates of individual 

animal emissions, while the micrometeorological mass balance technique provides estimates for 

groups of animals.   

 Indirect calorimetry chamber technique uses open-circuit chambers in which the animals 

stand or lie down with their heads inside a hood as 98% of CH4 is eructated and respired from 

the rumen through the mouth and nostrils of the animal (Pinares-Patino et al., 2008; Nkrumah et 

al., 2006).  Respired air is drawn from the hoods into a measurement system and levels of O2, 

CO2, and CH4 can be measured directly.  Very precise individual animal emissions can be 

measured with the use of this technique.  Disadvantages of this system include: requires prebuilt 

chambers; the need to train animals; the disruption of typical animal behaviours due to 

confinement; and short measurement periods.  Additionally, due to the need to train animals 

prior to use of this technique, animals that do not have temperaments compatible with this 

training and with the chamber technique are typically not sampled, thus allowing for 

misrepresentation of  the total cattle population.  This technique does not take into account 

animal movement on pasture, which may affect overall emissions (Pinares-Patino et al., 2008). 

 The sulphur hexafluoride tracer gas uses sulphur hexafluoride as a tracer gas, and 

permeation tubes containing the gas that are inserted into the rumen of the animal before 

measurement may begin (Pinares-Patino et al., 2008; Nkrumah et al., 2006).  Sulphur 

hexafluoride gas is an inert and non-toxic gas and is only found in small concentrations in the air, 

making it the preferred choice as a tracer gas (Boadi et al., 2002b).  Permeation tubes are small 

metal tubes with a permeable Teflon barrier at one end of the tube.  Typically liquid nitrogen is 
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used to cool the SF6 and it can then be inserted into the tube (Deighton et al., 2011).  A cap with 

the Teflon barrier is then attached to the tube and the tightness of the cap can affect the release 

rate of the gas from the tube.  Permeation tubes are then incubated at rumen temperatures 

(approximately 39˚C) over a 9-12 week to determine their flow rate and their probable half-life 

(Boadi et al., 2002b).  Tubes that reach their gas half-life are considered expired as the release-

rate becomes variable at this time and permeation tubes that are expected to reach their expiry 

before the trial period are removed and discarded.  Once release rates are determined the tubes 

are inserted into the rumen of the animal and remain there until the time of slaughter (Boadi et 

al., 2002b).  The SF6 and other gases are drawn into a harness system containing capillary tubing 

opening above the nostrils of the animal (Boadi et al., 2002b).  Filters are used at the end of the 

capillary tubing to prevent blockages in the tubing (Johnson and Huyler, 1994).  The capillary 

tubing is typically insulated to prevent freezing during cold temperature studies.  Typically a 

stainless steel collection canister containing an air vacuum is attached to the harness system and 

collects the expired gases.   

Disadvantages of this method include: 1) very labour intensive as the collection 

apparatus’ must be fitted and removed by hand and repairs must be made when damage to 

equipment occurs; 2) cannot be used in fully enclosed spaces with poor ventilation (enclosed 

barn) as SF6 is a heavy gas which persists in the environment, leading to elevated background 

levels of SF6 which can no longer be used as a correction factor in estimating CH4 and CO2; 3) 

some studies have found a depression in intake during the collection period (Hegarty et al., 

2007); 4) measurement period is limited by gas collection canister volume and size; 5) SF6 is a 

potential GHG, with 22,800 times the GWP of CO2.  However, the advantages of the technique 

are that it can be used to measure emissions in animals on pasture or in open shelter confinement 
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settings.  The technique thus allows animals to perform normal feeding behaviours and 

movements.  Additionally, Boadi et al. (2002b) found no significant differences between the 

residual variance (F=2.09) calculated for the SF6 tracer gas and indirect calorimetry technique. 

 Micrometeorological mass balance techniques can only be used to measure CH4 from a 

group of animals and thus its use is limited for determining individual animal differences in 

emissions.  Individual measurements must be extrapolated from the overall values of CH4 

(Laubach and Kelliher, 2005).  This technique can be used on pasture to estimate emissions of 

whole herds with infrared absorption, as CH4 has absorption bands at 3.3 µm and 7.6µm 

(Chagunda, 2013).  Lasers are used to intercept CH4 plumes from the group being sampled 

(Lauback and Kelliher, 2005).  A summary of micrometeorological mass balance techniques and 

respective calculations for each has been given by McGinn et al. (2013).   

 The GreenFeed Emissions Monitoring system allows for spot measurement of individual 

animal emissions.  A supplement feeder equipped with radio frequency identification (RFID) 

readers, and a hooded gas collection system allows for collection emissions from the cattle as 

they eat.  Measurements occur repeatedly during the feeding event (typically 3-6 minutes in 

length) and air is continuously moved through the hood at a predetermined rate (Hegarty, 2013; 

Hammond et al., 2015).  Emissions are calculated using the flow rate of air out of the hood 

system as well as the concentrations of CH4 and CO2 gases present in the air as it exits the 

system.  This system helps eliminate the bias produced with regular sampling events that occur 

during the same part of the feeding cycle each day since animals are free to use the feeder 24-hrs 

a day.  Additionally this technique can be used on pasture, as well as in a pen or barn system.  

This technique was found to produce comparable emission results to both the SF6 tracer gas 

technique and the indirect calorimetry chamber technique with no difference found in errors 
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between these techniques (Hammond et al., 2015).  The major disadvantage of this technique is 

the need for an attractant to draw animals into the hood for measurement.  This is typically done 

using a feed source which will influence overall DMI of the main diet used (pasture or 

otherwise), as well as the substrate available to methanogens in the rumen (Hegarty, 2013).  

Another disadvantage is that animals have the ability to move their heads in and out of the hood 

system at any time, thus for a gas sampling event to occur, the animal must have had its head in 

the system for a sufficient period of time (Hammond et al., 2015). 

 In summary, all four techniques can be used to measure CH4 emissions from cattle, 

however, each has challenges associated with it.  The SF6 tracer gas technique is most useful for 

individual measurements in animals on pasture or in feedlot settings but is labour intensive, and 

cannot be used in closed in areas due to the persistence and accumulation of SF6 in background 

concentrations.  The chamber (indirect calorimetry) method, are  typically temperature controlled 

removing effects of cold or heat stress from emissions, it does not allow for normal movement 

and activity of the animal and gas emissions as a result of increased intake due to activity, or 

thermogenesis from changing ambient temperatures.  The micrometerological mass balance 

techniques are also subject to environmental effects and increased winds have a negative 

relationship with CH4 collection (r = -0.41, P < 0.001) as described by Chanda et al., 2013.  As 

described above, this technique cannot be used to collect individual animal CH4 emission 

measurements.  Lastly, the GEM technique though versatile in its use for varying production 

systems, can alter normal feeding patterns due to the use of enticement feedstuffs as well as will 

affect the overall DMI and diet composition used for the trial. 
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2.4 Relationship Between Residual Feed Intake and Enteric Methane Emissions    

2.4.1 Residual Feed Intake 

 Feed is a major cost in the livestock industry (National Research Council, 2000).  The 

Guidelines for Estimating Beef Cow-Calf Production Costs lists an example value of $54,743 for 

total feed cost out of $176,919 for the total cost of production (based on a 150 cow herd in 

2015).   Based on this guideline, feed cost represents approximately 30% of total production 

costs (Manitoba Agriculture, Food and Rural Development, 2015), thus its reduction through 

improved efficiency is a desirable objective.   Resource allocation theory states that feed 

consumed by an animal is partitioned to energy required for maintenance, growth, reproduction, 

and lactation (Herd, 2008).  Selecting for efficiency will result in animals that require less energy 

for maintenance, growth, reproduction, and lactation, therefore reducing feed intake and costs; a 

major benefit to cattle producers.  Thus improved feed efficiency is an important goal of 

livestock production, and various measures of efficiency, such as Feed Conversion Ratio (FCR), 

and Residual Feed Intake (RFI) are used.  These efficiency measures have been used to select for 

genetically superior animals for use in the cattle industry (Arthur and Herd, 2005; Aus. J. Exp. 

Agric.).   

 Feed Conversion Ratio (FCR) is a ratio trait derived from dry matter intake (DMI) and 

the average daily gain (ADG) of the animal, and tends to place more emphasis on the trait (ADG 

or DMI) that is more highly variable (Smith et al., 2010).   Selecting for FCR has been shown to 

increase the mature size of the animal thereby increasing cow size and cow herd maintenance 

requirements and time to achieve appropriate carcass traits at slaughter (Smith et al., 2010).  As a 

consequence, beef breeders have searched for other strategies to improve efficiency.  
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 Residual Feed Intake is defined as the amount of feed that an animal has consumed 

relative to other animals of similar size, growth rate, and body composition (Basarab et al., 

2007).  It is calculated as the actual intake of an animal less the expected feed intake of that 

animal, based on the animal’s growth and size over a period of time relative to a contemporary 

group (Arthur et al, 2010).  It is believed to emphasize efficiency of feed energy use for 

maintenance and gain of the animal.  Low RFI animals eat less than expected with the same level 

of production, thus selection for low RFI animals could lead to a significant reduction in feed 

costs for producers (Herd, 2008).  Furthermore, it is a moderately heritable (0.28 to 0.39; Bottje 

and Carstens, 2009) and is independent of ADG and body weight (BW) (Arthur et al., 2010; 

Basarab et al., 2013) due to adjustment for these factors during the calculation of RFI (Wang et 

al., 2006; BIF, 2010; Culbertson et al., 2015).  Recent studies have also adjusted for end of trial 

backfat thickness during RFI calculation (Basarab et al., 2007; Culbertson et al., 2015).At 

present, RFI is determined in individual animals during their growth phase using periods of 76 to 

120 days of intake.  Growth rate of the animal is determined by taking body weights every 14 to 

28 days.    Several studies have been conducted on the use of shorter RFI test periods and it was 

determined that accurate determination of growth requires 56 to 70 d, while feed intake 

collection could be determined accurately with shorter periods of 35 to 42 d (Archer et al., 1997; 

Wang et al., 2006; Culbertson et al., 2015).  Using a shorter growth and feed intake collection 

period could help reduce overall costs of performing an RFI test, which may make it more 

accessible for general use by producers.  Additionally, shorter period lengths will allow for a 

faster turnaround of measured animals, thus allowing for greater selection intensity due to the 

increased pool of animals with known RFI values.  
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2.4.2 Mechanisms Associated With RFI Ranking 

 Individual cattle differences in RFI are not fully understood although several mechanisms 

have been suggested and these include:  feed intake behaviour (Basarab et al., 2007), digestive or 

rumen efficiency (Hegarty et al., 2007; Mader et al., 2009), metabolism at the cellular level 

including heat increment of feeding (Bottje and Carstens, 2009), production environment 

including diet and age/ life-stage of the animal (Durunna et al., 2011), body composition and 

thermoregulation (Herd, 2008).    Individually or collectively these mechanisms may influence 

the RFI value for an animal.  It has been demonstrated that selection for low RFI animals may 

decrease CH4 emissions as well as nutrient excretion (Hegarty et al., 2007).   

 The behaviour of animals during feeding can affect the level of dry matter intake (DMI) 

and the time spent feeding.  Feeding behaviour as measured with the GrowSafe® system in cows 

is significantly correlated with RFI when corrected for conceptus weight (Basarab et al., 2007).  

Positive correlations of 0.36, 0.62, and 0.50 (P<0.001) were found for several feeding behaviours 

including feeding duration (min d
-1

), feeding headdown time (min d
-1

), and feeding frequency 

(events d
-1

) respectively with RFI corrected for conceptus weight.  Low RFI cows fed a barley 

straw-silage diet ad libitum spent less time in head down position, and had lower feeding 

frequency than high RFI cows.  These findings are contrary to those reported previously by 

Basarab et al. (2003) which found no differences in feeding behaviours between high, medium, 

and low RFI steers fed a barley silage and barley grain ration.  Montanholi et al. (2011) found 

meal size (g DM), time at feeder (min/day), eating rate (g DM/min), and visits to the feeder (per 

day) were positively correlated with RFI (P < 0.05) in crossbred steers.  Disparity in relationship 

between RFI and behaviour suggest that further studies on feeding behaviour may help explain 

its relationship with RFI. 
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 Rumen efficiency as measured by CH4 emissions has also been proposed as a potential 

mechanism associated with differences in the RFI ranking of animals (Herd, 2008).  Hegarty et 

al. (2007) examined the relationship between RFI ranking of cattle and CH4 production, which 

may be considered an indicator of rumen energetic efficiency.  Ninety-six steers at 20 mo of age 

were fed a ration composed of barley grain (75% as fed), cereal hay (10% as fed), cottonseed 

meal (5% as fed), and mineral (10% as fed) (Hegarty et al., 2007).  Methane production was 

sampled using the SF6 tracer gas technique in five, 48-hr periods over 10 days.  A total of 91 

cattle were sampled for CH4 production over the four RFI experimental periods.  Hegarty et al., 

(2007) did not find a significant relationship with CH4 production and 70-d RFI (P = 0.88).  

Residual Feed Intake values were calculated for a 15-d period in close proximity to the time of 

CH4 collection.  Low RFI animals, as calculated in a 15-d period, had reduced CH4 emissions (P 

= 0.002).  For every 1 kg DM/d reduction in RFI values, there was a corresponding reduction of 

13.38 g/d of CH4.     

 Nkrumah et al. (2006) measured CH4 emissions in 27 steers for a total of two 16-h 

periods separated by a three-day interval using the indirect calorimetry chamber technique.  

Methane sampling occurred after a feedlot test where RFI values were determined for each 

animal.  In year one the diet consisted of dry-rolled corn (80% as fed), alfalfa hay (13.5% as fed), 

beef feedlot supplement (5% as fed), and canola oil (1.5% as fed).  The diet in year two consisted 

of barley grain (64.5% as fed), oat grain (20% as fed), alfalfa hay (9% as fed), beef feedlot 

supplement (5% as fed), and canola oil (1.5% as fed).  Residual Feed Intake was correlated to 

CH4 % GEI (r=0.44, P<0.05), with a reduction of 28% and 24% in low-RFI animals compared to 

high-RFI and medium-RFI animals (P<0.05) respectively, suggesting a relationship between 

rumen efficiency as measured by CH4 yield (% GEI) and RFI.  Contrary to the findings by 
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Nkrumah et al. (2006), a study by Montanholi et al. (2011) also measured CH4 emissions in 

indirect calorimetry chambers over a 24-h period from crossbred steers (Angus X Simmental).  

They compared enteric emissions of animals separated by low and high RFI values, and found no 

difference in CH4 emissions between low and high RFI groups (P=0.20).  

Jones et al. (2011) measured CH4 emissions using the Open Path Fourier Transform 

Infrared Spectrophotometer (OP-FTIR) technique from 48 Angus pregnant cows (second 

gestation, n= 15; third gestation, n=10) grazing low quality pastures when pregnant and high 

quality pastures while lactating (after calving), as determined by digestible organic matter 

digestibility (DOMD).  High quality pastures had a nutrient composition of 810 g/kg digestible 

dry matter intake, 150 g/kg CP, and 11.5 MJ ME/kg DM in energy.  Low quality pastures had a 

nutrient composition of 550 g/kg digestible dry matter intake, 71 g/kg CP, and 7.3 MJ ME/kg 

DM in energy.  Each cow had RFI values determined prior to the experiment and were separated 

into either low (n=23; group RFI EBV=-0.690.335 kg/d) or high (n=25; group RFI 

EBV=0.680.220 kg/d) RFI groups with number of individuals varying per group (only pregnant 

cows were included in the study).  Emissions were estimated for each group of animals and 

standardized for live weight of the two groups in order to give a daily group estimate (CH4g/kg 

cow LW/d) for the cows (Jones et al., 2011).  No significant differences in CH4 emissions were 

found between low (0.26  0.018 g/kg cow LW/day) and high (0.26  0.013 g/kg cow LW/day) 

RFI pregnant cows while grazing low quality pastures (Jones et al., 2011). However, low RFI 

cow-calf pairs grazing high quality pasture had 27% lower CH4 emissions (P<0.05) than high 

RFI cow-calf pairs.  Thus significant differences between CH4 emissions (g/kg cow live 

weight/day) of low and high RFI animals were only found in cow-calf pairs (cows with calves 

present on pasture).  It is possible that the high quality pastures being grazed by the cow-calf 
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pairs had lower fiber content and it has been shown in previous studies that as fiber levels 

decrease so does CH4 due to the shift in the ratios of propionic acid to acetic acid produced in the 

rumen (Na et al., 2013) although VFA levels were not reported by Jones et al. (2011).  In 

contrast, the low quality pastures that the pregnant cows were grazing may have had higher 

levels of fiber which has been shown to increase emissions.  Acid detergent fibre and NDF were 

not reported in this paper.  In addition to possible differences in fibre levels, the levels of CP in 

the low quality pasture (71 g/kg) were below the recommended levels of CP (80-90 g/kg) to meet 

microbial nitrogen requirements for fermentation.  The low nitrogen content could have 

decreased intake on pasture and thus performance and emissions.  Comparisons between the 

pregnant cows and cow-calf pairs could not be made however, due to the physiological 

differences between the two groups in addition to diet differences between the two groups. 

 Freetly and Brown-Brandl (2013) determined CH4 emissions over two experiments on 37 

steers (experiment 1) and 46 heifers (experiment 2).  Each group of animals had RFI values pre-

determined over 64-d feeding trials.  Steers were fed a diet consisting of corn (82.6%), corn 

silage (12.8%), and a supplement  (4.5%) containing 0.065% monensin, and heifers were fed a 

diet of corn silage (60%), alfalfa hay (30%), and wet distillers grains with solubles (10%).  

Methane emissions were sampled over 6-hr each day during the collection period using the 

respiration chamber method and were adjusted by multiplying the emissions by a factor of four 

to provide a 24-hr CH4 estimate.  RFI accounted for only a small portion of the variation in CH4 

(R
2
=0.009) and was not significantly correlated to CH4 in either experiment. 

 Similarly, McDonnell et al. (2016) pre-determined RFI values for 28 heifers over a 112-d 

period while being fed a 70:30 corn silage:concentrate based total mixed ration (TMR).  Animals 

were ranked for their RFI and then used in a subsequent feeding and enteric emissions trial.  
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Heifers were fed three different diet regimes over 3 periods: pen fed individually with grass 

silage (40-d), group rotationally grazed perennial rye-grass pasture (57-d), and group-fed a 70:30 

concentrate:forage ratio TMR from an electronic feeding system.  Enteric emissions (24-hr) were 

collected using the SF6 tracer gas technique for 5 days at the end of each feeding period.  The 

low RFI animals had numerically higher enteric CH4 emissions (g/d), yield (g/kg DMI, % GEI) 

and intensity (g/kg BW
0.75

), with significant differences (P<0.05) in CH4 g/kg DMI and CH4 

%GEI yield parameters.  The higher CH4 yield for low RFI animals may be due to the improved 

rumen efficiency of these animals, with improved digestibility creating higher levels of substrate 

and thus greater yield in CH4 from methanogens.  Dry matter intake parameters were not 

significantly different between low and high RFI heifers except for DMI g/kg BW
0.75

.  

Additionally, CH4 emissions were significantly lower in feeding period 2 (rotationally grazed 

perennial rye-grass pasture) for all emission parameters compared to the other two feeding 

periods.  There was no significant effect of RFI on VFA ratios (P>0.05), though all VFA levels 

and parameters were significantly different between diets.  Positive correlations were found for 

the TMR (70:30 concentrate to corn silage) diet only between RFI and DMI (r=0.497, P<0.01), 

as well as for DMI/kg BW
0.75 

(r=0.605, P<0.001).  Positive correlations were also found for CH4 

with DMI (r=0.417, P<0.05) and CH4 with DMI/kg BW
0.75 

(r=0.468, P<0.05) (McDonnell et al., 

2016). 

 The effect of organ weight on RFI has been explored by Mader et al. (2009).  Ninety-

three steer calves were fed a diet of high-moisture corn (80% DM basis), haylage (10% DM 

basis), soybean meal (4.67% DM basis), corn gluten meal (1.8% DM basis), and vitamin and 

mineral (3.53% DM basis) for a 70-d period and animals were slaughtered at finish and their 

individual organ weights determined, in addition to typical carcass qualities (ie. backfat, muscle 
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weight, etc.).  Overall, RFI or RFI corrected for backfat was not significantly correlated to 

individual organ weight or total visceral organ weight (Mader et al., 2009).  

 Differences in the production environment including diet and age/ life-stage of the animal 

may affect RFI ranking of an individual.  In a study by Durunna et al. (2011), steers were fed 

either a grower diet contained 74% oats, 20% smooth brome hay, and 6% feedlot supplement on 

an as fed basis, or a finisher diet contained 10% alfalfa pellets, 28.3% oats, 56.7% barley, and 

5% feedlot supplement on an as fed basis.  In year one of the trial, all animals were on the 

grower diet in period 1 and then swapped to the finisher diet in period 2 (N = 175).  In year two, 

a control group remained on the finisher diet for both periods (N = 88) and one diet-swap group 

that were fed the grower diet in period 1 and then swapped to feeding the finisher diet in period 2 

(N = 84).  In the third year (N = 71), the control group were fed the grower diet through both 

periods, and the diet swap group (N = 72) were fed the grower diet for period 1 and then were 

swapped to the finisher diet for period 2.  Re-ranking of RFI values and RFI differences between 

periods occurred in both control and diet-swap groups, thus RFI values were found to have 

changed for individual animals both with diet changes and over time without diet changes.  An 

animal may have several diets during their life-cycle and its physiological state changes over 

time; therefore diet and age may impact RFI ranking, which is typically only performed once in 

an animal’s lifetime.   

 Residual Feed Intake may also be influenced at the metabolic level or cellular level in the 

animal`s tissues.  Mitochondria are the energy-producing part of the cell that produces adenosine 

triphosphate (ATP), a major energy source for cellular functions (Kolath et al., 2006).  Studies 

with poultry (Bottje et al., 2002) have found a relationship between inefficient respiration in 

mitochondria and decreased gain to feed ratios of the animal.  Bottje et al. (2002) determined 
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feed efficiency (g gain/ g feed) for 100 male broilers and then housed the birds individually after 

6 weeks.  One bird per day was alternately selected from either the high or low feed efficiency 

group and humanely euthanized for further tissue studies.  Breast muscle, leg muscle, and liver 

tissue was harvested from each bird and mitochondria isolated from the tissues.  Mitochondrial 

function and efficiency were then determined, using a Clark-type oxygen electrode during 

chemical analysis and with use of a photofluorometric detector for function and efficiency of 

mitochondrial activity respectively, and compared between the low and high efficiency birds 

(Bottje et al., 2002).  It was found that the low efficiency birds had decreased respiratory chain 

coupling, increased leakage of electrons from the respiratory chain, and lower mitochondrial 

activity (Bottje et al., 2002). 

 Kolath et al. (2006) studied the relationship between growth performance of low (N = 9) 

and high (N = 8) RFI steers and cellular respiration (mitochondrial efficiency).  Following a 

feeding trial to determine their RFI value, steers were slaughtered at an abattoir to obtain lumbar 

muscle tissue samples for mitochondrial analysis.  Mitochondrial function (respiration) was 

measured using a respiration chamber with a Clark-type oxygen probe, and efficiency of the 

electron transport chain (a function of H2O2 production) was determined using fluorescence 

analysis.  During the feeding trial, high RFI steers consumed 1.54 kg/d more feed and had a 

lower gain:feed ratio than the low RFI group (P < 0.0001).  Kolath et al. (2006) found increased 

efficiency in mitochondrial respiration (respiratory control ratio) in the low RFI group (P < 0.05) 

as a consequence of increased transport of electrons during cellular respiration (improved 

coupling between oxidative phosphorylation and respiration of mitochondria) and high RFI 

animals had a decreased flow of the electrons during cellular respiration (Kolath et al., 2006).  

Efficiency of mitochondrial respiration as determined by formation of H2O2 which represents 
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leaking of electrons from the electron transport chain was not significantly different between low 

and high RFI animals when expressed as a ratio with respiration rate (P > 0.05).  The combined 

studies found feed efficient birds and low RFI steers had improved mitochondrial function as 

compared to their less efficient counterparts.   

 Thermoregulation may also be a mechanism that affects the expression of RFI in cattle.  

Heat production in the animal incorporates the heat generated from digestion, and the heat from 

metabolism and bodily functions. Montaholi et al. (2011) measured oxygen consumption using 

indirect calorimetry chambers over a 24-h period in 24 crossbred steers (Angus X Simmental) 

that had prior determined RFI values (12 high RFI and 12 low RFI animals).  Oxygen 

consumption values were used to estimate heat production (Montanholi et al., 2011).  Heat 

production was numerically but not statistically different between low and high RFI animals (P = 

0.20) (Montanholi et al., 2011).  

 Colyn (2013) investigated the use of infrared thermography (IRT) to determine heat loss 

and further, to estimate RFI ranking in 61 crossbred beef heifers.   Average cheek temperatures 

were different (P<0.01) between high, medium, and low RFI groupings, suggesting that IRT may 

be a useful method to determine RFI ranking in animals (Colyn, 2013).  Montanholi et al. (2010) 

found a correlation of 0.37 between RFI and IRT cheek temperatures (P<0.01), which further 

supports the relationship between heat loss (thermoregulation) and RFI.  The effects of cold 

stress on RFI ranking have not been examined to our knowledge and would be valuable in 

Western Canada where cold temperatures occur for long periods of the year.   

2.5 Summary 

 To summarize, CH4 emissions and feed efficiency are important aspects which impact 

sustainability of the beef industry.  Methane emissions are influenced by many factors including 
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diet, VFA level, and methanogen population present in the rumen.  Methane can be collected 

from the animal using several different techniques, such as indirect calorimetry, SF6 tracer gas 

technique, spot measurements using the GEM system and micrometeorological mass balance 

techniques.  Each collection method has inherent limitations and benefits regarding its use.  Feed 

efficiency in beef cattle is important to reduce overall production costs and improve the 

economic sustainability of the industry.  Feed efficiency, as measured by RFI, may be associated 

with rumen fermentation efficiency.  Selection for low RFI animals in the beef herd could 

present a way to reduce feed costs and improve herd efficiency while at the same time, improve 

environmental sustainability through a reduction in enteric CH4 emissions.  Several studies have 

shown that low RFI animals have decreased CH4 emissions using a 70-d RFI test period (Jones et 

al., 2011) or using a portion of the RFI test period (15-d Hegarty et al., 2007) and decreased CH4 

yield (Nkrumah et al., 2006) using a70-d RFI test.  Other studies have shown no difference in 

enteric CH4 emissions  between low and high RFI animals (70-d; Hegarty et al., 2007) and an 

increase in methane yield for low RFI animals (Freetly and Brown-Brandl, 2013; McDonnell et 

al., 2016).  Decreased emissions in low RFI animals (g d
-1

) are a function of the reduced intake 

also seen in these animals, whereas increasing CH4 yield is a function of improved rumen 

efficiency from increased digestibility, increased rumen retention time, and increased substrate 

for use by methanogens.  However conflicting results between RFI and CH4 emissions, as well 

as in CH4 yield Therefore, more studies of RFI and enteric CH4 using a variety of diets, 

environments, and animal physiological states are necessary to validate its use in the industry as 

an approved protocol for GHG reduction and for determining its further application to the 

industry as an economically important trait for genetic selection in breeding animals. 
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2.5.1 Future Studies 

 Selection of animals with low RFI values could effectively reduce the amount of feed 

ingested by animals and thus reduce the costs associated with feed (Herd et al., 2011).  Current 

research has shown there may be a relationship between RFI and CH4 emissions and yield (15-d 

RFI - Hegerty et al., 2007; 70-d RFI Nkrumah et al., 2006; 70-d RFI Jones et al., 2011).  

However, results between studies are not consistent (76-d RFI – Hegarty et al., 2007; 64-d RFI - 

Freetly and Brown-Brandl, 2013; 112-d RFI - McDonnell et al., 2016).  Therefore, further 

studies examining the relationship between RFI and enteric CH4 using a variety of diets, 

environments, and animal physiological states are necessary to validate its use in the industry as 

an approved protocol for GHG reduction and for determining its further application to the 

industry as a genetic selection tool in breeding animals.  
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2.6 Hypothesis 

The following hypotheses were posed for this research: 

  

1) Yearling beef bulls fed a silage-grain diet (high starch, low fibre diet) will have a 

higher dry matter intake and lower enteric CH4 emissions (g/d) than bulls fed a silage-hay 

diet (low starch, high fibre diet) due to the increased fibre in the diet which has been 

shown to decrease dry matter intake due to gut fill acting as a physical limiter of intake 

(Okine et al., 1989; Benchaar et al., 2001), whereas less bulky high starch diets have 

higher rates of passage (Na et al., 2013; Hassanat et al., 2013).  In addition to, high starch 

diets has also been shown to decrease enteric emissions due to a higher proprionate to 

acetate ratio thus as emissions as a g/d should be less for the silage-grain diet (Na et al., 

2013. 

2) Feed efficient bulls with low RFI rankings will have lower dry matter intake than 

bulls with high RFI ranking. This relationship of RFI with intake has been reported 

previously (Herd, 2008; Basarab et al., 2013).  

3) Enteric CH4 emissions (g d
-1

) and RFI will be positively correlated (Hegarty et al., 

2007; Jones et al., 2011) therefore beef bulls with a high RFI ranking will have higher 

feed intake and higher enteric methane emissions due to increased levels of substrate in 

the rumen for methanogenesis (Boadi et al., 2004) than bulls with a low RFI ranking 

when measured dover a 15-d and a 76-d RFI test period. 
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2.7 Objectives 

 The objectives of this study were to determine: 1) impact of diet on CH4 emissions in 

bulls fed a silage-grain diet compared to a silage-hay diet, 2) impact of RFI expression on DMI 

in bulls fed either the silage-grain or silage-hay diet, 3) the relationship between RFI measured 

over a 76-d period and CH4 emissions in bulls fed either a silage-grain or silage-hay diet,  and 4) 

the relationship between RFI measured over a 15-d period and CH4 emissions in bulls fed either 

a silage-grain or silage-hay diet 

 

 

  



31 
 

 

 

 

3.0 Manuscript: Relationships between Enteric Methane Emissions and Yield, and Feed 

Efficiency in Growing Angus Beef Bulls 

Department of Animal Science, Faculty of Agriculture and Food Sciences, University of 

Manitoba, Winnipeg, Manitoba, Canada, R3T 2N2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



32 
 

3.1 Abstract 

Ullenboom, Tawnya R., M.Sc., University of Manitoba, June, 2015.  The relationship 

between enteric methane emissions and feed efficiency in growing Angus beef bulls  Major 

Professors; Kim Ominski and Gary Crow. 

Residual Feed Intake (RFI) is a measure of metabolic efficiency and cattle selected for low 

RFI are expected to produce less methane (CH4).  A reduction of methane emissions from cattle 

would be both environmentally and economically beneficial to the cattle industry.  The objective 

of this study was to determine the relationship between RFI and enteric CH4 as well as carbon 

dioxide (CO2) emissions (as an indication of energy expenditure, DMI, and metabolic 

efficiency) from growing beef bulls.  Over the course of two years, 120 Angus bulls (30743 kg, 

28027 days of age in years 1 and 2, respectively) were randomly assigned into four pens of 15 

animals in a completely random design with repeated measures.  Following a 21-d adaptation 

period, two pens received a high forage diet, and two pens received a high grain diet.  Diets in 

year 1 consisted of alfalfa hay 50.7%, corn silage 49%, mineral 0.2%, and salt 0.2% on a dry 

matter basis for silage-hay, and alfalfa silage 36.2%, corn silage 24.8%, corn grain 32.3%, 

mineral 0.2%, and salt 0.2% on a dry matter basis for silage-grain.  Diets in year 2 consisted of 

grass hay 17.9%, corn silage 81.7%, limestone 0.3%, mineral 0.1%, and salt 0.1% on a dry 

matter basis for silage-hay, and alfalfa silage 33.1%, corn silage 39.0%, corn grain 27.5%, 

mineral 0.2%, and salt 0.2% on a dry matter basis for silage-grain.  Intake was measured using 

the GrowSafe® System for a 76-d period.  Enteric gas emissions were measured using the 

sulphur hexafluoride technique in four 24-h sampling events during week -1 (n=108) and in three 

24-h sampling events during week 12 (n=62) of the trial.  The effects of diet and sampling week 

on CH4 and CO2 were analysed.  Emissions (L d
-1

) were similar between diets (P>0.05) and RFI 
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grouping (P=0.29).  DMI was lower (P=0.32) for low vs. high RFIfat animals (7.68±0.2 and 

8.24±0.2 kg d
-1

, respectively).  Correlations between RFIfat and CH4 emissions were not 

significant.  These findings agree with previous studies and suggest that RFI ranking may be 

associated with metabolic mechanisms other than fermentation efficiency. 
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3.2 Introduction 

 Greenhouse gas emissions from animal agriculture (CH4 and CO2) have received 

considerable public attention due to their contribution to global warming (Nguyen et al., 2013), 

with global livestock emissions accounting for 14.5% of total global GHG emissions (Gerber et 

al., 2013).  Economically viable strategies to reduce emissions while improving feed efficiency 

would be beneficial to the cattle industry.  Residual Feed Intake (RFI) is a measure of feed 

efficiency in animals, where animals with a low RFI eat less than expected while achieving the 

same level of growth and body size as animals that eat more (Koch et al. 1963).  Use of RFI to 

select for cattle with decreased feed intake and therefore feed costs, would improve profitability 

as well as environmental sustainability through decreased emissions, both of which are 

invaluable to the cattle industry.  Therefore the effect of diet on RFI ranking and its impact on 

CH4 emissions of cattle in a Western Canadian environment is necessary to determine if 

selection of low RFI cattle is an effective strategy to decrease enteric CH4 emissions.  Alberta 

Environment and Parks (GOA) has approved the use of RFI as a carbon offset credit, however 

the relationship between RFI and CH4 has not been fully determined in the cold temperatures 

typical of Western Canadian environments.  This must be quantified to ensure that the 

relationship is applicable across the wide variety of environments and management strategies 

used in Western Canadian production systems.  In the present study we compare CH4 emissions 

and yield of a silage-grain to a silage-hay diet, and determine the effect of RFI on CH4 emissions 

and yield from bulls fed these two diets. 
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3.3 Materials and Methods 

3.3.1 Animal Management 

 A two-year trial was conducted wherein each year 60 Angus bulls (30743 kg, 28027 

days of age in years 1 and 2, respectively) were randomly assigned to four pens, each with 15 

animals, in a completely randomized design with repeated measures.  The bulls were consigned 

by several Manitoban producers to obtain a representative sample of Angus breeding stock in the 

province.  Two dietary treatments, silage-hay and silage-grain, were fed to each of two pens 

during each year of the study.  Diet components and nutrient composition are described in Table 

1.  In both years, animals were adapted to diets for a 21-d period prior to sample collection.   

 Animals in both years were vaccinated via subcutaneous injection with Vista® Once SQ 

(Merk Animal Health) and Vision® 8 Somnus with Spur® (Intervet/Merk Animal Health) on 

arrival and given a prophylactic subcutaneous injection of Draxxin (Zoetis).  A booster of the 

Vision® 8 Somnus with Spur® vaccine was administered to all animals 2-3 weeks after the 

original vaccination. All animals received a subcutaneous injection of Vitamin A and Vitamin D 

at the beginning and middle of the trial and Noromectin® (Norbrook Laboratories Ltd.).  Pour-

on de-wormer was administered to all animals upon arrival in both years.  Animal care and ethics 

were in accordance with the Canadian Council on Animal Care.   

3.3.2 Feeding Trial Management 

 Animals were housed at the University of Manitoba’s Glenlea Research Station (St. 

Adolphe, Manitoba, Canada) in four feedlot pens.  Each pen contained a heated watering bowl 

and four GrowSafe® feeder nodes (GrowSafe Model 4000E feed monitoring system, GrowSafe 

Systems Ltd., Airdrie, Alberta, Canada) which measured feed intake and feeding behaviour 

during the trial.  Following a 21-d adaptation period, enteric CH4 emissions (g/d) were measured 
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over a two-week period prior to and directly after the RFI collection period (week -1 and week 

12), followed by a 76-day feeding trial to determine RFI (Figure 1).  In both years, all bulls were 

weighed every fourteen days, and backfat, ribeye area, and marbling via ultrasound (National 

CUP Lab & Technology Center) were measured at the beginning and end of the test period.   
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Table 1. Ingredient and nutrient composition of the silage-hay and silage-grain based diets 

fed to growing beef bulls in year 1 and year 2. 

 Items Year 1 Year 2 

Ingredient composition, % 

DM Silage-Grain Silage-Hay Silage-Grain Silage-Hay 

Grass hay - - - 30.0 

Alfalfa hay     - 32.0 - - 

Alfalfa silage 32.7 - 27.0 - 

Corn silage 28.2 67.5 29.4 69.0 

Corn grain 38.4 - 42.9 - 

Limestone - - - .6 

Mineral 0.4 0.2 0.4 0.2 

Salt 0.4 0.2 0.4 0.2 

Nutrient composition,  % DM 

basis 

    Dry Matter, % 50.6 48.2 52.1 50.2 

Acid Detergent Fiber, % 24.5 35.3 16.1 21.4 

Neutral Detergent Fiber, % 40.2 58.1 27.3 39.9 

Total Digestible Nutrients, % 70.7 59.6 79.4 73.9 

Gross Energy, Mcal/g 0.00438 0.00437 0.00440 0.00435 

Metabolizable Energy, MJ/kg 

DM 
10.7 9.0 12.0 11.2 

Crude protein, % 10.8 10.7 12.2 13.2 

Starch (Enzymatic), % 20.0 6.1 30.7 21.3 

Calcium, %  0.53 0.83 0.58 0.72 

Phosphorus, % 0.26 0.28 0.28 0.31 

Magnesium, % 0.22 0.35 0.24 0.27 

Potassium, % 0.64 0.45 1.21 1.56 
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Feed was delivered up to a maximum of four to five times per day (approximately at the hours of 

8:00, 12:00, 16:00, and 20:00) via GrowSafe feeders to ensure ad libitum intake.  Daily feed 

intake feeding event duration headdown time and frequency, were calculated for each animal.  

Intake data were compiled and used along with weight data to calculate individual animal RFI 

values according to Basarab et al. (2007) as discussed in the statistical analysis section of this 

thesis.   

 

Figure 1. Timeline of major events in years 1 and 2 of the trial, ( ___ year 1, …… year 2,  

permeation placement year 1,  permeation placement year 2). 

 

3.3.3 Sampling Procedures 

 Ingredient components of both the silage-hay and silage-grain diets were sampled weekly 

for subsequent analysis of dry matter (DM, %), acid detergent fibre (ADF, %), neutral detergent 

fibre (NDF, %), metabolizable energy (ME, MJ/kg DM), total digestible nutrients (TDN, %), 

crude protein (CP, %), enzamatic starch (%), calcium (%), phosphorous (%),magnesium (%), 

and potassium (%) as described below. 

Date 
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3.3.4 Chemical Analysis of Feed 

 Dry matter content was determined by drying samples for 48 h in a forced-air oven at a 

temperature of 60°C.  Dried feed samples were ground in a Tecator to pass through a 1-mm 

screen (Cyclotec Tecator 1093 Sample Mill, Foss Analytical, Denmark).  Crude protein was 

analysed using a LECO NS 2000 analyzer (LECO Corporation, St. Joseph, MI).  A Par 6300 

Automatic Isoperibol Calorimeter (Moline, IL) was used in the determination of gross energy.  

Analysis of feed samples for ADF and NDF was conducted using an ANKOM 200 fiber analyzer 

(Fairport, NY) according to Komarek (1993).  Feed samples were combusted in a furnace to 

determine ash content according to method number 942.05 of the Association of Official 

Analytical Chemists (AOAC) 1990.  Mineral concentrations (calcium, phosphorus, potassium, 

and magnesium) from the ash were determined using inductively-coupled plasma emission 

spectroscopy (Vista MPX ICP, Varian Canada Inc., Mississauga, ON; AOAC 2005, method no. 

985.01). 

3.3.5 Methane Sampling and Analysis 

 Enteric CH4 emissions (g/d) were measured in four, 24-h periods during the adaption 

period prior to the feeding trial, and in three 24-h periods directly following the feeding trial in 

both years using the sulphur hexafluoride (SF6) technique as described by Boadi et al. (2002b) 

(Figure 1).  Steel permeation tubes (12.5 x 40 mm), with a known release rate of SF6 gas, were 

placed in the rumen of each animal via a speculum 10 and 20 days prior to CH4 collection in 

years 1 and 2, respectively.  Tubes were filled with 99% pure SF6 gas with a minimum starting 

weight of 0.28 g after initial fill and were then weighed for a minimum of eight weeks to 

determine accurate release rates prior to placement.  The following selection criteria were used to 

choose valid permeation tubes: (i) minimum half-life (tube expiration is considered at 50% loss 
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of SF6 gas from the permeation tube) exceeding the second CH4 sampling period (week 12), (ii) 

a minimum flow rate of 350 ng/min of SF6 from the permeation tube, and (iii) a maximum 

variation of 11% in flow rate of the permeation tube over the eight week equilibration period 

prior to insertion.  A specialized nylon cattle harness fitted with 900-mm capillary tubing (128 

µm internal diameter) was placed on each animal and then attached to a stainless steel collection 

sphere (130 mm diameter) that had been pre-evacuated (Figure 2).  Gases entered the collection 

system via a nose piece attached to a 15 µm filter as the animal exhaled and eructated.  Post-

collection the collection spheres were pressurized with nitrogen gas to 68.9 kpa prior to transport 

for gas analysis.  Gas chromatography (GC) (Varian CP-3800; Varian, Mississauga, ON; Boadi 

et al. 2002b) was used for analyses of the gases collected.  Instrument calibration was performed 

using the following prepared standard gases: quality control (QC) gas (200 ppm CO2/2 ppm 

CH4/balance of N2; Praxair Distribution Inc.; 9501-34 St., Edmonton, AB), CO2 gas (1599 ppm; 

Praxair Distribution Inc.; 9501-34 St., Edmonton, AB), CH4 (102 ppm  5%; Scotty Analyzed 

Gases; Air Liquide America Specialty Gases LLC; Plumsteadville, PA), and SF6 (20.67 ppt  

10%; Scott-Marcia; Riverside CA).   Gases were calibrated against 100 ppm CH4, 1600 ppm 

CO2, and 50 ppm CH4, and the QC gas calibration occurred every 10 samples to ensure continued 

accuracy of the gas analysis. Following calibration, gas sample concentrations were determined 

with the following equation: 

𝐶𝐻4 (𝐿 𝑚𝑖𝑛−1) = 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 𝑡𝑢𝑏𝑒 𝑆𝐹6 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 𝑥 [𝐶𝐻4] [𝑆𝐹6]⁄  

Concentrations of CH4 and SF6 are represented in the equation as [CH4] and [SF6] respectively 

and are adjusted for the removal of background concentrations of CH4 and SF6.  Background 

samples of CH4 and SF6 were collected using four gas collection harnesses placed in between 

each pen and within the alley way where the test animals were housed. The following criteria 
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were used to remove data from the data set: (i) integrity of equipment during collection (ie. 

equipment failure of harness, tubing, etc.), (ii) final pressures of collection spheres between 200 

mmHg and 650 mm Hg, and, (iii) an SF6:CH4 ratio greater than 4,000,000 suggesting the 

permeation tube was not releasing SF6 gas at a steady rate. 

 

 

 

 

 

 

 

 

 

Figure 2. Apparatus used in gas collection of SF6, CH4 and CO2. Components: collection 

harness (A), tubing entrance into the system (B), and collection sphere (C). 

 

3.3.6 Statistical Analysis 

 Residual Feed Intake, as well as a RFI corrected for final off test backfat thickness 

(RFIfat) for the i’th bull in a contemporary group was calculated using the following equation 

according to Basarab et al. (2003), with each contemporary group representing bulls in the 

silage-hay diet and silage grain  diet treatment in each year:  

(i) SDMIi = β0 + β1ADGi + β2metabolic MIDWTi + ei, 

and RFIi= ei, 
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(ii) SDMIi = β0 + β1ADGi + β2metabolic MIDWTi + β3BFi + ei, 

and RFIfati= ei, 

 

where SFIi represents average daily feed intake of the ith animal over a 76-d trial standardized 

for the metabolizable energy (ME) of the two diets and divided by a factor of 10 (MJ ME kg d
-1

) 

for comparison of the two diets, β0 is the regression intercept, ADGi is the average daily gain, 

MIDWTi is the metabolic mid weight [(Initial BW + Final BW)/2], BFi is backfat measured at 

the end of the RFI feeding trial, and ei  is the Residual Feed Intake.   

 The general model used for testing hypotheses concerning DMI, CH4 and CO2 measures 

from the sampling weeks, is as follows: 

 

yijklm=  µ + yeari + dietj + RFIgroupk + year*dietij + year*RFIgroupik + diet*RFIgroupjk + 

year*diet*RFIgroupijk + animalijkl + timem + time*yearim + time*dietjm +time*RFIgroupkm + εijklm; 

. 

where yijklm is the CH4 measurement in the m’th time period on the l’th bull within the k’th RFI 

group, j’th diet and i’th year; yeari is the effect of the i’th year (i=1, 2 representing trial years 

beginning in 2012 and in 2013, respectively) (fixed effect); dietj is the effect of the j’th diet (j = 

1,2 representing silage-hay and silage-grain diets, respectively) (fixed); RFIgroupk is the effect of 

the k’th RFI group (k=1,2,3, representing Low, Medium and High RFI values) (fixed); animalijkl 

is the effect of the l’th animal (random);  timem is the effect of the m’th collection time (n=1,2, 

representing week -1 and week 12 of the feeding trial) (fixed); and εijklm is the residual error. 

Interactions are denoted by effects separated by an asterisk. As described in the Materials and 
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Methods, there were two pens of animals on each diet in each year.  The pen effect was tested 

and found non-significant, thus not included in the represented model. 

 Methane and CO2 emissions (CH4 L d
-1

, CO2 L d
-
1, Kcal d

-1
, and g d

-1
), CH4 yields (L kg

-

1
 DMI, and as % GEI) and CH4 intensity (L kg

-1
 BW) from each bull were subjected to a 

correlation analysis. As a consequence of the criteria used to remove data from the data set 

described above, CH4 values during the sample periods week -1 and week 12 (n=1-7) varied 

between bulls. Because of differences in observation number, the mean of each individual’s 

emissions were summarized using a Best Linear Unbiased Prediction (BLUP) to produce a single 

value for each CH4 trait for each bull; the 𝑎𝑛𝑖𝑚𝑎𝑙̂
𝑖𝑗𝑘𝑙 effect on its calculated CH4 trait estimate 

were obtained from a model similar to that shown above, with the exception that RFI group and 

RFI group effects were removed from the model.  This estimate includes both genetic and 

permanent environmental effects for each animal (Mrode et al., 2005).  These values were then 

used in a GLM procedure with the model including year, diet and year*diet in order to produce 

residuals for the full dataset.  The residual data set was then correlated to other traits including 

feed conversion ratio (FCR) and RFI (partial correlations) in order to correct for the effects of 

other factors (diet and year) on the two variables being correlated.  In year 1, data from two 

animals were removed from the analysis as their CH4 values were well above the average values 

in the contemporary group (4.6 and 8 standard deviations from the mean) and thus were 

considered outliers to the data set.  In year 2, one animal was removed from the trial due to 

injury, thus the RFI value for this animal could not be calculated and only CH4 values for the 

week -1 time period of CH4 collection were included in the data.  Further, animals which 

experienced weight loss during the CH4 collection period were not included in the calculation of 

CO2 (L d
-1

).  This included 17 animals in year 1 and 4 animals in year 2 respectively. 
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3.4 Results and Discussion 

3.4.1 Validation of Data 

As described above, RFI was calculated as a deviation from a mean value of zero from data 

collected over a 76-day feeding period in each year and diet.  Integrity of the data set collected 

during the 76-day feeding period is important to ensure accuracy of the RFI value.  Statistics 

supporting the validity of the dataset are shown in Table 2.  Assigned feed disappearance (AFD) 

is generated by the Growsafe system to ensure that all feed delivered is accounted for; daily 

average AFD values for all nodes within a pen which are below 95% and if any node within a 

pen for a day had an AFD of <90% were removed from the data set (Basarab et al., 2003).  In 

year 1, a total of 4 and 3 days of data were removed from pens 3 and 4, respectively, and in year 

2 a total of 2, 1, 1, and 3 days of data were removed from pens 1, 2, 3, and 4, respectively.  The 

average AFD (%) across pens was above 99% in both years (Table 2), displaying a high level of 

data-integrity.  The total number of feed station days is calculated as the number of days on trial 

multiplied by the number of nodes producing a range of 308 to 332 total feed station days.  The 

percentage of feed station days with an average assigned feed disappearance below 95% (feed 

station days <95%) were 0%, 0%, 5.1% and 3.8% for pens 1, 2, 3, and 4 in year 1 and 2.6%, 

1.3%, 1.3%, and 3.9% for pens 1, 2, 3, and 4 in year 2 which is within the range found in 

previous studies (Basarab et al., 2007). 

Pearson correlations between DMI and the RFI model parameters of metabolic mid wt
0.75

, 

ADG, EFI, and backfat ranged from 0.20 to 0.92 in year 1 and 0.24 to 0.87 in year 2 of the trial 

(Table 2).  These values were similar in range to the study by Durunna et al. (2011) where values 

ranged from 0.12 to 0.84 in control group steers, and 0.29 to 0.86 in feed-swap group steers.  The 

coefficient of determination was determined for both RFI and RFIfat models separated by diet in 
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each year.  Feed intake was standardized (SFI) by adjusting DMI for metabolizable energy (ME) 

of the silage-hay and silage-grain diets and then dividing by a factor of 10 MJ ME kg DM
-1

 in 

order to produce an unbiased comparison between the two diets.  The coefficient of 

determination for SFI depicts the variation in SFI due to model parameters of ADG and 

metabolic mid wt
0.75

 for RFI and model parameters of ADG, metabolic mid wt
0.75

 and backfat for 

RFIfat.  Variation ranged from 30 to 82% over both years for the model of RFI and from 31 to 

85% over both years for the model of RFIfat (Table 2). The range in variation was wider than 

those reported by Durunna et al. (2011) with variation in DMI ranging from 36% to 75% due to 

ADG and metabolic mid wt
0.75

 and ranging from 36% to 76% due to ADG, metabolic mid wt
0.75

 

and backfat.  The silage-hay diet had low coefficients of variations for both models in year 1 

compared to silage-hay in year 1 and silage-grain in both years.  This may be due to spoilage 

issues in the corn silage in year 1 which may have affected palatability of the silage-hay diet 

which contained a higher amount of corn silage.  
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Table 2. Validation of intake data measured in bulls fed silage-hay and silage-grain based diets in years 1 and 2. 

          Year 1     Year 2   

Parameters Measured   Silage-Hay Silage-Grain Silage-Hay Silage-Grain 

        Pen 1 Pen 2 Pen 3 Pen 4 Pen 1 Pen 2 Pen 3 Pen 4 

Number of animals   15 15 15 15 15 15 14 15 

Number of days excluded   0 0 4 3 2 1 1 3 

Number of days included   83 83 79 80 78 79 79 77 

Average assigned feed disappearance, % 99.6 99.5 99.6 99.5 99.6 99.4 99.5 99.3 
†
Total feed station days, (days x nodes) 332 332 316 320 312 316 316 308 

ᶷFeed station days < 95%, (days x nodes) 0 0 16 12 8 4 4 12 

Percentage of feed station days < 95% 0 0 5.1 3.8 2.6 1.3 1.3 3.9 

                        

Pearson correlations Silage-Hay Silage-Grain Silage-Hay Silage-Grain 

DMI and metabolic mid weight, kg
0.75

 0.41 0.80 0.71 0.75 

DMI and ADG 0.37 0.86 0.55 0.74 

DMI and ᶳEFI 0.56 0.92 0.80 0.87 

DMI and backfat 0.20 0.50 0.37 0.24 

     

Coefficients of determination Silage-Hay Silage-Grain Silage-Hay Silage-Grain 

Variation in ᶴSFI due to ADG, metabolic mid 

weight, kg
0.75

 0.30 0.82 0.57 0.75 

Variation in SFI due to ADG, metabolic mid 

weight, kg
0.75

, backfat 0.31 0.85 0.64 0.75 
†
Feed station days (FSD) calculated as the product of days on test and the number of feeding nodes. 

ᶷFeed station days < 95%, number of FSD with average assigned feed disappearance below 95%. 

ᶳExpected feed intake. 

ᶴStandardized feed intake, DMI adjusted for differing ME of the two diets and divided by a factor of 10 MJ ME kg d
-1
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3.4.2 Characterization of On-test Age Body Composition, and 76-day Growth and 

Efficiency Traits 

 Average (mean ± SD) growth, body composition and feed efficiency traits for each diet 

and year are displayed in Table 3.  The average age of bulls in year 1 was about 30d older than 

those in year 2.  The range in age at start of the trial was 95d and 88d for silage-hay and silage-

grain diets respectively in year 1 and 82d and 98d for silage-hay and silage-grain diets 

respectively in year 2 (data not shown). This range of ages is comparable to the recommended 

age range for contemporary groups, 90 d, in formal bull test stations (BIF, 2010).  Age was not 

significantly different between diets within the same year (P>0.05).  Animals were randomly 

selected into pens after arrival, the lack of significant difference in age between the two diet 

groups within a year, signifies that a disproportionate amount of older or younger animals were 

selected into a single group which could have created bias within the results.  

Average weight at start of trial was not statistically different between diets within the same 

year.  Final backfat (mm) was significantly higher for the silage-grain diet in year 2 (P<0.05) and 

was numerically higher in year 1, though this was only trending towards significance (P=0.06).  

Increased intake for the silage-grain diet as well as higher starch content compared to the silage-

hay diet likely led to the higher fat deposition for the silage-grain diet animals.  As mentioned 

DMI was significantly higher (P<0.05) in both years for the silage-grain diet, 9.15±0.17 and 

11.62±0.17 kg DM d
-1

 for year 1 and 2, respectively, compared to the silage-hay diet, 6.52±0.17 

and 9.55±0.17 kg DM d
-1

 for year 1 and 2, respectively (Table 3).  This was not unexpected due 

to higher levels of starch and lower fiber levels associated with the silage-grain diet.  This effect 

was demonstrated by Boadi et al. (2002a) where increased levels of digestible matter led to faster 

ruminal digestion and thus allowed for higher intake. 
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 Metabolic mid weight did not differ between diets in either year, but the rate of gain 

(ADG) was higher (P<0.05) for the silage-grain diet in year 2 (Table 3).  The difference in ADG 

is not unexpected and may be attributed to higher levels of starch (30.7% and 21.3% for the 

silage-grain and silage-hay diets in year 2, respectively) and lower levels of fibre (16.1% ADF 

and 21.4% ADF for the silage-grain diet and silage-hay diet, respectively, in year 2) in the 

silage-grain diet versus the silage-hay diet.   

Feed conversion ratio was higher for the silage-grain diet in year 1 (P<0.05) and lower for 

the silage-grain diet in year 2 (P>0.05) compared to the silage-hay diet in each year (Table 3).  It 

is expected that grain diets (silage-grain) typically have lower FCR’s and this was shown in year 

2.  Year 1 FCR values did not follow the same pattern of improved efficiency for the silage-grain 

diet.  Overall the silage-grain diet had significantly higher intake and higher ADG compared to 

the silage-hay diet. Compared to year 2 FCR values, year 1 values were higher for both diets, and 

this may be an effect of the lower starch levels in both diets in year 1 compared to year 2 (Table 

1).  Increasing starch in the diet increases the level of propionate:acetate in the rumen thus 

improving efficiency.  However, starch levels for the silage-grain diet in year 1 were also higher 

than the silage-hay diet, thus the higher FCR for the silage-grain diet in year 1 was unexpected.  

Additionally, the correlation between ADG and DMI (Table 2) for the silage-grain diet was 

strong (r=0.83), and does not explain the high FCR for the silage-grain diet in year 1. 

Residual Feed Intake ranged from +1.08 to -1.14 (kg DM d
-1

) in year 1 and from +0.89 to -

1.41 (kg DM d
-1

) in year 2 (data not shown) with means not significantly different between diets 

within the same year.  Final body weight was significantly higher in the silage-grain animal 

group (449±43) compared to the silage-hay group (426±36) in year 2, but final body weight 

means did not differ between diets in year 1. 
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Residual Feed Intake corrected for fat (RFIfat) ranged from +0.97 to -0.96 (kg DM d
-1

) in 

year 1 and from +0.92 to -1.41(kg DM d
-1

) in year 2 (data not shown).  The correction in the 

calculation of RFI for fat was performed to minimize the effect (2-5% relationship of RFI to 

body fat composition) of RFI on fat deposition in feeder cattle and in replacement heifers and 

cows.  The characteristics of these RFI values are similar to those found in previous studies; in 

steers (Basarab et al., 2003; Nkrumah et al., 2006), and cows (Basarab et al., 2007).  However, 

Hegarty et al. (2007) observed a larger range (-2.62 to 3.57 kg DM d
-1

) of RFI values when 

feeding a 75% barley grain diet to steers. 

Table 4 shows correlations of RFI with other animal performance measures: backfat, ADG, 

DMI, FCR, metabolic mid weight
0.75

, and RFIfat.  As expected, ADG, and metabolic mid weight 

had correlations of 0 as these traits are included in the calculation of RFI.   Residual Feed Intake 

was significantly correlated (P < 0.05) to final backfat in year one for both diets (0.12 for silage-

hay diet and -0.29 for silage-grain diet), and for the silage-hay diet (0.40) only in year 2 (Table 

4).  Dry matter intake and FCR were positively (P < 0.05) correlated across all years and diets to 

RFIfat.
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Table 3. Characterization of average (LS mean ± SEM) age, growth, body composition and feed efficiency traits measured in 

bulls fed silage-hay and silage-grain based diets in years 1 and 2. 

        Year 1 Year 2 

 

Silage-Hay Silage-Grain Silage-Hay Silage-Grain 

Number of bulls     30 30 30 29 

Age and Body Composition           

Age at start of trial, d   277 ± 4.5 285 ± 4.5 248 ± 4.5 249 ± 4.5 

Backfat final, mm     1.26 ± 0.087 1.56 ± 0.087 1.52 ± 0.087b 1.91 ± 0.089a 

Body weight initial, kg     309 ± 6.9 303 ± 6.9 316 ± 6.9 305 ± 7.1 

Body weight final, kg 

  

402 ± 8.2  405 ± 8.2 426 ± 8.2 449 ± 8.3 

Performance Traits         

DMI, kg DM d
-1

     6.52 ± 0.17b 9.15 ± 0.17a 9.55 ± 0.17b 11.62 ± 0.17a 

Metabolic mid weight, kg
0.75 

  81.8 ± 1.29 80.9 ± 1.29 8512 ± 1.29 85.5 ± 1.31 

ADG, kg d
-1

   1.12 ± 0.036 1.24 ± 0.036 1.33 ± 0.036b 1.75± 0.036a 

RFI, kg DM d
-1

     0.00 ± 0.09 0.00 ± 0.09 0.00 ± 0.09 0.00 ± 0.09 

RFIfat, kg DM d
-1

     0.00 ± 0.08 0.00 ± 0.08 0.00 ± 0.08 0.00 ± 0.08 

FCR, kg DM kg
-1

 gain     5.87 ± 0.13b 7.45 ± 0.13a 7.24 ± 0.13a 6.66 ± 0.13b 

a, b Different letters within a year represent significantly different LS means (P<0.05) 
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Table 4. Pearson correlations of RFI and RFIfat values with key parameters in bulls fed 

silage-hay and silage-grain based diets of years 1 and 2. 

          Year 1     Year 2   

Measures   Silage-Hay Silage-Grain Silage-Hay Silage-Grain 

N 30 30 30 29 

RFI and backfat 0.12* -0.29* 0.40* -0.02 

RFI and RFIfat 0.99* 0.91* 0.91* 1.00* 

RFIfat and body weight 0.00 0.00 0.00 0.00 

RFIfat and ADG 0.00 0.00 0.00 0.00 

RFIfat and DMI 0.83* 0.39* 0.60* 0.50* 

RFIfat and FCR 0.47* 0.50* 0.36* 0.63* 

RFIfat and metabolic mid wt
0.75 0.00 0.00 0.00 0.00 

RFIfat and backfat 0.00 0.00 0.00 0.00 

*P < 0.05 for the hypothesis test that the correlation is equal to zero.  

 

 

 

Table 5. Ambient temperature (˚C) throughout the feeding trial and during enteric CH4 

collection in years 1 and 2. 

  Year 1 Year 2 

 
Overall Week -1 Week 12 Overall Week -1 Week 12 

Daily Ave. Temp 

(˚C) -9.50 -9.31 -10.2 -16.2 -9.62 -8.62 

Min. Daily Temp 

(˚C) -30.8 -25.7 -23.4 -36.3 -23.4 -13.6 

Max. Daily Temp 

(˚C) 7.06 3.12 -0.21 1.78 2.85 -3.61 

Days Averaging 

Below -20˚C 6 1 0 26 0 0 
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The correlation between DMI and RFIfat was 0.83 and 0.39 for silage-hay and silage-grain 

diets respectively in year one, and 0.60 and 0.50 for silage-hay and silage-grain diets respectively 

in year two (Table 4).   Except for the silage-hay diet in year 1, these values are lower than that 

reported in the study by Basarab et al. (2007) using pregnant cows with RFI corrected for 

conceptus weight where a correlation of 0.83 was found.  Differences may be due to different 

physiological stage and gender of the animal, differing diet, and differing weather conditions.  

Weather and temperature were different between years in our study, with more days falling 

below -20 in year 2 (Table 5).  In cold environmental temperatures below an animal’s lower 

critical temperature (LCT), it has been found that animals expend additional energy in order to 

maintain homeothermy.  Increased nutritional demands in addition to behaviours and 

physiological mechanisms related to thermogenesis lead to this increased energy expenditure. 

The decreased performance of animals during cold stress has been shown by Webster et al. 

(1970).  During this process DMI and rate of passage will also increase in order to aid in 

increasing heat generation within the body (Kennedy, 1985).  In years 1 and 2, there were 6 and 

26 days, respectively, with average daily temperatures below -20°C.  The impact of cold on 

overall expression of RFI has not been studied to our knowledge, and may have affected RFI 

values in years 1 and 2.  As the calculation of RFI involves a feeding trial for at least a 63-d 

measurement, with a greater number of days in year 2 potentially falling below the lower critical 

temperature, animals may have made both physiological and behavioural changes compared to 

year 1 in order to maintain body temperatures (National Research Council, 2000).  With cold 

temperatures causing physiological and behavioural changes, it can be hypothesized that the 

expression of RFI could change during these periods with the possibility of re-ranking.   

Durrunna et al. (2011) found re-ranking occurred when steers were fed the same diet (finisher-
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fed in year 1 and grower-fed in year 2) in two consecutive RFI test periods.   Residual Feed 

Intake trial length varied for each period and year, with a range of 64 to 85 days included.  

Correlation values for FCR with RFIfat were 0.47 and 0.50 for silage-hay and silage-grain diets, 

respectively, in year one, and 0.36 and 0.63 for silage-hay and silage-grain diets, respectively, in 

year two.   These values are higher, except for the silage-hay diet in year one, compared to those 

reported in study by Basarab et al. (2007) where the correlation between RFI and FCR was 0.46 

(P < 0.001)  for pregnant cows.  It was expected that there would be positive correlations 

between FCR and RFIfat, although the magnitude of the correlations were higher than expected 

based on previous findings.  These differences in RFI and FCR correlations may be due to 

differing life-stage, age, gender, and diet between that study and our own. 

Residual Feed Intake adjusted for backfat (RFIfat) and backfat were unrelated (rp =  0.00) 

across both.  RFI and RFIfat were highly related (rp = 0.91 to 1.00) across both years (Table 4) 

indicating they share a strong relationship and are similar measurements.  This is likely due to 

the similar method of calculation used for RFI and RFIfat and the same data being used for the 

calculations in addition to the relationship of backfat with SFI being small. 

3.4.3 Dry Matter Intake During Enteric Collection 

 Significance and least squares means of main effects and their interactions for DMI, 24-

hr CH4 and CO2 emissions, yield and intensities are presented in Tables 6 and 7.  Dry matter 

intake in Tables 6 and 7 are from the enteric emissions collection period and do not represent the 

DMI during the RFI feeding trial.  None of DMI parameters (kg DM d
-1

, % of BW, and GEI 

Mcal d
-1

) were significantly different between years, however, DMI expressed as kg DM d
-1

 and 

GEI (Mcal d
-1

) were different between diets, collection time and by RFI group (P < 0.05) as 

shown in Table 6 and 7.  Intake was higher (P<0.05 and P<0.001) for the silage-grain diet (8.57 
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kg d
-1

, 2.38% BW) compared to the silage-hay diet (7.30 kg d
-1

, 2.04% BW) as expected by our 

hypothesis. An intake as % BW between 2-3% were expected during the trial, thus the DMI as % 

BW for the two diets was within this range.  Significant differences in DMI between diets may 

be due to the composition of diet, with silage-hay diet having higher levels of fibre (35.3% ADF 

year 1 and 21.4% ADF year 2) and lower levels of starch (6.1% enzymatic starch year 1 and 

21.3% year 2) compared to the silage-grain diet (24.5% ADF year 1 and 16.1% ADF year 2; 

20.0% enzymatic starch year 1 and 30.7% year 2. Increased fiber in the diet (ADF and NDF) will 

lead to decreased DMI (Dado and Allen, 1995).  Starch is more readily digested than fiber and 

thus decreases time for rumen retention and increases rate of passage (Okine et al., 1998).   
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Table 6. Significance of main effects and interactions for intake, 24-hr enteric CH4 and CO2 emissions, yields and intensities 

(LS mean ± SED) measured in both week -1 and week 12 collection periods in bulls fed silage-grain and silage-hay diets. 

Parameter Year Diet †Time ᶴRFIGRP 
Year* 

Diet 

Year* 

Time 

Diet* 

Time 

Year* 

RFIGRP 

Diet* 

RFIGRP 

Time* 

RFIGRP 

Year* 

Diet* 

Time 

DMI, kg d
-1

 ns * ** 
*High-

Low 
ns ** ** ns ns ns ** 

DMI, % BW ns ** ns 
*High-

Low 
ns ** ** ns ns ns ** 

DMI, GEI Mcal d
-1

 ns * ** 
*High-

Low 
ns ** ** ns ns ns ** 

Parameter                       

Methane, Ld
-1

 ** ns ** ns ns ** ns * ns ns ns 

Methane, kcal d
-1

 ** ns ** ns ns ** ns ns ns ns ns 

Methane, gd
-1

 ** ns ** ns ns ** ns ns ns ns ns 

Methane, L kg
-1

 DMI * * * ns ns * ns * ns ns * 

Methane, % GEI * * * ns ns ns ns ns ns ns * 

Methane, L kg
-1

 BW ** ns ** ns ns ** ns ns ns ns ns 

Carbon dioxide, L d
-1

 ** * ** ns ns * * ns ns ns ns 

* P <0.05 

** P <0.0001 

†Time, collection period (week -1 or week 12) 

ᶴRFIGRP, low, medium or high RFI ranking 
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Table 7.  Main effect LS means for DMI, 24-hr enteric CH4 and CO2 emissions, yield, and intensities (Least Squares Means ± 

SED) measured in week -1 and week 12 in bulls fed silage-grain and silage-hay diets. 

  Year Diet Time RFI Group 

Intake 1 2 SED 
Silage-

Hay 

Silage-

Grain 
SED 

Week 

-1 

Week 

12 
SED High Medium Low SED 

N, Animal No. 58 60   59 59   118 118   78 88 68   

DMI, kg d
-1

 7.86 8.01 0.17 7.30
b
 8.57

a
 0.17 6.64

b
 9.23

a
 0.1 8.24

a
 7.88

ab
 7.68

b
 0.2 

DMI, % BW 2.24 2.19 0.04 2.04
b
 2.38

a
 0.04 2.22 2.20 0.03 2.30

a
 2.21

ab
 2.12

b
 0.05 

DMI, GEI Mcal d
-1

 34.9 35.1 0.76 32.3
b
 37.7

a
 0.76 29.1

b
 40.9

a
 0.4 36.2

a
 34.8

ab
 33.9

b
 0.9 

Enteric Methane 

Emissions 
                          

N
†
, Obs. No. 60 110   79 91   108 62   54 67 47   

Methane, L d
-1

 291
a
 196

b
 8.9 240 248 7.9 218

b
 269

a
 7 248 236 247 9 

Methane, kcal d
-1

 2747
a
 1856

b
 82 2283 2321 77 2056

b
 2547

a
 65 2384 2254 2267 90 

Methane, g d
-1

 208
a
 141

b
 6 172 176 6 156

b
 192

a
 5 181 170 171 7 

Enteric Methane Yield              

Methane, L kg
-1

 DMI 39.3
a
 25.4

b
 1.1 34.4

a
 30.4

b
 1.1 34.0

a
 30.8

b
 1.05 32.9 31.2 33.1 1.11 

Methane, % GEI 8.39
a
 5.49

b
 0.27 7.38

a
 6.50

b
 0.28 7.33

a
 6.55

b
 0.24 7.01 6.70 7.11 0.24 

Enteric Methane 

Intensity 
             

Methane, L kg
-1

 BW 0.82
a
 0.55

b
 0.02 0.68 0.67 0.02 0.73

a
 0.64

b
 0.02 0.71 0.67 0.66 0.02 

Carbon Dioxide 

Emissions 
                          

N
†
, Obs. No. 43 106   68 81   105 44   48 60 39   

Carbon dioxide, L d
-1

 5605
a
 4048

b
 275 4476

b
 5177

a
 233 3928

b
 5725

a
 239 4706 4887 4887 266 

a,b,c
 LSmeans within main effects with different letters differ (P <0.05) 

SED, Standard Error of the Difference between LS Means. 
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 Increased dry matter intake between week -1 and week 12 was likely due to increased 

size of the animal due to growth during the feeding trial.  Intake would thus have increased to 

meet these increased energy demands proportionally to the increase in body size and weight.  

Further, differences in intake between week -1 and week 12 were not significantly different 

when expressed as percent BW, following with supporting the theory that increased intake in 

week 12 compared to week -1 was due to increased body size and rate of gain of the animals. 

 Intake was different between low and high RFI groups (P=0.017) with high RFI animals 

having the greatest intake (8.240.2 kg DM d
-1

) compared to low RFI animals (7.680.2 kg DM 

d
-1

).  This is not surprising as numerous studies have determined that selection for low RFI 

animals will produce animals with lower DMI (kg d
-1

) compared to medium and high RFI 

animals while still maintaining the same level of production (growth, lactation, etc.) as their 

medium and high RFI counterparts (Nkrumah et al., 2006; Basarab et al., 2003; Basarab et al., 

2007; McDonnell et al., 2016). 

 Gross energy intake followed a pattern similar to that of DMI with silage grain diet 

having a higher GEI (Mcal d
-1

) than the silage hay diet (37.7 vs. 32.3 GEI Mcal d
-1

; P<0.05).   

3.4.4 Enteric Methane and Carbon Dioxide 

3.4.4.1 Enteric Methane Emissions  

Enteric CH4 emissions (L d
-1

, g d
-1

, Kcal d
-1

), yield (L kg
-1

 DMI, % GEI) and intensity (L 

kg
-1

 BW) , were significantly different between years and collection times, but not between diets 

and RFI group (Table 6 and 7).  The effect of diet by year was non-significant for all methane 

parameters indicating that the effect of diet across years was consistent.  Year by time 

interactions were significant (except for CH4, %GEI) and this was expected since both are time 

variables and are thus likely to affect the outcome of emissions, yield and intensities depending 
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on when sampling events occurred within a given year.  Diet interactions with time (Diet*Time) 

were non-significant except for carbon dioxide emissions (Ld
-1

) and this suggests that enteric 

CH4, emissions, yield and intensity had a consistent pattern between diets when measured during 

each collection time.  Interactions of Year*RFIGRP, Diet*RFIGRP, and Time*RFIGRP were 

non-significant with the exception of interactions for Year*RFIGRP in CH4 expressed as L d
-1

 

and L kg
-1

 DMI, which suggests that the effect of RFIGRP on enteric CH4 emissions, yield and 

intensity was consistent across year, diet, and collection period.  These interactions were also 

non-significant for intake parameters though DMI differed between low and high RFI animals 

for the main effect of RFIGRP.  Additionally, the interaction effect of Year*Diet*Time were 

significant (P<0.05) for CH4 yield parameters only (L kg
-1

 DMI and %GEI) which suggests that 

CH4 yield was inconsistent between diets in each collection period of each year.  Yield 

parameters were significant for this three-way interaction due to the relationship of CH4 yield 

values with energy intake which was significantly different between diets (silage-grain greater 

DMI, Mcal d
-1

) and was found to be increased for the week 12 collection period (P<0.0001).  

Year 1 also had significantly greater CH4 yield than year 2. 

As discussed above enteric CH4 emissions were higher in year 1 compared with year 2 

(291 vs. 196 L d
-1

).  Methane yield expressed as a % of GEI was 8.39 and 5.49 for year 1 and 2, 

respectively.  Although CH4 emissions and yield were significantly different between years, diet 

effects were mostly non-significant, except for CH4 yield for silage-hay and silage-grain diets, 

respectively (34.4 vs.30.4  1.1 L kg
-1

 DMI; 7.38 vs. 6.50  0.28 as a % of GEI).  These values 

follow the expected trend that the silage-grain diet would have overall lower enteric CH4 yields 

and higher rumen efficiency due to higher starch levels compared to the silage-hay diet, 

however, CH4 emissions had numerically higher values (CH4 L d
-1

, P=0.29; CH4 g d
-1

, P=0.53; 



59 
 

CH4 kcal d
-1

, P=0.62) for the silage-grain diet compared to the silage-hay diet likely due to 

higher diet quality, DMI, digestibility, and availability of hydrogen ions for methanogenesis.  

Methane emissions expressed in L d
-1

, kcal d
-1

, and g d
-1

 were higher (P<0.0001) in week 12 with 

values of 218 L d
-1

, 2056 kcal d
-1

, 156 g d
-1

 for week -1 and 269 L d
-1

, 2547 kcal d
-1

, 192 g d
-1 

in 

week 12.  This is reflective of the increased DMI due to increased body size and energy 

requirements in week 12 compared to week -1.  Week -1 CH4 yield values (L kg
-1 

DMI, and 

%GEI ) were higher (P=0.002 and P=0.001), with values of 34.0 L kg
-1

 DMI, and 7.33 %GEI 

compared to values of 30.8 L kg
-1

 DMI, and 6.55 % GEI  in week 12.  This is likely due to 

improved fermentation efficiency in week 12 when animals had increased DMI but utilized the 

DMI more efficiently towards energy requirements and growth.  Methane intensity in week -1 

was higher (P<0.0001) as well, with 0.73 L kg
-1

 BW compared to 0.64 L kg
-1

 BW in week 12.  

Animals increased in body size and gain in addition to DMI by the week 12 collection period 

and, therefore, produced less CH4 per kg of BW.   Lastly, no significant differences were found 

in CH4 emissions, yield, and intensity when separated by low, medium, or high RFI animals, 

with values of 248, 236, and 246 L d
-1

 in high, medium and low RFI groups respectively. 

Enteric CH4 emissions for growing beef bulls in Western Canada have not been reported in 

the published literature to our knowledge.  McCaughey et al. (1997) examined CH4 yield in 

growing steers on pasture and reported lower values (4.1-5.2 CH4 % GEI) compared to those 

found in the current study. Similarly Nkrumah et al. (2006) reported values of (4.25–3.19 CH4 % 

GEI) in steers fed a grain-based diet.  Our CH4 yield values, which ranged from 5.45–8.56% 

GEI, were higher than these, but comparable to those reported by Boadi et al. (2002a) of 6.4 and 

6.7 % GEI for steers on alfalfa-grass pasture supplemented with barley grain and alfalfa-grass 

pasture without a grain supplement respectively, and 6.43 and 5.92% GEI reported by 
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Beauchemin and Mc Ginn (2006) for animals of comparable size consuming a diet of 70% 

forage: 30% barley concentrate or 30% forage: 70% barley concentrate respectively. 

Significant increases in all emission, yield and intensity parameters were observed in year 

1 as compared to year 2 (Table 6 and 7) and may be attributed to differences in diet composition 

between years.  Starch content of the feed was lower in year 1 than in year 2 for silage-grain 

(20.0% and 30.7%) and silage-hay diets (6.1% and 21.3%) respectively (Table 1). Differences in 

starch content of corn silage based diets may be attributed to the quantity of kernels present in 

the silage, and the stage of maturity (degree of grain fill) before harvest of the corn plant (Khan 

et al., 2010).  Increasing concentrate content (typically high starch grains) in the diet can result in 

a reduction of CH4 as these diets lead to increased formation of proprionate compared to acetate 

(ratio of proprionate:acetate) in the rumen, thus reducing the level of free H2 in the rumen and 

therefore the necessary substrate for CH4 production by methanogens (Na et al., 2013). 

Differences in grain content of the diets in our study accounts for the significant differences in 

starch content of the diets between years and the resulting reduced emissions, yield and intensity 

parameters for year 2. 

 Differences in CH4 emissions, yield and intensities between years may also be attributed 

to differences in ADF content, which were 41.3% and 49.0% higher in year 1 silage-grain and 

silage-hay diets, respectively, compared to year 2 and NDF content which was 38.2% and 37.1% 

higher in the silage-grain and silage-hay diets of year, 1 respectively, (Table 1) compared to year 

2.  Increasing fibre content has been shown to stimulate cellulolytic bacterial growth and these 

bacteria are a main contributor of H2 in the rumen (Whitelaw et al., 1984).  The increased H2 

provides increased substrate for ruminal methanogens to use in CH4 production.  Boadi and 

Wittenburg (2002) found diets with NDF values of 58.1 and 68.8% DM had an increase in CH4 



61 
 

of ~1% GEI compared to a diet with an NDF value of 41.8% DM showing a similar trend, 

though it was non-significant (P=0.14).  Hassanat et al. (2013) examined enteric CH4 emissions 

in lactating Holstein cows fed diets with decreasing levels of fibre and increasing levels of starch 

(high fibre alfalfa silage compared to high starch corn silage). Forages in the study contained 

33.9%, 33.3%, and 20.1% (DM basis) for the corn silage starch, NDF, and ADF, respectively, 

and 1.81%, 35.7%, and 32.5% for the alfalfa silage starch, NDF, and ADF, respectively.  Diets 

containing 0% corn silage had significantly (P=0.01) greater CH4 emissions (CH4 as % GEI) 

than the 100% corn silage diets as well as significantly increased ADF and decreased starch 

content (P<0.01).  Similarly, Yan et al. (2000) found that increasing the level of forage in the diet 

by 0.1 kg d
-1

 of silage DMI of the total DMI (kg d
-1

) led to a significant (P < 0.001) increase in 

CH4 emissions, energy output per gross energy intake and CH4 energy output per digestible 

energy intake.  In addition to forage proportion in the diet, Yan et al. (2000) found that 

increasing ADF (fibre) content in the diet by 0.1 kg d
-1

 of ADF intake per kg d
-1

 of DMI led to a 

significant increase (P < 0.001) in CH4 emissions energy output per gross energy intake and CH4 

energy output per digestible energy intake.  Similarly Chaves et al. (2006) found a 45% 

difference in CH4 emissions (g CH4 head
–1

 d
–1

) between forage diets with a 50% difference in 

NDF values (starch values were not reported). 

In addition to diet profile, ambient temperature between years and sampling periods may 

also have impacted CH4 emissions.  As indicated in Table 5, during sampling weeks, average 

daily, minimum and maximum daily temperatures were comparable except for the minimum 

daily temperature in wk 12 (year 1 = -23.4 ˚C, year 2 = -13.6 ˚C) and the week 12 maximum 

daily temperature (year 1 = -0.21 ˚C, year 2 = -3.61).  However, overall the entire trial 

temperatures were much colder in year 2 (mean = -16.2˚C, min = -36.3 ˚C, and max = 1.78˚C) 
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compared to year 1 (mean=-9.5˚C, min = -30.8 ˚C, and max = 7.06˚C).  It is assumed that 

animals were acclimated to the colder temperature, however quick changes in temperature as 

opposed to gradual changes have been shown to negatively impact an animal’s ability to 

maintain homeothermy (Webster, 1974; Young, 1981).  Thus temperature differences between 

years and sampling periods could also have affected our CH4 values.  Furthermore, animal 

response to cold has been shown to result in increased rate of passage without a subsequent 

increase in DMI as shown in the study by Kennedy (1985) where sheep fed pelleted diets did not 

have a change in intake when offered feed ad lib during cold stress.  Dry matter intake in our 

study also did not differ between years, though levels of CH4 were significantly greater in year 1.  

Okine et al. (1989) confirmed that methane production is inversely related to the rate of passage 

of digesta (r=-0.53, P<0.05).  This means that an increased rate of passage of DM from the 

rumen into the open reticulo-omasal orifice, results in a decreased time for digestion of materials 

by methanogens, and thus a decrease in CH4 emissions (Okine et al., 1989).  Okine et al. (1989) 

found a 29% decrease in CH4 production (L/d) when rate of fibrous material passage from the 

rumen increased by 63%.   Bernier et al. (2012) studied the long term effects of cold stress and it 

was found that periods of cold stress caused significant reductions in emissions as compared to 

periods of thermoneutrality.  Thus differing temperatures over the period of the day as well as 

over the feeding trial could explain the reductions in year 2 CH4 emissions. 

 Although CH4 emission, yield and intensity were different between years, the effect of 

diet was only significant for CH4 yield (Table 6).  Methane yield from bulls fed the silage-hay 

diet were higher than from bulls fed the silage-grain diet (Table 7) (34.4 vs. 30.4 L kg
-1

 DMI of 

CH4; P<0.05).  The reason that CH4 yield parameters (L kg
-1

 DMI and %GEI) were significantly 

different, may be due to differences in DMI which was significantly different between diets 
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when expressed by kg d
-1

, %BW, and as GEI in Mcal d
-1

 (P<0.05) as well as the higher level of 

starch in the silage-grain diet which would improve rumen efficiency of animals on this diet 

compared to the silage-hay diet even with increased DMI for the silage-grain diet.  The lack of 

diet effect in the CH4 emission and intensity parameters may be due to the differences in dietary 

fibre levels and starch content between years.  As a consequence of differences in quality of the 

corn silage between years, the starch content of the silage-grain diet in year 1 was comparable to 

the silage-hay diet in year 2.  Similarly, the fibre levels in the diets, were closer in value between 

the silage-grain diet of year 1 and the silage-hay diet of year 2 than of the silage-grain diet in 

year 1 compared to year 2. The silage-grain diet in year 1 had 24.5% ADF and the silage-hay diet 

in year 2 had an ADF of 21.4%.  The NDF values of the silage-grain diet in year 1 (40.2% NDF) 

were also most similar to the silage-hay diet of year 2 (39.9% NDF).  This meant that across the 

two years each nutrient (starch, ADF, and NDF) had one diet with a high value, one diet with a 

low value, and two diets with medium level values. This may, in part, explain why enteric 

emissions did not differ between the two diets when compiled over both years for CH4 emission 

and intensity parameters.  Chaves et al. (2006) found a 45% difference in CH4 emissions (g CH4 

head
–1

 d
–1

) between grass forage fed animals at two different pasture sites (P <0.05), with heifers 

grazing the grass pasture at Lethbridge, AB, having had lower emissions than heifers grazing 

grass pasture at Brandon, MB.  The Lethbridge and Brandon grass pasture locations had a 50% 

difference in NDF values (starch values were not reported).  In the study by Boadi et al. (2004), 

there was a  57.8% and 39%  difference between the ADF and NDF content of high forage:grain 

ration compared to a low forage:grain ration.  A difference of this magnitude, resulted in a 

significantly lower CH4 yield (CH4 %GEI) in animals fed the low forage:grain diet.  Our diets 

had a 36.1% difference in ADF content in year 1 and a 28.3% difference in year 2, and a 36.4% 
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difference in NDF content in year 1 and a 37.5% difference in NDF in year 2. Thus, the percent 

difference in fiber content between the silage-hay and silage-grain diets in each year of our study 

were less than the percent difference in fibre content of the two diets in the study by Boadi et al. 

(2004) and may not have been adequate to impact emissions. 

As described above, increasing starch levels in the diet has been shown to shift the 

production of VFA’s in the rumen towards the production of propionate which reduces the levels 

of substrate available for the formation of CH4 in the rumen (Na et al., 2013).   Hassanat et al. 

(2013), as described above, also found significant reductions (P<0.05) in CH4 yield (% GEI) in 

animals fed the 100% corn silage diet with 33.9% DM as starch compared to the 0% corn silage 

diet with 1.81% DM starch.  However our study did not show a decrease in enteric CH4 

emissions between the silage-hay (6.1% and 21.3% starch on a DM basis in years 1 and 2 

respectively) and silage-grain diets (20.0% and 30.7% starch on a DM basis in years 1 and 2 

respectively).  The difference in starch content between the silage-hay and silage-grain diets in 

year 1 were greater than in year 2 (106.5 vs. 36.1% difference, year 1 and year 2, respectively).  

Hassanat et al. (2013) observed a 55% difference in starch between diets, which led to significant 

differences in CH4 between diets.  The difference in starch content in our trial was greater in year 

1 and lower in year 2 than that observed by Hassanat et al., (2013).   Additionally, our starch 

values in all diets (except silage-grain year 2) were lower than the starch content used in the high 

starch diet by Hassanat et al. (2013), 30% enzymatic starch.  This starch content of 30% may be 

the critical level needed in a diet in order to see a subsequent effect on VFA content of the rumen 

and thus reduced CH4 production.  Hassanat et al. (2013) observed a decrease in enteric 

emissions in cows fed a 100% corn silage diet containing 30% starch, and a decrease in enteric 

emissions was also observed in our study for the silage-grain diet in year 2 which had a similar 
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level of starch.   As with fibre levels, starch may also need to reach a critical magnitude in order 

to cause changes in VFA production and enteric CH4 production in the rumen (as seen in year 1), 

and the difference in starch levels between diets needs to be sufficiently large enough to show 

these differences in methane emissions (as seen in year 2).   

Methane yields were higher in week -1 than week 12 (7.33 vs. 6.55 % GEI), as indicated in 

Tables 6 and 7. These differences may, in part, be attributed to increased body weight and intake 

of the animals between the beginning and end of the feeding trial and improved rumen efficiency 

(Table 6 and 7).  Methane emissions were all significantly higher for week 12 values which is 

reflective of the significantly increased DMI of the animals in the week 12 collection period due 

to increased energy demands.  Week -1 values were significantly higher for CH4 intensity and 

yield. .  Methane emissions (MJ/d) have been shown to have a positive relationship to increased 

DMI and live weight (Yan et al., 2000).  Increased DMI results in more substrate in the rumen 

for the process of methanogenesis by methanogens, thus, increased CH4 emissions are expected 

over time for growing animals.  Bulls gained an average of 94.9 6.98 kg and 125.57.71 kg in 

body weight in years 1 and 2, respectively, over the course of the trial. 

The interaction between year and collection time was significant, indicating that the 

difference in CH4 yield (CH4 L kg
-1

 DMI) between the two collection times differed between 

years, as indicated in Figure 3. Significant differences in CH4 yield were not apparent between 

collection periods in year 1 (P=0.9988), however, in year 2 week -1 had higher CH4 yield 

(P<0.0001) compared to week 12.  Additionally both collection periods in year 1 had higher CH4 

yield compared to year 2 (P<0.0001).  The lack of differences between collection periods (time 

effect) in year 1 may be due diet quality in year 1 (higher fibre, lower starch in both diets) and 

which may have affected the level of rumen efficiency achieved by animals in the week 12 



66 
 

collection period.  The decreased enteric CH4 yield in year 2 may be due to the higher levels of 

starch in both diets in year 2 compared to year 1, which may have led to improved rumen 

efficiency overall in year 2. 

 

Figure 3.  Effect of collection period and year on twenty-four hr enteric CH4 yields (CH4 L 

kg
-1

 DMI) in growing yearling bulls. 

 

 

Table 8. Pearson correlations of enteric CH4 emissions (L d
-1

) with DMI (kg d
-1

) measured 

in bulls fed silage-grain and silage-hay during week -1 and week 12 CH4 collection periods 

  Year Diet Year 1 Year 2 

  1 2 

Silage-

Hay 

Silage-

Grain 

Silage-

Hay 

Silage-

Grain 

Silage-

Hay 

Silage-

Grain 

N 50 60 52 58 22 28 30 30 

CH4 L d
-1

 0.58469 0.40243 0.1472 0.52758 0.22861 0.73573 0.52751 0.47133 

P value <0.0001 0.0014 0.2977 <0.0001 0.3062 <0.0001 0.0027 0.0086 
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As has been reported elsewhere (Basarab et al., 2003; Nkrumah et al. 2006; Basarab et al., 

2007; Hegarty et al. 2007; Montanholi et al. 2011; Smith et al. 2010), DMI was significantly 

lower in Low RFI compared with High RFI bulls (7.68 vs. 8.24 kg d
-1

) as indicated in Tables 6 

and 7.  Residual Feed Intake is calculated as a deviation from a mean of zero (where an animal 

consumes exactly as much as predicted), whereby animals that have low or negative RFI ate less 

than expected while animals with high or positive RFI ate more than expected at the same level 

of body size and growth, therefore, animals that have been separated into low or high RFI 

groupings by nature of the calculation of RFI should differ in DMI.   Positive significant 

correlations between CH4 emissions and DMI  pooled by year (1 and 2), diet (silage-hay and 

silage-grain), and diets within year (silage-hay year 1, silage-grain year 1, silage-hay year 2, and 

silage-grain year 2) were evident except for the silage-hay diet in year 1.  Spoilage issues (mold) 

of the corn silage in year 1 may have biased DMI negatively and could explain a lack of 

correlation for the silage-hay diet.  Corn silage was used at a higher inclusion in the silage-hay 

diet, 73.4% as fed, compared to the silage-grain diet, 38.5% as fed, in year 1.  Spoiled silage has 

been shown to have decreased palatability which may have been more pronounced in the silage-

hay diet due to its higher inclusion of corn silage and thus negatively impacting intake for that 

diet.  The effect of spoilage on palatability and decreased DMI has been displayed in goats by 

Gerlach et al. (2014). 

Most interactions of RFI groupings with other factors were non-significant with a few 

exceptions.  The interaction effect of RFIGRP by year was significant for CH4 emissions (L d
-1

) 

and CH4 intensity (L kg
-1

 BW), as depicted in Figures 4 and 5.  Year 1 emissions (CH4 L d
-1

) and 

intensity (CH4 L kg
-1

 BW) were higher than year 2 emissions (P<0.0001).  Linear contrasts for 

enteric CH4 emissions (L d
-1

)
 
and intensity (CH4 L kg

-1
 BW) for the two-way interaction of year 
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by RFIGRP showed significant differences in emissions for high vs medium RFI groupings 

(RFIGRP) only (Figure 4) and CH4 intensity for both high vs. medium and medium vs. low RFI 

groupings (Figure 5).  This could be related to differences in diet and temperature, with year 2 

being colder overall and having higher starch content in both diets compared to year 1 (Table 1 

and  5).  Effects of cold stress on the expression of RFI has not been widely studied, however the 

effects of cold stress and temperature on CH4 emissions has been observed in previous studies, 

with significantly reduced emissions during cold stress (Bernier et al., 2012). 

 

Figure 4. Effect of RFI group (high, medium, and low) and year on twenty-four hour 

enteric CH4 emissions (L d
-1

) from yearling beef bulls.  Contrasts for the effect of 

year*RFIgrp were only significant (P<0.05) for high vs medium (total of 3 contrasts) in 

year 1 vs year 2.  
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Figure 5. Twenty-four hour enteric CH4 emissions (L kg
-1

 BW) in years 1 and 2 as 

separated by RFIGRP (high, medium, and low).  Contrasts for the effect of year*RFIGRP 

were only significant (P<0.05) for high vs medium and medium vs low (total of 3 contrasts) 

in year 1 vs year 2. 

 

3.4.4.2 Enteric Carbon Dioxide Emissions 

Carbon dioxide emissions were measured as an indication of metabolic efficiency of the 

animal (Jentsch et al., 2009).   As O2 is consumed during cellular respiration, CO2 is produced by 

cells and is then released into the lungs of the animal via the bloodstream.  In addition to CO2 

created by cellular respiration, microbial fermentation will also produce CO2 in the rumen of the 

animal with 90% of ruminal gases entering into the lungs and mixing with lung-derived gases 

prior to exhalation.  Animals of comparable size that produce less CO2 are more efficient at 

metabolic processes (McLean and Tobin 1987).  Boadi et al. (2002b) used the SF6 technique to 

measure both CO2 and CH4 and compared emissions to those collected via chamber calorimetry.  
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They successfully collected both with the SF6 technique, though values were approximately 20% 

higher than values collected from the calorimetry chamber technique.  Boadi et al. (2002b) found 

CO2 emissions of 2354 ± 74 L d
-1

 in yearling heifers (400 ± 13 kg in BW) which was lower 

compared to CO2 emissions found in our study for week 12 emissions in growing bulls at a 

similar body weight (final body weight, Table 1).  As indicated in Tables 6 and 7, carbon dioxide 

emissions were significantly lower in year 2 (4028 ± 169 L/d) compared to year 1 (5466 ± 169 of 

CO2 L/d).  Although there were no significant differences in DMI parameters between years, 

higher dietary starch in year 2 (for both diets compared to year 1) may have led to increases in 

the ratio of propionic acid to acetic acid in the rumen. Increasing the level of propionic acid to 

acetic acid has been shown to improve the feed efficiency of the animal by reducing energy 

losses in the form of enteric CH4 emissions (Hassanat et al., 2013) and CO2 has been shown to be 

an indicator of metabolic efficiency in an animal (Jentsch et al., 2009). Improved rumen function 

through decreasing energy loss in the form of CH4 could explain the subsequent decrease in 

additional metabolism and thus reduced CO2 emission.   

As with the effect of year, CO2 emissions were different between diets, with the silage-

grain diet having higher emissions compared with the silage-hay diet (5177±233 vs. 4476±233 

l/d, P=0.003).  Dry matter intake (% BW and GEI, Mcal d
-1

) was higher for the silage-grain diet 

(P<0.0001) and P=0.002) compared to the silage-hay diet.  As tissues increase demand for O2 

during metabolism there is a subsequent rise in CO2 emitted during cellular respiration.  

Increased DMI would result in more energy and O2 required for metabolism, thus increased CO2 

was expected for the silage-grain diet due to the significantly higher DMI as a % BW and in GEI 

(Mcal d
-1

).  The higher DMI for the silage-grain diet may in part be due to chemostatic regulation 
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of satiety allowing for greater intake than tactile regulation of satiety due to gut fill as typically 

seen in bulky high forage diets (Okine et al., 1989; Bernier et al., 2012). 

Carbon dioxide emissions were lower for week -1 compared with week 12 collections 

(3893 ± 155 vs.5601 ± 155 L/d, P <0.05).  Increases in CO2 emissions over time (week -1 to 

week 12) may be due to increased muscle deposition and growth of the animal and increasing 

DMI.  Processes such as protein synthesis require energy (ATP) to be carried out and cellular 

respiration will create ATP and CO2 (Boveris and Boveris, 2007; Webster, 1980).   Carbon 

dioxide emissions are an indicator of metabolic efficiency in cattle and an inverse relationship 

with increasing efficiency has been shown in previous studies (Jentsch et al., 2009). 

 Carbon dioxide emissions were not different among low, medium, and high RFI animals 

(4706 vs. 4887 vs. 4887 L d
-1

, P=0.74).  This was unexpected as CO2 is closely related to DMI, 

which did differ (P<0.05) between low and high RFI group animals.  There were two significant 

interaction effects for CO2 (L d
-1

); Year*Time and Year*Diet.  Year 1 CO2 (L d
-1

) emissions 

were significantly higher for both collection periods (week -1 and week 12) compared to year 2 

which explains the significant interaction of Year*Time.  Carbon dioxide emissions were not 

consistently different between diets in each year, leading to a significant interaction of 

Year*Diet.  Year 1 CO2 values were significantly higher for both the silage-hay and silage-grain 

diets.  For both interaction effects, the higher values in year 1 may have been due to the dietary 

differences between years.  Year 1 diets differed in CO2 emissions (P=0.01) but year 2 diets did 

not differ (P=0.70).  Year 2 starch values were higher than year 1for both diets and may have led 

to higher proprionic acid levels in the rumen and thus improved metabolic efficiency thus 

decreasing CO2 emissions overall in year 2.  However, since both silage-hay and silage-grain 
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diets had medium to high levels of starch (21.3 vs. 30.7% starch) this may have led to improved 

rumen efficiency in both diets due to increased proprionic acid:acetic acid ratios.  

3.4.5 Correlation of Animal RFI with Animal Intake, Growth and GHG Emissions 

Main effect corrected residual correlations between bull BLUP estimates between CH4 

emissions, yield, and intensity parameters averaged over two sample periods and 76-d RFI were 

non-significant (Table 9) and consistent with the results found for RFI group and gas emissions 

(Table 6 and 7).  Main effect corrected residual correlations were examined for CH4 parameters 

(emissions, yield and intensity) with RFI76-d values pooled across year, diet, and across both 

years and diets (pooled RFI) in order to visualize the relationship between CH4 and RFI76-d 

across these factors.  A summary of the studies comparing the relationship between RFI and their 

CH4 emissions and yields are provided in Table 10.  Weber et al. (2013) measured enteric CH4 

emissions (g/d), yield (g kg
-1

 DMI) and intensity (g kg
-1

 BW) over six 24-hr collection periods 

using indirect calorimetry chambers in 16 steers fed a finishing ration and found no significant 

differences in DMI and enteric CH4 production (P>0.05) between high and low RFI animals, and 

no significant correlation between RFI and CH4 (r
2
=0.03; P>0.05).  The use of the chamber 

technique during RFI determination, may have led to depressed DMI in addition to limiting 

normal feeding behaviours which have been shown previously to have positive correlations with 

RFI (Nkrumah et al, 2006; Basarab et al., 2007; Pinares-Patino et al., 2008).  Freetly and Brown-

Brandl (2013) also found CH4 emissions (g d
-1

) corrected for previous 24-hr DMI were not 

significantly correlated to RFI (P>0.05), with RFI accounting for only a small portion of the 

variation in CH4 (r
2
=0.009) in two experiments using the indirect calorimetry chamber technique 

on steers (diet: 82.6% corn, 12.8% corn silage, and 4.5% supplement containing 0.065% 

monensin) and heifers (diet: 60% corn silage, 30% alfalfa hay, and 10% wet distillers grains with 
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solubles). This lack of significance may be indicative of a disruption in feed intake and feeding 

behaviour.  Animals had enteric emissions measured over 6-hr periods, and emission values were 

then converted to 24-hrs (multiplied by a factor of 4).  However, Nkrumah et al. (2006) showed a 

reduction of CH4 yield in low-RFI animals of 28 and 24% GEI compared to high and medium-

RFI animals using the indirect calorimetry chamber method.  Similarly to our study, Hegarty et 

al. (2007) also found no significant correlation with emissions and 70-d RFI, and significant 

correlations were only found when a 15-d RFI measurement was used.  In the study by Hegarty 

et al. (2007) it was proposed that the lack of significant correlation between the 70-d RFI and 

CH4 may have been due to the length of time between the collection of emissions and the final 

calculation of RFI, thus they re-calculated the RFI value for a 15-d period in close proximity to 

the collection of CH4 data. In addition to the study by Hegarty et al. (2007), McDonnell et al. 

(2016) collected 24-hr enteric CH4 emissions using the SF6 tracer gas technique from heifers fed 

on 3 experimental diet regimes: grass silage fed in individual pens (40-d), group rotationally 

grazed perennial rye-grass pasture (57-d), and 70:30 concentrate:corn silage TMR in group pens 

with electronic feeders (41-d).  McDonnell et al. (2016) also found CH4 emissions were not 

significantly correlated to RFI for all three diet regimes.  Enteric CH4 emissions (g d
-1

) and 

intensity (g kg
-1

 BW) parameters did not differ between low and high RFI animals (P>0.05), 

whereas, CH4 yields were found to increase (P<0.05) for low RFI animals compared to the high 

RFI animals (22.4 g/kg DMI and 6.91% GEI, and 20.2 g/kg DMI and 6.21% GEI for low and 

high RFI animals, respectively).  Higher CH4 yields for low RFI animals may be due to increased 

digestibility of digestible matter due to longer rumen retention and  increased substrate for 

methanogenesis. 



74 
 

Differences in CH4 collection techniques were used in the studies described above (Table 

10).  Nkrumah et al. (2006), Weber et al. (2013), and Freetly and Brown-Brandl (2013) used 

indirect calorimetry techniques for CH4 collection which is considered the gold standard in 

enteric emission collection, while Jones et al. (2011) used a micrometeorological mass balance 

technique and Hegarty et al., (2007) and McDonnell et al. (2016) used the SF6 technique.  

Collection of enteric emissions using indirect calorimetry and SF6 tracer gas techniques both 

have the potential to impact DMI negatively during collection which can affect accuracy of RFI 

calculation if measurement is taken during the RFI feeding trial.  Freetly and Brown-Brandl 

(2013) found intake during 6-hr collection periods was reduced compared to previous 24-hr 

intake.  Methane emissions (g d
-1

) were associated with DMI on day of measurement but not to 

average DMI (kg d
-1

).  The length of time used for collection also differed between these studies 

with 6-hr (Freetly and Brown-Brandl, 2013), 16-hr (Nkrumah et al., 2006), 24-hr (Montanholi et 

al., 2011; Weber et al, 2013; McDonnell et al., 2016), 48-hr (Hegarty et al., 2007), and 6-d 

(Jones et al., 2011) measurement periods used.  Emissions typically follow a diurnal pattern, thus 

the length of time used for measurement of gas emissions will affect the accuracy of the 

sampling.  A shorter measurement period may underestimate or overestimate the emission values 

depending on the time of the measurement and peak in diurnal pattern associated with feeding 

period leading to bias. 
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Table 9. Pearson and Spearman correlations of bull Best Linear Unbiased Predictions 

(BLUP) values averaged over week -1 and week 12 24-hr enteric CH4 and CO2 emissions, 

yield and intensity parameters measured in bulls fed silage-grain and silage-hay diets with 

RFI measurement in a 76-d feeding period. 

  Year Diet Pooled 

Pearson Correlations 1 2 Silage-Hay Silage-Grain RFI 

N
†
, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.13 0.13 0.20 0.08 0.12 

Methane, gd
-1

 0.13 0.13 0.20 0.09 0.13 

Methane, Kcal d
-1

 0.11 0.13 0.20 0.07 0.12 

Carbon Dioxide, Ld
-1

 -0.04 0.05 -0.12 0.10 0.01 

Yield      

Methane, L kg
-1

 DMI 0.04 -0.08 -0.01 -0.04 -0.03 

Methane, % GEI 0.02 -0.08 0.00 -0.07 -0.03 

Intensity      

Methane, L kg
-1

 BW 0.12 0.17 0.24 0.07 0.14 

 Year Diet Pooled 

Spearman Correlations 1 2 Silage-Hay Silage-Grain RFI 

N
†
, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.18 0.15 0.21 0.10 0.15 

Methane, gd
-1

 0.19 0.15 0.21 0.12 0.16 

Methane, Kcal d
-1

 0.16 0.15 0.19 0.11 0.15 

Carbon Dioxide, Ld
-1

 -0.04 0.12 -0.09 0.15 0.04 

Yield      

Methane, L kg
-1

 DMI 0.11 -0.11 -0.04 -0.04 -0.02 

Methane, % GEI 0.09 -0.11 -0.05 -0.05 -0.04 

Intensity      

Methane, L kg
-1

 BW 0.06 0.17 0.21 0.03 0.11 

*P<0.05           
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Table 10. Summary of studies examining both RFI and CH4 production in cattle. 

Paper Collection Method 

Duration of 

Collection Correlation 

Hegarty et al., 2007 SF6 Tracer Gas Technique 48-hr† 

ns (70-d);  

0.12* (15-d) 

Freetly and Brown-

Brandl, 2013 Indirect calorimetry chambers 6-hr na 

Jones et al., 2011 
Micrometeorological mass balance 

technique (OP-FTIR) 6-d na 

Mc Donnell et al., 2016 SF6 Tracer Gas Technique 24-hrᶴ ns 

Montanholi et al., 2011 Indirect calorimetry chambers 24-hr na 

Nkrumah et al., 2006 Indirect calorimetry chambers 16-hrᶴ 0.44* 

Weber et al., 2013 Indirect calorimetry chambers 24-hr† ns 

ns: no significance 

   *significance <0.05 

   na: correlations not reported 

  † CH4 emissions (g d
-1

)    

ᶴ CH4 yield (% GEI)   

 

3.4.5.1 Week -1 and 15-d RFI  

 In this study we recalculated the RFI values for over a 15-d period coinciding with the 

collection of CH4 in week -1 according to previous work by Hegarty et al. (2007).  Both year 1 

and 2 had positive (P<0.05) partial correlations (Pearson) of 15-d RFI values with CH4 emissions 

(L d
-1

, Kcal d
-1

, and g d
-1

) and intensity (L kg
-1

 BW) values (Table 11).  Pearson partial 

correlations for 15-d RFI and CH4 yields were negatively correlated when pooled across the 

silage-hay diet.  Residual Feed Intake (15-d) and CH4 emissions and intensity were positively 

correlated when pooled across silage-grain diets.  The same parameters were also significant for 

Spearman partial correlations of CH4 emission and intensity (r=0.34 to 0.41) when pooled across 

all years and diets.  Spearman partial correlations were similar to Pearson correlations, but 

became non-significant for 15-d RFI pooled across year 2 with CH4 emissions Hegarty et al. 
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(2007) reported a significant correlation of 0.12.  Our significant correlations were larger, 

ranging from 0.34 to 0.53.  Further, although significant results were found for the positive 

relationship between 15-d RFI and CH4 emissions and intensity, and negative relationship 

between 15-d RFI and CH4 yield, RFI values generated using less than 76-d of data as described 

by Basarab et al. (2007) may be questioned.  A minimum length of 63-d is used for calculating 

RFI primarily to obtain a good measure of growth. However, daily feed intake measured over 

35- 42d, with growth measured over 63 d has little effect on the accuracy of RFI (Manafiazar, 

2016). 
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Table 11. Pearson and Spearman residual correlations of week -1 24-hr enteric CH4 and 

CO2 emissions, yield, and intensity parameters measured in bulls fed silage-grain and 

silage-hay diets during a 15-d RFI period.   

  Year Diet Pooled 

Pearson Correlations 1 2 Silage-hay Silage-grain RFI 

N
†
, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.35* 0.34* 0.14 0.42* 0.34* 

Methane, gd
-1

 0.36* 0.34* -0.14 0.43* 0.35* 

Methane, Kcal d
-1

 0.38* 0.34* 0.15 0.44* 0.35* 

Carbon Dioxide, Ld
-1

 0.03 0.25
a
 -0.02 0.18 0.12 

Yield      

Methane, L kg
-1

 DMI -0.10 -0.11 -0.28* 0.04 -0.10 

Methane, % GEI -0.1 0.1 -0.28* 0.04 0.1 

Intensity      

Methane, L kg
-1

 BW 0.40* 0.45* 0.19 0.53** 0.41* 

 Year Diet Pooled 

Spearman Correlations 1 2 Silage-hay Silage-grain RFI 

N
†
, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.32* 0.24
a
 0.14 0.51** 0.29* 

Methane, gd
-1

 0.33* 0.24
a
 0.14 0.42* 0.30* 

Methane, Kcal d
-1

 0.35* 0.23
a
 0.14 0.42* 0.30* 

Carbon Dioxide, Ld
-1

 -0.04 0.20 0.05 0.11 0.07 

Yield      

Methane, L kg
-1

 DMI -0.08 -0.22
a
 -0.29* 0.03 -0.13 

Methane, % GEI -0.07 0.21 -0.29* 0.04 -0.13 

Intensity      

Methane, L kg
-1

 BW 0.39* 0.33* 0.17 0.42* 0.35* 

a
 P <0.1           

* P <0.05           

** P <0.0001           
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3.4.6 Reduced Data Set Results and Discussion 

 The week 12 values of year 1 had a very low N value as only 18 animals contained 

permeation tubes with greater than 50% fill rate in week 12 of year 1.  Due to the limited number 

of samples available from week 12, the week -1data were re-analysed.  The small N value in 

Week 12 of year 1 may have underestimated the least squares means produced for year 1.  

However, the relationships and conclusions produced after the removal of the Week 12 data did 

not change to a significant extent.  After the removal, the least squares means of DMI (kg d
-1

, % 

of BW and GEI, Mcal d
-1

) were significantly higher in year 2 (P < 0.05) and this differed from 

the full data set results (week -1 and week 12 data).  In addition DMI as separated by diet, and 

year*diet were all significantly different, however RFI group remained significantly different for 

only the high-low groupings.  All other interactions did not change in significance for DMI. 

 Methane emissions, intensity and yields were similar across diets (Table 13), and this 

differed from the full-data set where CH4 intensity (L kg
-1

DMI) and yield (% of GEI) differed 

across diet (Table 6 and 7).  Again the lack of difference between diets may have been due to the 

levels of starch and fibre being insufficiently different to provide a noticeable shift in enteric 

fermentation and thus CH4 emissions and yields. 

 Methane emissions, yields and intensity remained greater in year 1 (P > 0.05) after the 

removal of week 12 data (Tables 12 and 13). Effects of diet on CH4 yield for both years using 

week -1 data only (reduced data set) is depicted in Figure 6.  A wide scatter in the values with a 

lack of a visible linear pattern for either diet suggests that there is no relationship between 76-day 

RFI and CH4 yield (%GEI) even with the removal of week 12 data. 

 Emissions separated by RFI grouping also remained non-significant, as well as the 

interaction effect of year*diet, and diet*RFI group.  Year by RFI group remained significantly 
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different for CH4 emissions but not for CH4 intensity as was seen with the full data set.  This 

shows that very little changed with regards to emission values when week 12 data was removed, 

with the largest difference observed with DMI. 

 Partial correlations between CH4 parameters and pooled RFI values (across year, diet, 

and both years and diets) remained non-significant after the removal of week 12 data (Table 14), 

except for Spearman partial correlations where 76-d RFI pooled across year 2 was negatively 

related to CH4 yield (r=-0.29 for L kg
-1

 DMI;r=-0.28 for % GEI) and overall pooled RFI was 

positively related to CH4 yield (r=-0.17 for L kg
-1

 DMI; r=-0.17 for % GEI) which were trending 

towards significance (P<0.10).  Removal of week 12 data did not improve significance except for 

the effect of year and DMI (as % of BW, %GEI (Mcal d
-1

) in addition to the small changes to the 

main effect means (Table 12 and 13).  Differences between the full data set correlations and the 

reduced data set may in part be due to the small number of animals sampled in week 12 of year 1 

(N=18), as well as potential spoilage issues in year 1 corn silage.  The lack of significant 

correlations in year 1 compared to year 2 Spearman partial correlations in the reduced data set 

may in part be due to the overall significantly lower emissions in year 2, temperature differences, 

and the significantly higher intake in year 2 (DMI expressed as kg d
-1

, % of BW and GEI, Mcal 

d
-1

).  Starch levels were also higher for both diets in year 2.   

 Feed conversion ratio was calculated for each animal and correlations made between the 

CH4 and CO2 emissions and yield parameters for week -1 data only (Table 15).  All Pearson 

residual correlations with FCR were non-significant (P > 0.05), with the exception of CH4 L kg
-1

 

BW with FCR pooled over year 1, silage-grain diet, and over both years and diets (pooled RFI) 

and CH4 Kcal d
-1

.  Additionally, Pearson residual correlations for FCR pooled over year with 

CH4 expressed in L d
-1

 (r=-0.23) and g d
-1

 (r=-0.23) had P-values that were trending towards 
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significance (P<0.10).  Spearman residual correlations were also negatively correlated (P<0.05) 

to the same parameters as seen in the Pearson correlations, as well as having negative 

correlations for FCR pooled over year 1 with CH4 emissions (r=0.28 to -0.29) which were only 

trending towards significance in the Pearson correlations, as well as FCR pooled over the silage-

hay diet with CH4 intensity (r=-0.26).  The Spearman residual correlations also had several 

values that were trending towards significance that were not revealed in the Pearson correlations, 

and these were FCR pooled over year 2 with CH4 expressed as L kg
-1

 DMI (r=-0.25; P<0.10) and 

as %GEI (r=-0.25; P<0.10), as well as FCR pooled over the silage-hay diet with CH4 as %GEI 

(r=-0.26; P<0.10).  All significant partial correlations for FCR with emissions parameter were 

moderate and negative in value, which describes an inverse relationship between FCR and 

enteric emissions.  The lack of significance in Year 2 pooled FCR values may have been due to 

dietary and temperature differences between years with higher starch levels for both diets and 

generally colder temperatures in year 2 compared to year 1.  Dietary differences in starch and 

fibre between the diets as well as differing intakes may have led to the FCR pooled across the 

silage-hay diet having no significant correlations compared to the silage-grain diet. The bulls fed 

the silage-grain diet had significantly higher DMI, for all DMI parameters in the reduced data 

set, but did have significantly different emissions in comparison to the animals fed the silage-hay 

diet, thus intake may explain this difference.  
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Table 12. Significance of main effects and interactions of intake, 24-hr enteric CH4 and CO2 emissions, yield and intensity 

measured in week -1 in bulls fed silage-grain and silage-hay diets. 

Parameter Year Diet RFIGRP Year*Diet Year*RFIGRP Diet*RFIGRP Year*Diet*RFIGRP 

DMI, kg d
-1

 ** * 
*High-

Low 
* ns ns ns 

DMI, % BW ** ** 
*High-

Low 
* ns ns ns 

DMI, GEI Mcal d
-1

 * * 
*High-

Low 
* ns ns ns 

Parameter                 

Methane, Ld
-1

 ** ns ns ns * ns ns 

Methane, L kg
-1

 BW ** ns ns ns ns ns * 

Methane, L kg
-1

 DMI * ns ns ns ns ns ns 

Methane, Kcal d
-1

 ** ns ns ns ns ns ns 

Methane, gd
-1

 ** ns ns ns ns ns ns 

Methane, % GEI * ns ns ns ns ns ns 

Carbon Dioxide, Ld
-1

 ** ns ns ns ns ns ns 

* P<0.05 

** P<0.0001 
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Table 13. Least squares means for intake, 24-hr enteric CH4 and CO2 emissions, yield, and intensity (mean ± SED) from week 

-1 measured in bulls by year, diet and RFI group. 

  Year Diet RFI Group 

Parameter 1 2 SED 
Silage-

Hay 

Silage-

Grain 
SED High Medium Low SED 

N, Animal No. 58 60   58 60   78 88 68   

DMI, kg d
-1

 6.28 7.04 0.18 6.40
b
 6.92

a
 0.18 6.97

a
 6.63

ab
 6.38

b
 0.23 

DMI, % BW 2.12
b
 2.33

a
 0.05 2.11

b
 2.35

a
 0.05 2.34

a
 2.22

ab
 2.11

b
 0.06 

DMI, GEI Mcal d
-1

 27.5
b
 30.9

a
 0.8 27.9

b
 30.4

a
 0.81 30.5

a
 29.0

ab
 27.9

b
 1 

Parameter                     

N
†
, Obs. No. 49 59   52 56   39 43 34   

Emissions           

Methane, Ld
-1

 240
a
 196

b
 7.7 216 220 7.8 214 210 230 10 

Methane, g d
-1

 171
a
 140

b
 6 155 156 6 157 153 156 7 

Methane, Kcal d
-1

 2248
a
 1846

b
 75 2044 2050 78 2063 2013 2065 97 

Yield           

Methane, L kg
-1

 DMI 38.9
a
 28.6

b
 1.43 35.0 32.5 1.48 33.1 32.8 35.3 1.34 

Methane, % GEI 8.38
a
 6.17

b
 0.33 7.59

 
6.97

 
0.34 7.11

 
7.08

 
7.64

 
0.29 

Intensity           

Methane, L kg
-1

 BW 0.80
a
 0.65

b
 0.02 0.71 0.72 0.02 0.75 0.71 0.71 0.03 

Parameter                     

N
†
, Obs. No. 33 57   41 49   35 36 27   

Carbon Dioxide, Ld
-1

 4502
 

3461
 

224 3840
 

4123
 

232 3871
 

4031
 

4043
 

284 
†
, Observations pooled for each animal in week -1 (1-4 obs.) using BLUP analysis. 

a,b,c
 LS means with different letter within RFI group differ (P<0.05). 

Time refers to time of CH4 collection during the trial (week -1 and week 12). 

RFI group determined by 0.5 standard deviation from the mean of 0. High (> +0.5 std. dev), Medium (+0.5 std. dev. To -0.5 std. 

dev.), and Low (< -0.5 std. dev.) 

SED, Standard Error of the Difference between LS Means. 
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Table 14. Pearson and Spearman correlations of week -1 24-hr enteric CH4 and CO2 

emissions, yield, and intensity with  RFI76-d measured in bulls fed silage-grain and silage-

hay diets. 

  Year Diet Pooled 

Pearson Correlations 1 2 Silage-Hay Silage-Grain RFI 

N†, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.05 0.02 0.09 0.01 0.03 

Methane, gd
-1

 0.06 0.02 0.09 0.01 0.04 

Methane, Kcal d
-1

 0.04 0.02 0.09 -0.01 0.03 

Carbon Dioxide, Ld
-1

 -0.10 -0.02 -0.16 -0.00 -0.06 

Yield      

Methane, L kg
-1

 DMI 0.06 -0.16 -0.12 -0.11 -0.11 

Methane, % GEI -0.09 -0.15 -0.11 -0.14 -0.12 

Intensity      

Methane, L kg
-1

 BW 0.05 0.06 0.15 -0.01 0.05 

 Year Diet Pooled 

Spearman Correlations 1 2 Silage-Hay Silage-Grain RFI 

N†, Obs. No. 58 59 59 58 117 

Emissions      

Methane, Ld
-1

 0.15 -0.01 0.06 0.00 0.05 

Methane, gd
-1

 0.17 -0.01 0.06 0.06 0.06 

Methane, Kcal d
-1

 0.16 -0.01 0.07 0.04 0.06 

Carbon Dioxide, Ld
-1

 -0.08 0.01 -0.11 -0.02 -0.06 

Yield      

Methane, L kg
-1

 DMI -0.02 -0.29* -0.20 -0.13 -0.17a 

Methane, % GEI -0.02 -0.28* -0.20 -0.16 -0.17a 

Intensity      

Methane, L kg
-1

 BW 0.03 0.04 0.07 0.03 0.04 

*P<0.05           

a P<0.1           
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Table 15. Pearson and Spearman correlations of 24-hr enteric CH4 and CO2 emissions, 

yield and intensity measured in week -1 in bulls fed silage-grain and silage-hay diets with 

FCR (kg DM kg
-1

 gain). 

  Year Diet Pooled 

Parameter 1 2 Silage-Hay Silage-Grain RFI 

N 58 59 59 58 117 

Pearson Correlations 

Emissions 

Methane, Ld-1 -0.23a 0.14 -0.05 -0.15 -0.1 

Methane, g d-1 -0.23a 0.14 -0.05 -0.15 -0.1 

      

Methane, Kcal d-1 -0.27* -0.03 -0.05 -0.19 -0.12 

Carbon Dioxide, Ld-1 -0.19 0.10 -0.03 -0.16 -0.09 

Yield      

Methane, L kg-1 DMI 0.07 -0.16 -0.16 0.21 -0.02 

Methane, % GEI 0.04 -0.14 -0.15 0.16 -0.03 

Intensity      

Methane, L kg-1 BW -0.33* -0.03 -0.18 -0.29* -0.23* 

 Year Diet Pooled 

Spearman Correlations 1 2 Silage-Hay Silage-Grain RFI 

Emissions      

Methane, Ld-1 0.28* 0.17 -0.03 -0.15 -0.09 

Methane, g d-1 -0.29* 0.17 -0.03 -0.14 -0.09 

Methane, Kcal d-1 -0.31* 0.17 -0.02 -0.18 -0.1 

Carbon Dioxide, Ld-1 -0.14 0.05 -0.00 -0.15 -0.06 

Yield      

Methane, L kg-1 DMI 0.01 -0.25a -0.26* 0.06 -0.12 

Methane, % GEI -0.01 -0.25a -0.26a 0.02 -0.13 

Intensity      

Methane, L kg-1 BW -0.38* -0.10 -0.15 -0.37* -0.26* 

* P<0.05           

a P<0.1           
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Figure 6. Correlation between 76-d RFI values and Best Linear Unbiased Prediction 

(BLUP) values for CH4 (%GEI) measured in week -1 in bulls fed silage-hay (r=-0.11) and 

silage-grain (r=-0.14) diets in years 1 and 2. 

 

3.5 Conclusions 

 Enteric CH4 emissions (L d
-1

, g d
-1

, Kcal d
-1

), yield (L kg
-1

 DMI and % GEI), and 

intensity(L kg
-1

 BW) were responsive to differences in dietary fiber and starch (Hassanat et al., 

2013, Boadi et al., 2004) and temperature (Bernier et al., 2012; Kennedy, 1985) between years.  

None of the CH4 parameters differed between diets (P>0.05).  Additionally, there were no 

differences in CH4 emissions (L d
-1

, g d
-1

, Kcal d
-1

), yield (L kg
-1

 DMI and % GEI), and 

intensity(L kg
-1

 BW) between animals ranked as high, medium or low RFI as has been reported 

elsewhere (Nkrumah et al., 2006; Jones et al., 2011).  Residual Feed Intake corrected for backfat 

was not correlated to CH4 emissions (L d
-1

, g d
-1

, Kcal d
-1

), yield (L kg
-1

 DMI and % GEI), and 
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Hegarty et al. 2007; McDonnell et al., 2016) with the exception of spearman partial correlations 

of CH4 yield (L kg
-1

 DMI and as %GEI).  Methane and pooled RFI15-d are positively correlated 

(P<0.05) for emissions parameters (L d
-1

, g d
-1

and Kcal d
-1

), and CH4 intensity (L kg
-1

 BW) and 

yield parameters were negatively related to RFI15-d, but were not significant.    The lack of 

correlation between 70-d RFI values and CH4 emissions, agrees with previous work by Hegarty 

et al. (2007) and Weber et al., 2013.  Also the significant correlation between 15-d RFI values 

and CH4 emissions agrees with the 15-d RFI data from Hegarty et al., 2007.   The expression of 

RFI under cold stress conditions has not been fully examined, thus further study is necessary to 

determine its effects on RFI expression.  Year 2 had many days falling below -26 which may 

have artificially reduced intake. 
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4.0 General Discussion 

An increasing world population means an increased demand for an environmentally and 

economically sustainable means of increasing food supply to meet these demands (Alexandratos 

and Bruinsma, 2012).  Multiple approaches for improving beef production efficiency have been 

explored and include both improved animal productivity and decreased feed cost.  For example, 

use of FCR as a tool for selection has led to increased feed inputs due to increased mature animal 

size (frame size) and maintenance requirements and possibility increased time to slaughter due to 

increased mature weight and later fattening (Gibb and Mc Allister, 1999).  Another trait used for 

selection is ADG, which focus’ on the selection of increased gain per day, but only takes into 

account the desired output, not the cost of inputs such as feed intake (Okine et al., 2004).  Using 

cost efficient feed sources can help reduce feed costs, however, improving feed efficiency with 

selection of low RFI animals has been found to improve economic return on farm.  Okine et al. 

(2004) found a greater economic return with increased feed efficiency as measured by RFI (kg 

DM d
-1

) compared to increased ADG (genetic linkage to increased body size or frame size of the 

animal).  A 5% increase in feed efficiency (RFI) resulted in $18 improvement in profit, while a 

5% increase in ADG resulted in only $2 in improved profit as well as an additional 9 days on 

feed to achieve the 5% increase in ADG.  This difference in profit is due to the fact that feed 

efficiency takes feed consumed as well as gain into account unlike ADG which only accounts for 

gain.  Thus use of RFI as a genetic selection tool for superior animals leaves a lasting and more 

permanent change to economic return. 

Although the selection of low RFI animals has been shown to improve the economic return 

on farm (Okine et al. 2004), the calculation and the determination of RFI can be long and costly 

thus cost effective ways of determining RFI are needed in order for producers to adopt the use of 
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RFI as a selection tool.  Current standard methods involve feeding trials over a minimum of 40 

days with lengths of 63-d (weekly body weights taken) and 70-d (biweekly body weights taken) 

being more widely accepted (Archer et al., 1997; Wang et al., 2006).  Additionally intake and 

growth parameters (ADG, weight gain, backfat, etc.) must be accurately measured during the 

feeding trial to ensure valid and accurate results.  This requires expensive equipment and 

facilities to measure individual animal intake on a daily basis and calculate an RFI value.  

Infrastructure to conduct RFI testing (ie. commercial feedlots and bull test stations) is increasing 

in availability, however, the duration of the test makes this a costly endeavor for many 

producers.  Currently an economically feasible and sustainable way to determine RFI is required 

so that its use can become more widespread.  Several studies have been conducted using infrared 

cameras to determine RFI from cheek and eye temperatures of cattle (Montanholi et al., 2010; 

Colyn, 2013).  An option like this would offer a cost effective way to evaluate RFI without 

needing the additional infrastructure for feeding trials.  Cheek temperatures have been found to 

differ between low, medium, and high RFI animals with a weak positive correlation, r=0.38, 

between IRT cheek values and RFI (Montanholi et al., 2009). However further study on its 

application is warranted. 

Ever increasing concerns regarding the impacts of climate change, has made a reduction of 

GHG emissions from all sectors imperative.  Cattle produce enteric CH4 during fermentation and 

this is respired and eructated into the atmosphere (Johnson and Johnson, 1995).  Agricultural 

practices account for 10% of Canada’s total emission (Environment Canada, 2013) with GHG 

emissions from cattle contributing 38-40% of this (Tubiello et al., 2013; Beauchemin et al., 

2011; Asgedom and Kebreab, 2011).  Residual Feed Intake has been developed as a tool to select 

for increased feed efficient animals with some studies showing decreased CH4 in low RFI 
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animals (Nkrumah et al., 2006; Jones et al., 2011).  In fact, Alberta Environment and Parks 

(Government of Alberta, Canada, http://aep.alberta.ca/climate-change/guidelines-

legislation/specified-gas-emitters-regulation/offset-credit-system-protocols.aspx) has accepted 

selection of low RFI animals using estimated breeding values as a protocol for producers to 

receive carbon offset credits (Government of Alberta, Canada, 2012).  However, several studies 

have provided mixed results on the relationship between RFI and CH4.   Research conducted by 

Hegarty et al. (2007), Freetly and Brown-Brandl (2013), McDonnell et al. (2016), and our work, 

showed no correlation between low RFI76-d animals and reduced CH4 emissions.  However, when 

using a shortened RFI test period of 15-d significant correlations between low RFI 15-d and CH4 

emissions were found in both our study and the study by Hegarty et al., (2007).  The difference 

in relationship found between CH4 and RFI in these studies is likely due to a greater influence of 

other variables on CH4 than RFI.  

Differences in the relationship between RFI and methane may also be attributed to length 

of the RFI test, as well as methane collection methodology.  Ideally, a method of measuring RFI 

and CH4 simultaneously without affecting the accuracy of RFI calculation or depressing DMI 

would be ideal.  This technique would be similar to the shortened 15-d RFI data collection that 

was performed in close proximity to the time of collection of enteric emissions in both this study 

and the study by Hegarty et al. (2007).  However, using the SF6 technique during the feeding trial 

could negatively impact intakes and thus affect the outcome of RFI determination.  Depressed 

intakes during SF6 technique measurements have been noted previously by Hegarty et al. (2007).  

Measurement of enteric methane emissions using chambers also has shortcomings as intake may 

be depressed and animals are limited in their ability to express typical eating behaviour and other 

activities.  Thus a non-invasive technique to collect all emissions from the animal over the 76-
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day RFI period would prove useful to determining a relationship with RFI in a production 

setting. 

In addition, RFI ranking of individual animals can change (re-ranking) with diet changes 

(silage-grain to silage-hay and vice versa) as well as over time (with diet remaining the same) as 

reported by Thompson et al (2013) and Durunna et al (2011).  Thus differing diets and age of the 

animal may result in different calculated RFI values for each animal, so the determination of a 

standardized singular value for each animal is not likely as differences in environment (diet, 

temperature) and physiological status of the animal, may be measuring different traits.  Further, 

cattle producers use a range of feed types on farm (ie. silages, hays, haylage, balage, grain, 

pastures) depending on feed availability and cost.  Previous studies have used mixtures of grain, 

forages and other supplements, for example, oats, smooth brome hay, and a supplement were 

used in the trial by Durunna et al. (2011), and re-ranking of RFI occurred during the switching of 

diets.  Similarly Thompson et al. (2013) found re-ranking after switching diets that were either 

silage-grain based (alfalfa silage, corn silage, corn grain) or silage-hay based (alfalfa hay (year 

1), grass hay (year 2), and corn silage). 

Some of the discrepancies between this study and previous studies may be due to the test 

environment.  Manitoba typically has extreme cold temperatures during the winter months with 

average daily ambient temperatures falling below 0˚C for six months of the year (Government of 

Canada, Climate Normals and Averages) and temperatures falling as low as -45 ˚C before wind 

chill (record low on Feb. 18
th

, 1966).  Winter feeding strategies are varied for Manitoba 

producers (i.e. feedlots, and extended grazing on pasture) with all wintering strategies exposing 

animals to cold weather.  During cold weather and times of cold stress increased intake, 

especially of high quality forage diets can lead to reduced CH4 yields but increased methane 
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emission due to increased DMI and rate of passage as was displayed in our study and in previous 

works (Bernier et al., 2012).  The ability to select cattle that have improved feed efficiency 

during winter months while still maintaining adequate body temperature during cold stress would 

be beneficial to the Manitoba industry. It is known that phenotypic expression of traits is 

influenced by both genetic and environmental factors (Via and Lande, 1985).  Limited research 

has been conducted to explore the relationship between the expression of RFI and cold stress of 

an animal, thus further study is warranted due to implications for Manitoban cattle producers and 

to determine the repeatability in RFI expression under different environmental conditions. 

In addition to environmental temperature possibly affecting RFI, feeding behaviours of the 

animal have been shown to influence the animal’s expression of RFI (Basarab et al., 2007).  

Cattle may be moved several times during their life cycle, for example, during weaning, 

backgrounding, transfer of ownership, and being placed into feed lots (Gupta et al. 2008).  Gupta 

et al. (2008) found that relocation and moving of animals into different contemporary groups led 

to changes in animal behaviour including changes to eating and drinking behaviours.  Basarab et 

al. (2007) found that feeding behaviours of duration (min d
-1

) and headdown time (min d
-1

) were 

significantly correlated to RFI (P <0.0001) and as discussed previously, CH4 will increase with 

increased intake (Boadi et al., 2004).  Social structure and feeding behaviour after animal 

relocation to new contemporary groups should be studied to determine whether this affects the 

expression of RFI and animal enteric emissions. This includes determining whether the animal’s 

RFI value changes with the stressors of relocation and changes in social hierarchy.  

5.0 Conclusions 

Enteric CH4 emissions (L d
-1

, g d
-1

, Kcal d
-1

), yield (L kg
-1

 DMI and % GEI), and 

intensity(L kg
-1

 BW) differed between years in response to starch and fibre differences (Hassanat 
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et al., 2013, Boadi et al., 2004) and temperature (Bernier et al., 2012; Kennedy, 1985), but did 

not differ within a year between diets (P>0.05).  Dry matter intake was reduced for low RFI 

animals compared to high RFI animals (P<0.05) as expected.  Residual Feed Intake could prove 

to be a useful tool in selecting efficient animals which could be a valuable asset for Canadian 

agriculture to further the goal of environmental sustainability and continued economic viability.  

However, this study did not find strong evidence to support a relationship of CH4 emissions with 

76-d RFI (P>0.05), though CH4 yield (L kg
-1

 DMI and %GEI) was found to be negatively 

correlated with 76-d RFI (P<0.05).  Intake collection for RFI in close proximity to enteric 

emissions may be a stronger method for determining the relationship of RFI with CH4 emissions 

as seen with the positive correlations found for 15-d RFI with CH4 emissions (L d
-1

, Kcal d
-1

, and 

g d
-1

) and intensity (L kg
-1

 BW)  parameters.  Further research examining the mechanisms behind 

the expression of RFI and the effect of the Western Canadian production environment (i.e. low 

winter temperatures), as well as, determining an accurate design for simultaneous collection of 

RFI with CH4 needs to be evaluated before its widespread use can be warranted.  
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