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ABSTRACT 

RELATIONSHIPS BETWEEN FEED EFFICIENCY AND GAS EMISSIONS IN BEEF 
COWS IN DRY LOT AND PASTURE 

 
Lauren Finlay 

University of Guelph, 2022

Advisor: 

Katharine Wood 

Estimating feed efficiency and greenhouse gas emissions for mature beef cows on pasture faces 

technical challenges, along with little information on the consistency of enteric emissions 

between dry lot and pasture. This research examined relationships amongst feed efficiency, 

enteric methane (CH4), and carbon dioxide (CO2) for beef cows in drylot and on pasture. The 

trial first monitored feed intake, CH4 and CO2 production, weight, and backfat depth every 28 

days for 10 weeks for 64 pregnant multiparous beef cows in drylot. Post-calving, cows were 

randomly assigned to paddocks, and enteric emissions and performance were measured over the 

grazing season. Results demonstrated animals with low RFI and RFI adjusted for backfat depths 

had lower intake per kg BW, CH4 and HP calculated from the respiratory quotient in drylot.. 

There were moderate correlations between gas emissions in drylot and on pasture, demonstrating 

that drylot emissions could be predictive of emissions on pasture.  
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CHAPTER 1: GENERAL INTRODUCTION  

Atmospheric concentrations of greenhouse gases (GHG), namely carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O), are considered one of the main causes of climate 

change (IPCC 2000). In the North American beef production system, 70% of the enteric CH4 

emissions from cattle are sourced from the cow herd, largely attributed to diets composed  of 

conserved forages and pasture with lower amounts of available energy as compared to the greater 

energy content in concentrates fed to cattle in the finishing phase (Allen et al., 1992; Verge et al., 

2008; Capper, 2011, Basarab et al., 2013). Grains and ruminal digestion of concentrates produces 

less CH4 per unit feed than forages containing lower amounts of available energy (Johnson and 

Johnson, 1995; Beauchemin and McGinn, 2005; Beauchemin et al., 2008). However, conserved 

forages and pasture are the most economical feeds for beef cows, and therefore changing diet 

composition to include greater proportions of grains to decrease emissions is not practical. 

Although feed additives to reduce enteric emissions are being developed, availability and added 

costs may represent challenges for beef producers. The efficiency in which an animal uses feed is 

therefore a method to reducing overall CH4 emissions from the beef sector, as animals which are 

classified efficient have been shown to produce less CH4 (Nkrumah et al., 2006).  

Therefore, improving feed efficiency for cattle on high forage diets is needed to reduce 

CH4 emissions from cow herds. In addition to this, feed accounts for the greatest proportion of 

costs in beef production, making up 55 to 75% of total production costs (NRC, 2000), and so 

improving feed efficiency of animals would be beneficial both to producers and to help decrease 

the agricultural contributions of GHG to the atmosphere.  
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 Feed efficiency is commonly measured in cattle using feed conversion ratio (FCR, i.e., 

Feed to Gain ratio or its reciprocal), or residual feed intake (RFI). However, both measurements 

require a period of individual daily intake monitoring which is difficult to measure on pasture. 

Feed efficiency measurements also depend on measuring changes in weight and growth which 

often are minimal in mature beef cows. Therefore, new ways to categorize efficiency of beef 

cows must be investigated. One potential method which may better reflect metabolic efficiency 

in cows is indirect calorimetry, which measures different variables characterizing energy 

partitioning during the digestive process, beginning with enteric gases produced during digestion 

(Moe and Tyrell 1970, Young et al., 1975, Reynolds and Tyrell, 2000). Calculations from 

indirect calorimetry measurements include the respiratory quotient (RQ), which is the ratio of 

carbon dioxide (CO2) to oxygen (O2) and is used to calculate energy lost as heat. These 

measurements are directly related to diet type and dry matter intake (DMI) (Hegarty et al., 2007), 

where greater amounts of enteric gas being produced and respired represents a potential loss of 

energy approximating 2 to 12% of gross energy intake, and therefore inefficient metabolism of 

feed (Johnson and Johnson 1995). Examination of differences in RQ and heat production (HP) 

calculated from RQ and volume of CO2 (VCO2), rather than HP from NRC equation using MEI 

and NEm between animals on the same diet may be a way to compare relative efficiency of 

individual animals. The GreenFeed (GF) system involves animals voluntarily hold their head 

within a chamber and gas composition and flow rate are measured. A minimum 30 visits per 

animal is recommended to accurately estimate CH4, CO2, and O2 emissions (Arthur et al., 2017).  

Therefore, utilizing the GF system to monitor enteric emissions, intake and efficiency in the dry 

lot may provide beneficial information in characterizing efficiency of mature beef cows (Alemu 

et al., 2017). Repeating these emission measurements on pasture can provide valuable 
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information on determining differences in metabolic efficiency amongst the same animals in 

different environments and(or) fed different diets, relevant to production standards for mature 

beef cows. In this review, the methods of quantifying feed efficiency in cattle and its relationship 

to the dynamics of enteric emissions in relation to digestion, diet, and animal performance will 

be outlined. In addition, the use of indirect calorimetry to estimate energy balances and its role in 

estimating metabolic efficiency for beef cattle will be explored.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Dynamics of Methane Production in Ruminants 

When feed is consumed by a ruminant, microbes in the rumen will ferment these 

feedstuffs, producing CH4 and CO2 as by-products. Methanogens utilize hydrogen and CO2 to 

produce CH4 in the rumen, which is then exhaled as the animal eructates (Patra 2011). 

Consequently, enteric CH4 and CO2 production in ruminants is strongly influenced by diet 

composition, as the amounts of gaseous by-products produced are dependent on the type of 

substrate being fermented, and by feed intake, where the quantity, chemical composition, and 

particle size of feed an animal consumes affects the amount of substrate available for the 

microbes to break down and the dynamics of rumen retention time. Up to 70% of variation in 

CH4 production between animals can be attributed to differences in DMI, as total CH4 

production depends largely on the quantity of organic matter fermented in the rumen (Kennedy 

and Charmley, 2012, Escobar-Bahamondes et al., 2017). Therefore, total enteric CH4 production 

has a positive relationship with intake, which in mature beef cows is dependent on body size and 

composition, age, ambient temperature, physiological status, diet composition, DMI, and 

previous nutrition (NRC, 2000).  

The feeding of high forage diets has been shown to produce the greatest amount of CH4 

per kg of feed, as the fermentation of fibrous components skews the ratio of volatile fatty acid 

(VFA) production towards butyrate and acetate, rather than propionate. Production of these two 

VFA increases production of free hydrogen (H2), which serves as a substrate for methanogenesis 

(Johnson and Johnson 1995, McAllister 1996). Concentrates such as grains are easily fermented 

to produce higher proportions of propionate, which has a net uptake of hydrogen, resulting in 
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less CH4 per kg feed, and overall, more efficient metabolism, as less carbon is lost as gasses 

(McAllister 1996, Beauchemin et al., 2006). In addition to this, forages generally have lower 

digestibility than concentrates due to greater amounts of NDF, and therefore are retained in the 

rumen for longer than concentrates (Patra 2011). Rate of passage is another important 

determinant of enteric gas production and is influenced by intake, diet composition, and particle 

size of the feed. The greater DMI found with feeding high concentrate diets causes an increase in 

rate of passage of feed particles from the rumen, resulting in less time for ingested feed to 

undergo microbial fermentation, and therefore decreases CH4 production (Hegarty, 2004, 

Escobar-Bahamondes 2017). Forage that is chopped finely, for example straw cut from 20 mm 

long to 1 mm, decreases CH4 production due to faster rate, but not degree, of fermentation, as 

well as a decrease in acetate production (Ortolani et al., 2020, Knapp et al., 2014). As well, rate 

of passage will increase, resulting in reduced rumen fill and thus increased intake. However, the 

challenge in beef cow husbandry is that diets are formulated with low concentrate inclusion for 

cost effectiveness and to avoid excessive weight gain. High forage diets have lower digestibility, 

increased rumen retention time and rumination, and therefore a slower rate of passage and 

greater magnitude of rumen fill (Basarab et al., 2013). Because of this, DMI is inversely 

associated with ruminal digestibility of the diet, and therefore CH4 expressed as a proportion of 

DMI or of energy intake will decrease as intake of a highly digestible diet increases  (Benchaar 

et al., 2001, Shibata and Terada, 2010). In addition, longer retention time alters the microbial 

population, increasing slow-growing cellulolytic microbes, producing more acetate and butyrate, 

whereas increased rate of passage increases amylolytic microbes which produce more propionate 

(Sutton 2003). 
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The amount of energy lost as CH4 per unit of a highly digestible feed decreases by 12-

30% because rate of passage out of the rumen increases, and therefore the substrate will not be 

fully fermented in the rumen (Blaxter and Clapperton, 1967). Therefore, lower feed intakes with 

high forage diets with low digestibility will cause CH4 yield (g/kg feed) to increase as rumen 

retention time increases. This has been observed by McDonnell et al. (2016), who found that 

while total CH4 production was not different between high and low RFI groups, CH4 yield per kg 

DMI and as a proportion of GEI was slightly higher in low RFI cattle, which indicates that 

higher digestibility and longer rumen retention time are found in animals with lower intakes 

relative to high RFI counterparts. Overall, the dynamics of CH4 production in the rumen are 

greatly impacted by the diet composition and individual intake of the animal, and although 

increasing the concentrate proportion in an animal’s diet is an effective strategy to reduce CH4 

emissions and has been shown to be successful, this is not an economical choice for beef cows, 

and therefore other strategies to improve emissions must be implemented (Beauchemin and 

McGinn 2005, Beauchemin and McGinn 2006, Beauchemin et al., 2009). 

2.2 Feed Efficiency 

Feed efficiency is the ability of animals to convert ingested nutrients into production traits 

such as meat or milk. In the broadest sense, it represents the relationship between inputs (feed, 

nutrients) and outputs (growth, milk production). There are several different ways and metrics 

used to calculate feed efficiency to make comparisons between treatments, diets, animals, etc., 

such as feed conversion ratio, which is the ratio of unit of feed to unit of body weight gain, or 

residual feed intake, calculated by subtracting the observed DMI of an animal to an individual’s 

expected DMI based on body weight, growth and life stage (Koch et al., 1963, Basarab et al., 
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2013). High RFI individuals can be considered less efficient, as they consume more feed than 

expected per unit of weight gain. This ratio allows for a comparison independent of weight and 

production and has been used to identify efficient animals within a herd, allowing for genetic 

selection to improve feed efficiency without compromising production traits such as growth rate 

and final body size (Basarab et al., 2013, Arthur et al., 2001). Physiological variation in RFI 

between individual animals has been proposed by Herd et al., (2004) and differences are 

attributed 9% to heat increment of feeding, 14% to differences in digestion, 5% to body 

composition differences, and 5% to differences in activity.  

In mature beef cows, 65 to 75% of energy requirements are for maintenance, with energy 

requirements increasing 20% during lactation (Ferrell and Jenkins 1985, NRC 1996, NASEM 

2016). Fluctuations in body weight occur during the second and third trimesters of pregnancy, 

where dams gain weight and subsequently lose weight post calving, largely due to loss of 

conceptus weight but also an increase in fat tissue mobilization during lactation. Then, from pre-

breeding to weaning, cows gain weight and deposit backfat (Basarab et al., 2007). In addition to 

this, cows at mature weight consume 25% more energy for maintenance than 2-year-old cows 

(NRC 2006), as mature cow body weight tends to increase at a slow rate despite no change in 

frame size (Lalman and Beck, 2019). These factors result in far greater variation in RFI for cows 

than for steers. Basarab et al., (2007) reported a standard deviation (SD) of 3.18 kg as-fed/day 

when determining RFI for cows, while the SD for their offspring in the feedlot was 0.88. The 

authors suggested this difference was due to extensive variation in the components used to 

calculate RFI in mature cows; this included an 18.5% coefficient of variation (CV) for feed 

intake, a 460% CV for  pregnancy corrected ADG, and a 38.7% CV for final backfat thickness. 

Inclusion of backfat depth in the RFI model allows for the ratio to be independent of body 
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composition, which is important in mature cows as weight gain is attributed to pregnancy and 

body fat, rather than the muscle gain of growing animals. Adjusting the basic RFI model to 

account for animal differences in backfat thickness can increase specificity, as backfat thickness 

can account for 2-5% of the variation in feed intake (Basarab 2003). Within a herd where the 

environment and previous plane of nutrition are identical, there is still considerable variation in 

energy partitioning between animals, independent of body size and growth. For example, in 

steers previously classified by efficiency ranking, high residual feed intake (RFI) animals 

retained 9.7% less digestible energy (DE) and 10.2% less daily metabolizable energy (ME) from 

daily DM intake than low RFI steers, resulting in 44% less retained energy for high RFI vs. low 

RFI (Nkrumah et al., 2006). Therefore, including backfat depth in the RFI model is of utmost 

importance for accounting for between animal variation in efficiency. This has been 

demonstrated by Wood et al. (2014), where inclusion of backfat in the RFI model increased R2 of 

the RFI model by 7.3%. Therefore, identifying efficient animals in the cow herd should account 

for body composition, as well as physiological state.  

2.3 Feed Efficiency and Methane Production 

Previous work has shown that animals classified as efficient produce less CH4, such as by 

Alemu et al., (2017), with beef heifers on a diet of ad libitum barley silage using the GF system. 

Low RFI animals had 20 g/d lower CH4 emissions than high RFI cattle, as well as 6.9% less 

feed. Nkrumah et al. (2006) found that inefficient animals produced more CH4, using indirect 

calorimetry chambers to quantify relationships between feed efficiency, performance, and energy 

partitioning in steers. When steers were classified as high, medium, or low RFI, the low RFI 

group lost 1.9% less gross energy intake (GEI) as CH4 than high RFI animals at the same intake, 
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indicating low RFI animals lose less energy as CH4 than their inefficient counterparts on the 

same diet (Nkrumah et al., 2006). In addition to this, CH4 as g/kg BW0.75 was 28% less for low-

RFI than high RFI cattle, and 24% less for medium RFI in high concentrate diets (R2=0.44) 

(Nkrumah et al., 2006). However, the difference in CH4 production between efficient and 

inefficient animals may not be as apparent in diets that have low digestibility. This was observed 

by Jones et al. (2011) in beef cows grazing pasture in Australia. When animals grazed poor 

quality pasture, with mature, sparse plant growth in the summer, CH4 emissions were not 

significantly different amongst RFI classifications for cows. However, in winter growing season 

when pasture composition was more digestible (550 g/kg versus 810 g/kg dry matter digestibility 

(DMD), CH4 was 27% lower for low RFI animals than high RFI animals. Therefore, RFI 

classification and CH4 emissions may not be consistent across different diets and environments.  

Variability in emissions and efficiency is also strongly impacted by diet composition, 

which affects CH4 yield (grams of CH4 per kg feed), as well as total emissions (g/day). This has 

been demonstrated by Benchaar et al., (2001) in a mechanistic model, where a positive linear 

correlation was observed between total CH4 production (Mcal/day as a proportion of GEI) and 

DMI, where increasing intake had a greater magnitude of effect when the diet contained 

concentrate rather than alfalfa hay in a diary cow model. However, when CH4 production was 

expressed as a fraction of daily gross energy intake and digestible energy intake, CH4 losses 

decreased as DMI intake increased.  

Pasture composition also has an impact on enteric emissions. Legume species such as 

alfalfa or clover produce less CH4 per kg DM than grasses, as they usually have a higher 

digestibility and therefore increased rate of passage (Benchaar et al., 2001). In addition to this, 

maturity of forage also affects CH4 production, as when plants mature the ratio of non-structural 
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carbohydrates to structural carbohydrates decreases; and thus contain a higher proportion of 

indigestible fiber (NDF) (Benchaar et al., 2001). Incorporating silage into the TMR for beef 

cows in the drylot improved rumen microbial efficiency and decreased CH4 production in 

mechanistic models (Benchaar et al., 2001). Hegarty et al. (2007) examined the relationship 

between CH4 yield (g/kg feed) and total CH4 production (in g/day) in beef steers fed an ad 

libitum diet containing barley and roughage using the SF6 tracer method for estimating CH4 

production. Results showed that CH4 per kg DMI was similar between high or low RFI steers, 

but total CH4 in g/day was up to 25% lower for low RFI animals. Thus, CH4 yield is dependent 

on diet forage and concentrate proportion, strongly influenced by digestibility, but CH4 yield 

alone was not a good indicator of feed efficiency.   

Therefore, between animal variation in the amount of CH4 lost per unit of energy intake 

may be a component of feed efficiency (Flay et al., 2019), and improving efficiency is a potential 

strategy for reducing CH4 emissions and decreasing feed costs without affecting production traits 

and growth (Waghorn and Hegarty 2011, Basarab 2013). However, consideration must be made 

for the specific environment, the composition of the diet, level of intake, and the consequential 

impacts on CH4 production and rate of passage.  

2.4 Measuring Gas Emissions  

The respiration chamber (RC) has been the gold standard for measuring gas emissions and 

indirect calorimetry for ruminants for decades (Blaxter and Clapperton 1965, Alemu et al., 

2017). However, RC are expensive to build, labour intensive to operate and are limited to a small 

number of animals (Blaxter and Clapperton 1965, Huhtanen et al., 2019). In addition to this, an 

animal must be confined for several days, which affects behaviour and feeding, resulting in 
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lower intakes and may not reflect true gas emissions for animals in a production environment 

(Hegarty 2013, Hammond et al., 2016, Manafiazar et al., 2020). Animals have been observed to 

eat 19 to 20 % less DM in the RC, resulting in lower CH4 emissions (160.4 g/d respiration 

chamber estimate compared to 211.8 g/d measured using the GreenFeed (Alemu et al., 2017). 

 As a result, other methodologies have been developed to measure gas exchange indirectly. 

The Sulfur hexafluoride (SF6) marker technique allows for enteric gas emissions on pasture but 

has constraints such as requiring a high labour input (Waghorn et al., 2016). The technique 

involves a permeation tube containing Sulfur Hexafluoride (SF6) gas to be placed in the rumen, a 

harness with a tube positioned at both nostrils, and an evacuation cannister to be fitted on each 

animal. Air is drawn continuously into the cannister over a period of 24 hours, after which the 

cannister is replaced and the contents are analyzed for CH4 and SF6 gas (Grainger et al., 2007) 

The SF6 tracer technique can be used in more production-relevant environments such as pasture; 

however, only a limited number of animals can be used, animals must be handled daily, and 

maintenance of equipment is necessary between measurements (Manafiazar et al., 2020a).  

The use of open circuit gas quantification systems can rectify some of these limitations, 

where the quantification of gasses does not require a closed or isolated system as with respiratory 

chambers or total outputs of the animal to be contained.  Instead, open circuit gas quantification 

systems can be used in an open environment, such as a barn or on pasture. The C-Lock GF 

system (C-Lock Inc., Rapid City, SD, USA) consists of a “chamber” or “hood” for the animal to 

hold its head, where a proximity sensor detects the animal’s RFID tag and that the head is in the 

proper position, while supplying drops of pelleted feed as bait for the animal to remain within the 

correct position for 3 to 7 minutes. During this time the system pulls expelled air, samples 

gasses, and analyzes gas composition, and calculates the gas emissions, based on flow rates. 
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Although the GreenFeed unit (GF) cannot measure CH4 production from the lower digestive 

tract, the contribution of this only makes up 2-3% of the total emissions, as determined from 

respiration chambers (Murray et al., 1976, Munoz et al., 2012, Alemu et al., 2017).  

The GF can utilize intermittent or spot measurements to estimate actual enteric gas 

production, although a requirement of this technique is to ensure enough visits to compensate for 

variability associated with spot sampling (Huhtanen et al., 2019). In addition to this, The GF 

system is more cost effective and can measure many more animals with minimal effect on 

natural behaviour on pasture or in dry lot as it allows animals to move freely in a familiar 

environment (Hegarty, 2013, Alemu et al., 2017). This strategy is a non-invasive measurement of 

CH4 and other gasses and allows the measurement of gas outputs from individual animals on 

pasture.  

Comparison of the RC and GF is difficult, as the RC captures total inputs and outputs 

from an animal, whereas the GF estimates individual gases based on spot sampling and voluntary 

visits. However, there is evidence from multiple experiments that CH4 emissions measured in the 

GF are similar between the RC and SF6 methods. For example, Velazco et al., (2016) used beef 

steers in experiments measuring CH4 emissions in the RC and GF in succession and found no 

significant difference between daily CH4 production in g/d (212 from GF vs 207 g/day from RC). 

Ranking animals by CH4 production found a high correlation between the RC and GF (R2 = 

0.71), demonstrating the effectiveness of the GF system for estimating daily CH4 production. 

The relative ability of the GF system to accurately quantify gas concentrations, excluding 

variability associated with animals, was investigated by McGinn et al., (2021). A mass flow 

controller was used to release known quantities of gas over time for a direct comparison of the 

GF system’s capabilities when placed within a RC as well as the GF in an open environment. 
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The GF system slightly overestimated CO2 emission rate by 3% on pasture, and by 2% when the 

GF was placed within the RC to mimic a barn environment. These small differences were 

attributed by authors to be due to random error.  

In another experiment comparing emission measurement methods, Hammond et al. 

(2015), rotated dairy heifers between RC and the GF systems in two experiments that differed in 

diet composition and found similar daily CH4 production (g/d) including 198 and 208 g/d CH4 

production for the GF and 218 and 209 g/d CH4 production for the RC (experiments 1 and 2 

respectively). Although the mean gas emissions were quite similar between the RC and GF, the 

ranking of animals from highest to lowest CH4 emissions was different.  The GF system was 

unable to detect differences between diets, with the authors attributing this to be due to the low 

number of GF visits of 2.1 and 2.3 per day, and the inability to capture diurnal variation versus 

the RC where total emissions were captured over four consecutive days. In a third experiment, 

the GF system and SF6 tracer methods were used simultaneously, and CH4 emissions were 

significantly lower in the GF (164 versus 186 g/d) with CH4 production rankings differing 

between system. The authors concluded that poor consistency across all three methods was due 

to low number of visits, particularly on pasture in their third experiment. Also, the voluntary 

nature of the GF system can impact results, where an animal’s cohort and environment can 

negatively impact visits and therefore average CH4 emissions. However, Huhtanen et al. (2019) 

demonstrated that the GF system predicts enteric emissions comparably to the RC. This was 

done by collecting environmental, diet and emission data from GF studies in both beef and dairy 

cattle, and then comparing these results to estimates from empirical models based on RC, using 

the same diet and environmental conditions in their study. High R2 values were observed (R2 = 

0.92) between RC and GF, with a Root Mean Squared Prediction Error (RMSPE) at 12.9% of the 
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observed mean with 88% of this being due to random error; the authors concluded the GF is an 

effective method for quantifying enteric emissions. 

An animal’s emissions measured by the GF is dependent on many factors including 

individual feeding behaviour, time since eating and circadian rhythm (Cottle et al., 2015, 

Hammond et al., 2016). Spot sampling based on voluntary visits is therefore a constraint of the 

GF system, as enough visits distributed throughout the day are required to ensure accurate 

estimation of total enteric emissions (Hegarty 2013, Waghorn et al., 2016). Consequently, the GF 

system can be used to accurately quantify gaseous emissions in beef cows in a variety of 

environmental conditions, if animal visits are consistent, and number of visits is high enough and 

evenly distributed throughout the day to ensure diurnal variation is captured (Jonker et al., 2016). 

2.5 Indirect Calorimetry     

When glucose or other carbohydrates are oxidized by enzymes in the body, O2 is 

consumed and CO2 is produced (Mclean and Tobin, 1987). Indirect calorimetry uses the molar 

volume of CO2 produced and O2 consumed to estimate metabolic energy flows. The respiratory 

quotient (RQ) is the ratio of CO2 volume exhaled to the volume of O2 consumed, and will change 

depending on the nutrient being metabolized, which is directly related to the metabolic state of 

an animal, as well as activity level, as CO2 production is also proportional to energy expenditure 

(McLean and Tobin, 1987, Kaufmann et al., 2011, Oshima et al., 2017). Based on stoichiometric 

equations for a substrate’s full oxidation, anaerobic glucose fermentation in the rumen results in 

an RQ >1.0;  carbohydrate metabolism has a RQ of 1.0, versus an RQ of 0.81 for protein 

oxidation, and an RQ of 0.7 for fat oxidation (Brouwer, 1965, Cherepanov et al., 2010, and 

Schilde et al., 2022). When an animal is in negative energy balance, such as in early lactation, fat 
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stores are mobilized resulting in metabolism of non-esterified fatty acids (NEFA), such as 

palmitate and ketone bodies, including β-hydroxybutyrate (BHB). Metabolism of these 

compounds result in a lower RQ (palmitate 0.67, BHB; 0.9,) than that of carbohydrates such as 

glucose, acetate and propionate (RQ of 1.0), which are produced from the fermentation of feed 

(Cherepanov et al., 2010).  While RQ can provide valuable information on the metabolic status 

of an animal, RQ can be very variable due to the influence of what substrates are being 

metabolized in the body or fermented in the rumen.  

The GF system measures the quantity of CO2 and O2 during each visit and is unable to 

differentiate between metabolic production of these gases (exhaled CO2) and the proportion 

originating from ruminal fermentation (eructated CO2). This can be adjusted for by examining 

CO2 emission patterns during each visit, where baseline CO2 is disrupted by peaks of CO2 

eructation; however, manually isolating the eructation events is not feasible for large datasets 

(Schilde et al., 2022). Caetano et al., (2017) performed this visual evaluation and estimated the 

eructated CO2 to be 6 to 20% of the total VCO2 production. Therefore, RQ values calculated 

from the GF system will overestimate the metabolic RQ value with the inclusion of eructated 

CO2 from ruminal fermentation. However, demonstrated by Caetano et al., (2017) both measures 

of total CO2 and metabolic CO2 are both strongly correlated to MEI and HP, and therefore the 

authors concluded that separating the contributions of lung and rumen CO2 were not necessary.  

Metabolic energy intake is highly correlated with enteric emissions of CH4 and CO2 

(Caetano et al., 2017). These authors examined the GF system under pasture conditions with total 

CO2 production closely related to metabolizable energy intake where total CO2 emissions 

accounted for 73% of variation in MEI (R2=0.73). A limitation of this study was that O2 was not 

measured and so a constant RQ was used to estimate HP, which may have accounted for more 
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variation than was captured in the model, which resulted in an R2 of 0.32. Total HP is affected by 

BW, diet composition and exercise, as well as physiological state such as gestation or lactation 

(Pereira et al., 2015), and therefore, a constant value for RQ may not be representative of an 

animal’s actual metabolic status, as well as specificity to breed, age, and relative metabolic 

efficiency within a herd. Therefore, true RQ and HP are important components for measuring 

efficiency between animals. 

Total HP is affected by BW, diet composition, and exercise, as well as physiological state 

such as gestation or lactation (Pereira et al., 2015). Differences amongst individuals in energy 

use and partitioning are a key component of efficiency, due to dietary energy losses in the feces, 

CH4, urine, and through HP (Basarab et al., 2003). HP has been shown in previous data from 

beef steers to account for a large amount of variation in RFI (R2 = 0.68) by Nkrumah et al., 

(2006), where HP was 21% less for low vs. high RFI steers.  HP can be used to quantify energy 

expenditure, demonstrated with dairy cows by Pereira et al., (2015), where CO2 measurements 

were used to estimate DMI for cows on ad libitum and restricted feeding treatments. While HP 

did not differ significantly between treatments, back calculating DMI from energy partitioning 

equations underestimated DMI by 7.8% but was successful in differentiating between ad libitum 

and restricted feeding. Therefore, the difference between estimated HP and actual HP may be an 

effective measurement to evaluate differences in metabolic efficiency amongst animals; however 

further work is needed for improving specificity.  

2.6 Conclusion 

Enteric emissions CH4 and CO2 are influenced by diet composition, intake, individual 

behaviour and physiological state, but can be representative of relative metabolic efficiency. 
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Using gaseous emissions to quantify feed efficiency is an invaluable tool for evaluating 

differences between energy partitioning, and consequently efficiency in mature beef cows, where 

maintenance efficiency can prove traditional feed measurements such as RFI less effective. 

Using the open-circuit respiration methodology to spot sample emissions in a production 

environment can be a tool to get industry relevant data, however sufficient distribution of data 

points throughout the day and enough total visits must be achieved to accurately estimate an 

individual animal’s emissions. Identifying efficient phenotypes in the cow herd is imperative for 

increasing productivity per unit of feed, decreasing total emissions, and improving sustainability 

of the beef industry.  
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2.7 Study Objectives and Hypothesis 

The objectives of this study are to (1) evaluate the relationship between enteric gas 

emissions and energy balance measurements with animals ranked by traditional measures of feed 

efficiency in the dry lot, and (2) determine the correlation between gas emissions and energy 

balance measurements in the dry lot and on pasture.  

It is hypothesized that animals with low RFI ranking will have lower intake per kg 

metabolic BW, as the ratio of intake to body weight estimated with RFI will be aligned with 

relative intake to body size. In addition to this, CH4 production and HP will be lower for low RFI 

animals as these variables are associated with more efficient metabolism, and lower intakes 

relative to body weight, due to the positive relationship between CH4 and intake. Stronger 

relationships for these variables are expected when RFI is adjusted for rib and rump fat depths, 

as these adjustments will increase the specificity of the RFI model for animals that are depositing 

greater amounts of body fat, and therefore consuming energy beyond requirements for 

maintenance and reproduction. Some correlation will be seen between gas emissions and HP of 

each cow in the dry lot and pasture, as animals are likely to maintain consistent intakes in both 

environments.  
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CHAPTER 3. RELATIONSHIPS BETWEEN FEED EFFICIENCY 
AND GAS EMISSIONS IN BEEF COWS IN DRY LOT AND 

PASTURE  

Utilizing the GF system to monitor enteric emissions in the dry lot, along with intake and 

traditional efficiency measurements will provide beneficial information in characterizing 

efficiency of mature beef cows. This will achieve the objective of evaluating relationships 

between enteric gas emissions and energy balance measurements with animals ranked by 

traditional measures of feed efficiency in the dry lot. Repeating these emission measurements on 

pasture can provide valuable information for determining differences in metabolic efficiency 

between the same animals in different environments and diets, relevant to production standards 

for mature beef cows. This will achieve the objective of determining the correlation between gas 

emissions and energy balance measurements in the dry lot and on pasture.  

3.1 MATERIALS AND METHODS  

This project was conducted in two trials from January to April 2020 in the barn (dry lot) 

and July to November of 2020 for pasture to measure gas emissions at the Ontario Beef Research 

Center (Elora, ON). Animals were cared for according to the Canadian Council on Animal Care 

guidelines (Canadian Council on Animal Care, 2009; AUP# 4316).  

3.1.1 Experiment 1: Dry Lot 

A total of 60 Angus crossbred multiparous cows (initial BW = 734.3 kg, SD = 86.9 kg) 

between 3 and 8 years of age and ranging from 153 to 205 days pregnant began the trial. Prior to 

the study, cows were previously bred to commercially available Angus sires of similar genetic 
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merit, using a fixed-time AI protocol standard to the operation of the research farm. Animals were 

blocked based on estimated calving date and housed indoors in 5 pens with 12 cows per pen.  

3.1.2 Diet and Housing  

All cows were fed a common total mixed ration (TMR) composed of 50% alfalfa haylage, 

30% wheat straw, 17% corn silage, and a 3% a commercially available mineral premix (Floradale 

Feed Mill Limited, Floradale ON; DM basis; Table 1). The diet was formulated using the Beef 

Cattle Nutrient Requirement Model Software (NASEM 2016) to meet or exceed the nutrient 

requirements for beef cows in late gestation. Cows were adapted to the diet for three weeks prior 

to the start of the measurement period and were fed this diet for the entire trial. To measure 

individual dry matter intake, each pen was equipped with 9 Insentec Feeders (Insentec B.V., 

Marknesse, The Netherlands). This feeding system reads each cow’s radio frequency identification 

(RFID) tag to record the ID of the cow, time of entry and exit from the feed bunk, and weighs the 

amount of feed consumed during the visit. Both feed and water were offered to cows ad libitum.  

Samples of the TMR were collected weekly and frozen at -20°C prior to analysis. Dry matter 

content was determined by taking two samples of 100 grams from each week’s collection and 

drying them in a forced air conventional oven at 65°C for 96 hours and then weighed (AOAC 

934.01). Dry matter content for each week’s sample was calculated per Equation 1.  

 

Equation 1. Percentage dry matter of feed (% DM) 

% DM = (Weight out of oven [hour 96, grams] / Weight into oven [hour 0, grams]) × 100 
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Dried samples were stored again at -20°C until sent to A&L Canada Laboratories Inc. (London, 

Ontario, CAN) for nutrient analysis. TMR samples were analyzed for CP, ADF, NDF, lignin, 

ash, starch, crude fat, net energy, and minerals (Ca, Cl, Cu, P, K, S, Mg, Zn, Fe, Mg, Na) using 

standardized methods (Table 3). Total digestible nutrients (TDN) and Net Energy for growth, 

lactation, and maintenance were calculated according to the Nutrient Requirements of Dairy 

Cattle (NRC, 2001) and Energy Estimating Equations for Ruminants (Orskov and Ryle, 1990) 

Feed intake data from the Insentec feeders were used to quantify daily feed intake for 

each individual animal, by removing negative values from the dataset and summing the kg intake 

per day by cow RFID. The dry matter percentage for the TMR weekly sample was multiplied by 

the corresponding week of recorded intake (10 weeks), to determine average daily dry matter 

intake. These values were then averaged across Experiment 1 for the single value per animal of 

average daily DMI (aDMI). 

3.1.3 BW, BCS, Backfat measurements 

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

BW averaged between the two to normalize for gut fill. Every 28 days thereafter, all animals were 

moved from their pens to the chute to record BW, BCS, and backfat thickness by ultrasound, for 

a total of four repeated measurements over the feeding period. The same BW scale was used 

throughout experiment 1. Body condition score was performed by the same individual throughout 

both experiments. The spinous and transverse processes of the short ribs and the ribs and tail head 

were palpated to determine the level of fat cover. Score was assigned on a scale from 1 to 5, based 

on the Code of Practice for the Care and Handling of Beef Cattle (NFACC, 2013).  A trained 

ultrasound technician measured the subcutaneous fat depths for the rump and ribs using an 18-cm 
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transducer and EXAGO ultrasound machine (Echo Control Medical, Angolueme, France). The 

winter coat of each animal was clipped when necessary to ensure the quality of the imaging, and 

measurements were taken on the left side of the animal. Rib fat depth (mm) was measured between 

the 12th and 13th ribs, in the fourth quadrant of the longissimus dorsi muscle. Rump fat depth (mm) 

was measured between the hook and pin bones on the dorsal line at the intersection of the gluteus 

medius and biceps femoris muscles. Images were interpreted by the technician using ImageJ 

software (NIH Image; version 1.51, 2015).  

Pregnancy-corrected body weight was calculated using equations developed by Silvey and 

Haydock (1978). To estimate fresh fetus weight (Equation 2), and weight of the gravid uterus, fetal 

membranes, and fluids (Equation 3), time in gestation was estimated using the birth weight of the 

calf, and assuming a 282-day gestation from the calving date. In Equation 4, pregnancy corrected 

body weight was estimated by subtracting the calculated weights from the animal’s body weight 

pre-partum.   

Equation 2. Regression to calculate the fresh weight of the fetus (F). Fresh fetus weight in kg is 
defined as the proportion of the calf birth weight (Fp) at the time in gestation in days (t). 

F = 0.00000181F∙p∙e(0.115t-0.000368t²+0.000000448t³) 

Equation 3. Regression estimating the weight of the gravid uterus, fetal membranes, and fluids 
(U) from the calf birth weight (Fp). 

U = 0.00473F∙p∙e (0.0349t-0.0000611t²) 

Equation 4. Calculation for pregnancy-corrected body weight (PCBW) accounting for the gravid 
uterus, fetal membranes, and fluids (U), fresh fetal weight (F), and cow body weight (BW). 

PCBW = BW - (U+F) 
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3.1.4 Gas Emissions 

To facilitate measurement of enteric gas emissions C-lock, one GF trailer (C-Lock Inc., 

Rapid City, SD, USA) was used by rotating animal groups through a sampling pen equipped with 

the GF trailer. Each group of cows was rotated weekly to this pen for two 7-day measurement 

periods during the trial, providing 14 days of enteric gas monitoring per animal. Gates were 

attached to either side of the head chamber to ensure individual animal access. To calibrate the GF 

system, CO2 recoveries were evaluated manually on a monthly basis, and the standard gas 

calibrations were automatically done every 4 days. 

The GF system has a proximity sensor that determines if the animal’s head is in the proper 

position, while the animal’s RFID tag is scanned, and a portion of feed pellets dropped. A fan turns 

on to pull air from around the animal’s muzzle into the system, where continuous airflow is 

measured, and non-dispersive infrared sensors continuously measure concentrations of CH4 and 

CO2 (Hristov et al., 2015). C-Lock Inc. recommends an air flow rate of 26 L/s, and the GF filters 

were cleaned weekly to ensure consistent airflow (Gunter et al., 2017).  

The bait pellets dropped in the GF were a commercially available dairy cow feed (12.5% 

crude protein, 2.7% crude fat, 5.3% crude fibre, 0.83% calcium, 0.61% phosphorus, 0.32% 

sodium, 9.46 KIU/kg vitamin A, 2.17 KIU/kg vitamin D, and 59 IU/kg vitamin E; Floradale Feed 

Mill Inc. Floradale Ontario), supplied at 32 grams/drop. Bait pellet drops were set at 25-second 

intervals for approximately 12 drops per 5-minute visit. The system was set to limit individual 

visits to a maximum of 6 per day, with a minimum 4-hour wait time between visits.  
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3.2 Experiment 2: Pasture trial 

Experiment 2 was conducted from July to November 2020 at the OBRC (Elora, ON). All 

animals were cared for according to the Canadian Council on Animal Care guidelines at the 

Ontario Beef Research Centre (Canadian Council on Animal Care, 2009; AUP# 4316).  The 

pasture used for this study was developed in 2019 with sixteen 8-acre fields seeded with a blend 

of OAC Bruce Trefoil (10.6 lb/acre) (Lotus corniculatus), Pardus Meadow Fescue (3.1 lb/acre) 

(Festuca pratensis), Cowgirl Tall Fescue (3.1 lb/acre) (Festuca arundinacea), Lofa Festulolium 

(3.1 lb/acre), Fleet Meadow Brome (3.1 lb/acre) (Bromus biebersteinii, ‘Fleet’), Ginger Kentucky 

Bluegrass (2.8 lb/acre) (Poa pratensis, ‘Ginger’), and Will Ladino Clover (2.65 lb/acre) (Trifolium 

fabaceae).  

Cow-calf pairs used in this study were also included in a trial investigating the impact of a 

biochar pellet on enteric CH4 emissions (Conlin, 2021). Cows in Experiment 2 included 56 of the 

animals used in Experiment 1. From the original cows that started in Experiment 2, 4 were 

excluded prior to the start of the pasture study due to foot health issues or a lost calf. To keep the 

number of cows on pasture equal, eight additional multiparous cows that were used for a separate 

trial of Biochar supplementation (Conlin 2021) during Experiment 1 were added to the herd for a 

total of 64 cow-calf pairs. These groups were blocked based on calving date and cow’s final body 

weight from Experiment 1 into eight groups of 8 cow-calf pairs Cow-calf pairs were moved from 

the barn onto pasture two groups at a time staggered by one week for periods consisting of 21 days, 

with the final 7 days for GF gas collection. Animals were moved to sixteen 8-acre fields, each field 

consisting of eight 1-acre paddocks. Cows and calves were moved every three days using a 

rotational grazing program with each paddock divided into 8 areas and then moving to a two-day 
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rotation in September due to decreased forage quality and quantity. Two fields were equipped with 

the GF trailer and gates along the entrance to allow for one animal at a time to access the GF trailer. 

The trailer was located near the water trough to encourage cows to access the feeder. All cows had 

continuous access to a commercial vitamin and mineral premix fed free choice, consisting of 

45.39% Dicalcium Phosphate, 15.38% Salt, 14.86% Limestone, 7.77% Magnesium Oxide, 5.43% 

DDGS, 4.47% Prolac Micro, 1.77% Vitamin E, 1.54% Mineral Oil, 0.79% Sulfate, 0.70% 

Selenium, 0.46% Vitamin A, 0.15% Manganese Sulfate, 0.13% Copper Sulfate, 0.08% Vitamin 

D, and 0.06% Covotek 571 Fenugreek (Floradale Feed Mill Limited, Floradale, ON).  

Each paddock of cows received a treatment pellet (control or biochar) for a 21-day 

adjustment period prior to being moved to the data collection field for a 7-day measurement period. 

This rotation was repeated so each group had 4 data collection periods, 2 on biochar, and 2 on 

control (Conlin, 2021). However, data presented here are only from cows receiving the control 

treatment. The control group was supplemented with a control pellet at 3% of estimated DMI, 

equal to 0.59 kg per head per day. A total of 4.72 kg (0.59 × 8 cows) pellets were supplemented 

once daily in a portable trough. During Experiment 2, 3 cows from 3 different pasture groups were 

removed due to foot health issues and returned temporarily to the barn for treatment. Data from 

these animals during this 1-week period were excluded from the data analysis. If an animal had 

been removed temporarily to the barn for health treatment, the pellet supplement was adjusted 

accordingly.    

Throughout the summer, pasture samples were taken with 21 quadrat (1.22 m × 0.15 m) 

samples per 1-acre paddock, pre- and post-grazing. Prior to entering the paddock and after the 

animals were moved out of the paddock, 0.25-m² areas were trimmed using grass clippers 

approximately 3 cm above the ground. Each quadrant sample collected was weighed and oven 
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dried at 55°C for 48 hours, and then re-weighed to determine dry matter percentage. The 21 dried 

samples were pooled by group, sampling week, and by pre- and post- grazing. The composited 

samples were stored at -20°C until sent to A&L Canada Laboratories Inc. (London, Ontario, CAN). 

Nutritional composition of the pasture samples is shown in Table 2.   

Over the summer, each paddock group of 8 cows and calves was weighed for two 

consecutive days at the beginning and end of the trial, and at the beginning and end of each 28-

day period. Cows and calves were weighed individually, and cows were body condition scored 

and subjected to ultrasound measurement of rib and rump fat using the same methods described 

for experiment 1.  

3.3 Data and Statistical Analysis 

Residual feed intake 

RFI classification for cows in dry lot was calculated by creating a regression of body 

weight and trial day (“days on feed”) using PROC GLMMIX in SAS (version 9.4; SAS Institute 

Inc., Cary, NC, USA). The results from this regression determined ADG and body weight 

intercept for each animal. Next, Midpoint BW0.75 was then calculated using the Equation 5.  

Equation 5. Body weight from regression at the midpoint of the experiment. 
 

Midpoint BW0.75 = Intercept BW + (ADG × DOF ÷ 2) 
 

Predicted DMI was then determined using PROC GLIMMIX with the model: average DMI = 

midBW ADG, (see Appendix A1) and using these coefficients in Equation 6 (Koch et al., 1963).  

Equation 6. Predicted DMI. 
DMI = B0 (intercept) + B1 (ADG) + B2 (midpoint BW0.75) 
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Residual feed intake for experiment 1 was then calculated by subtracting the predicted DMI 

values from the actual DMI values. To further improve RFI model fit, RFI corrected for fat 

depths was calculated by incorporating average rib and rump fats into equation 6 (See appendix 

A1) to calculate predicted DMI by regression. Next, predicted DMI was subtracted from average 

DMI to estimate individual RFIfat.  

Gas emissions, indirect calorimetry calculations 

Gas emission measurements from both experiments 1 and 2 were refined by excluding 

visits to the feeder of less than 3 minutes in duration (Arthur et al., 2017). CH4, CO2 and O2 

measurements for each animal were averaged into one value of g/d per animal for each 

experimental period. Additionally, gas emissions were reported per unit of DMI, by dividing by 

each emission value by average DMI and similarly per unit metabolic body weight, where 

emissions are reported per kg BW0.75.  CO2 and O2 exchanges in g/day were divided by their 

molar mass to determine the moles of each gas, shown in equation 7. Respiratory quotient was 

then calculated by dividing moles of CO2 by moles of CO2 shown in Equation 7 (Brown-Brandl 

et al., 2003, Kedzierski, 2020).  

Equation 7. Respiratory Quotient (RQ). 

RQ = (CO2 ÷ 44.01) ÷ (O2 ÷ 31.99) 

Metabolizable energy content of the diet was calculated using a regression equation Y = 0.75x – 

0.38 from Owen and Hicks (2019), which quantifies the relationship of Net energy for 

maintenance and gain (NEm, NEg) to Metabolizable energy. This equation was used to solve for 

MEI, using the DMI and NEm of the diet, shown in Equation 8. Net Energy values were sourced 

from weekly TMR feed analysis (Table 1).  



  

 

28 

 

Equation 8. Metabolizable energy intake (MEI) (Owens and Hicks, 2019). 

(MEI), MJ kg-1 DM= (TMR (NEm + 0.38) / 0.75 × DMI (kg/day) 

Heat production from enteric gases was calculated using equation 9, formulated by Brouwer 

(1965) and modified by Kaufmann et al., (2011) (Pereira et al., 2015).  

Equation 9. HPobsv: Heat Production predicted with GF measurements. 

HP (MJ/d) = (4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000 

Predicted heat energy from metabolizable energy intake (HPpred) was calculated using equation 

10, from NRC (Equation 19-6, NRC, 2006), where FFM is the dry matter intake from feed 

needed to support animal maintenance in kg/day, calculated from NEm/NEma, where NEma is the 

dietary net energy for maintenance determined from feed analysis in Table 1, and NEm is 

computed using Equation 11.  

Equation 10. HPpred: Heat Production predicted with Intake. 

HPpred = MEI – (DMI-FFM) × NEma 

HPresid was calculated by subtracting HPpred (Equation 10) from HPobsv (Equation 9). HPobsv was 

calculated using a constant for RQ with Equation 9, where the averaged RQ of 1.00 from all 

animals in experiment 1 was used. Then, the updated HPpred was subtracted from HPobsv.  

Equation 11. Net Energy for Maintenance. 

NEm (Mcal/day) = SBW0.75 × a1 × BE × L × COMP 

Where shrunk body weight (SBW) is Midpoint BW×0.96, a1 is the basal metabolism coefficient 

(a1 = 0.077 Mcal/day/SBW0.75), BE is breed factor, (Table 10-1 (NRC 2006), Angus = 1 (NEm)), 
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L is lactation factor (value of 1 for dry cows), Previous plane of nutrition (COMP) was 

calculated by (COMP = 0.8 + (BCS – 1) *0.05).  

Equation 12. Net Energy requirements for pregnancy (NRC 2000, Equation 4-6). 

NEm = km × calf birth weight (0.4504 – 0.000766) e (0.3233 – 0.0000275t)t 

In Equation 12, the variable km is the partial efficiency of ME use to NE for maintenance; (km = 

0.576, NRC 2006), calf birth weight in kg, and t is time in gestation in days. The NRC (2001) 

equation to predict HPpred (Equation 10) was used to estimate MEI from intake. DMI and MEI 

(aDMI × NEm of the diet) were solved using HPobsv, FFM and NEm values.  

Statistical analysis 

 The GLIMMIX procedure of SAS (version 9.4; SAS Institute Inc., Cary, NC, 

USA) was used to calculate RFI, RFIpc and RFIfat, as described above. The CORR procedure of 

SAS, PEARSON analysis was used to determine correlation coefficients between enteric 

emissions CH4, CO2, and O2, and RQ and HPobsv (Table 8), to ascertain the strength of 

relationships between the observed variables in experiment 1 (Manafiazar et al., 2017). 

Correlation coefficients with P ≤ 0.05 were considered significant.  

To determine efficient phenotypes, animals were ranked from least to greatest RFI, 

RFIfat, DMI/kg BW0.75, HPresid, and HPresidRQcon each, and divided into quartile groups for each 

ranking, for a total of 15 animals per quartile group. Proc GLIMMIX least square means analysis 

was used to determine relationships between quartiles and gas exchange by contrast statement of 

the highest and lowest group (1 vs 4), linear, and quadratic relationships by contrast statements, 
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using the below model where the RFI rank and block, which in the present experiment was cow 

group and the period each group had access to the GF.  

Yij = µ + RFI ranki + groupj + e ij 

 
Both adjusted main effects, linear and quadratic effects of quartile rank were evaluated 

and P ≤ 0.05 were declared significant.  

The CORR procedure (SAS) was used to conduct a SPEARMAN analysis to assess 

reranking between enteric gases (CH4, CO2, O2) and HPobsv, RQ, DMI, BW0.75 between dry lot 

and pasture (for example, CH4 (drylot) = CH4 (pasture).  
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3.4 RESULTS 

 Cow intake and performance descriptive statistics for experiment 1 and 2 are 

presented in Tables 4 and 5, respectively. The R2 values for RFI regressions for predicted DMI 

were 0.28 for RFI, R2 = 0.27 for RFIpc and R2 = 0.32 for RFIfat (Table 4, models in Appendix 

A2). Mean ADG calculated for this regression was 1.1 kg for conventional RFI, and 0.7 for 

pregnancy corrected BW. 

After visits to the GF of ≤ 3 minutes were removed, average visit duration to the GF was 

6 minutes and 20 seconds. Each cow visited the GF an average of 8.3 visits per period, and a 

total of 13.5 visits (±2.8) from all measurement periods in experiment 1 and 9.9 average number 

of visits per period and total 49.9 (±28.4) for all periods in experiment 2, excluding visits less 

than 3 min. Descriptive statistics for enteric emissions from experiment 1 and 2 are presented in 

Tables 6 and 7, respectively.   

Using PROC CORR PEARSON, average DMI was positively correlated with CH4 and 

CH4 per kg DMI (correlation coefficients 0.47 and -0.42 respectively, both P ≤ .0001), as well as 

with CO2, O2, and HPobsv (0.47, P = 0.0003, 0.45, P = 0.0003, and 0.45, P = 0.0003) (Table 8). 

BW0.75 was also significantly positively correlated with CH4, CO2, O2 and HP (0.52, 0.62, 0.63, 

and 0.63 respectively, each P ≤.0001). RFI measurements (RFI and RFIpc) were positively 

correlated with CH4 (0.34, P = 0.007, 0.29, P =0.0008, respectively), CH4 per kg BW0.75 (0.29, 

P = 0.02, 0.25, P =0.05), and negatively correlated with CH4 per kg DMI (-0.51, P = 0.0002, -

0.42 P =0.0008). RFIfat was also correlated with CH4 per kg DMI and CH4 per kg BW0.75 (-0.62, 

P≤.0001, 0.25, P = 0.05). G:F was negatively correlated with CH4 per kg DMI (-0.32, P =0.01).   

RQ was not correlated (P > 0.3) with any variables. MEI was significantly correlated to CH4, 
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CH4 per kg DMI, CO2, O2, and HP (0.47, P ≤ .0001, -0.42, P = .0001, 0.46, P = 0.0003, 0.45, P 

= 0.0018, 0.45, P = 0.0011).  BW0.75 on pasture was significantly correlated with gas emissions 

on pasture; CH4 per kg BW0.75, CO2, O2, and HP (-0.45, P = 0.0002, 0.28, P = 0.03, 0.31, P =

 0.02, 0.30, P = 0.02, Table 8). Pasture BCS was correlated with CH4 per kg BW0.75 (-0.37, P =

 0.004).  

When cows were grouped by quartiles from most to least efficient by RFI (lowest to 

highest RFI value, Table 9), DMI (P ≤ .0001), DMI/kg BW0.75 (P ≤ .0001), CH4 (P = 0.04), CO2 

(P = 0.04), RQ (P = 0.04), and MEI (P ≤ .0001) differed amongst RFI quartile ranks and linearly 

increased (P ≤ 0.05) with decreasing efficiency. Based on adjusted means separation, differences 

amongst individual quartiles occurred for DMI, DMI/kgBW0.75, CH4, CO2, RQ, HPobsv and MEI, 

all of which increased linearly with decreasing efficiency (lowest RFI group to highest).  

There were similar results for ranking was based on RFIfat quartiles from most to least 

efficient (Table 10). DMI, DMI/kg BW0.75 , MEI linearly increased with decreasing efficiency 

(all P ≤ .0001). There were linear increases in RQ (P =   0.02) with decreasing efficiency despite 

nonsignificant P values for the overall RFIfat quartile effect (P = 0.06 respectively). Similar to 

RFI data, there were linear differences amongst individual quartiles for DMI, DMI/kgBW0.75, 

CH4, RQ, and MEI (P ≤.0001, P ≤.0001, P = 0.02, P = 0.08, P ≤.0001) based on adjusted mean 

separation.  

Based on least square means analysis quartile ranking from lowest to highest DMI/kg 

BW0.75, DMI, RFI, RFIfat and MEI were affected by quartile ranking (all P ≤ .0001), as well as 

linear increases in DMI, CH4, RFI, RFIfat and MEI as DMI/kg BW0.75 increased (P ≤ .0001, P = 

0.05, P ≤ .0001, P ≤ .0001, P ≤ .0001, Table 11).  
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HPresid quartile ranking from most to least efficient (highest to lowest ranking, Table 12), 

demonstrated DMI, BW0.75, CO2, O2, RFIfat, DMI/kg BW0.75, and MEI, were all significantly 

affected by group (P ≤ .0001, P = 0.0053, P = 0.0196, P = 0.0323, P = 0.0123, P = .0001, P ≤

 .0001, Table 12). Linear relationships were significantly different between HPresid group and 

DMI, BW0.75, RFI, RFIfat, DMI/kg BW0.75, and MEI (P ≤ .0001, P = 0.0036, P = 0.0204, P = 

0.0015, P≤  .0001, P ≤ .0001). Adjusted means separated for all variables except RQ.  

When a constant was used for RQ, HPresidRQcon rank quartile (Table 13), showed similar 

results to HPresid, where DMI, BW0.75, RFIfat, DMI/kg BW0.75, and MEI were significantly 

affected by HPresid group, (P ≤ .0001, P = 0.003, P =0.019, P ≤ .0001, and P ≤ .0001), however 

unlike HPresid quartile rank findings, CO2 and O2 was not significantly affected by group. Linear 

relationships were similar to HPresid quartile rank, where HPresidRQcon group and DMI, BW0.75, 

RFI, RFIfat, DMI/kg BW0.75, and MEI were significantly related (P ≤ .0001, P = 0.0024, P = 

0.0443, P = 0.006, P≤  .0001, P ≤ .0001). In addition to this, adjusted means did not separate for 

CH4, and CO2, whereas they did for HPresid.  

Spearman correlation coefficients between traits from the pasture and dry lot trials 

demonstrated significant correlations between dry lot and pasture CH4, CO2, O2, HPobsv and BW0.75 

(P=0.001, P = 0.017, P = 0.002, P = 0.003, P≤  .0001, Table 14). The correlations between 

management regimens were strong for BW0.75 (r = 0.914) and weak (r < 0.45) for (CH4, CO2, O2 

(g/day), HPobsv (Mcal/day)) (Table 14).  

  



  

 

34 

 

3.5 DISCUSSION 

The objectives of this experiment were to compare the relationships between 

measurements of feed efficiency in mature beef cows and enteric gas emissions in dry lot, and to 

evaluate the relationships between emissions and physical measurements between the dry lot and 

pasture. The relationship between inefficiency and greater CH4 emissions has been previously 

observed in steers and heifers (Nkrumah et al., 2006, Alemu et al., 2017); however, little 

published work is available on quantifying efficiency in mature beef cows effectively, 

particularly animals managed on pasture.    

3.5.1 General Measurements  

Dry matter intake (kg/day) in experiment one was greater compared to previous studies 

with mature beef cows, with an average daily DMI of 15.2 kg/day, compared to Manafiazar et al. 

(2020), where DMI was 12.69 kg/day (n=139), and Wood et al. (2014), where DMI was 12.97 

kg/d, (n=321). Higher intakes may be due to the larger body size of the cows in the current 

experiment, with an average midpoint weight of 772.6 kg (SD = 87.2) compared to previous 

studies (638 kg; SD = 86, Manafiazar et al., 2020, and Wood et al., 2014, 708 kg; SD = 92.5). 

Intakes were much more similar to previous literature when expressed as a percentage of body 

weight, where in the current study was 2.03 %, 1.99 % in Manafiazar et al., (2020), and 1.83 % 

in Wood et al., (2014). Despite the larger body size and resulting higher intake, ADG was only 

slightly higher than previously seen by Wood et al., (2014), as in experiment 1 ADG was 1.1 kg 

per day, with an ADG of 0.7 kg/day corrected for pregnancy weight, compared to an ADG of 

0.86 kg and 0.44 kg/day pregnancy corrected ADG in mature beef cows (Wood et al., 2014). In 

experiment 2, ADG was 0.133 kg, similar to Black et al. (2013), where lactating beef cows on 
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pasture had an ADG of 0.19 kg. However, in the current experiment, energy intake on pasture 

was somewhat higher than desired, as the animals continued to gain weight throughout lactation.   

Multiparous cows were chosen for this study, excluding first calf heifers to better focus 

on the effects of energy requirements for maintenance, and control the impact of energy 

requirements needed for growth of the cow herself. The age of the cows ranged from 3 to 8 years 

of age, and although age may contribute to minor differences between animals for feeding 

behavior, back fat depth, intake and feed efficiency, the assumption can be made that age would 

not strongly impact the variables tested in this study (Wyffels et al., 2020, Parsons et al., 2021). 

3.5.2 Emissions 

CH4 emissions measurements of 277.0 g/d in experiment 1 were similar to previously 

reported studies such as Fitzsimmons et al. (2013), using the SF6 tracer measurement, who reported 

an average CH4 emission of 277 g/d in beef heifers, as well as by Manafiazar et al. (2020) in a 

study on TMR-fed beef cows using the GF system, where emissions averaged 237.5 g/d CH4. In 

experiment 2, CH4 emissions averaged 264.3 g/d, slightly higher than seen previously in steers 

with the GF on pasture by Velazco et al., (2016), where CH4 averaged 212 g/day. However, results 

were comparable in gestating beef cows where the GF unit was used on a rotational grazing system, 

with 12 animals per 40 m2 paddocks. In this study, emissions were measured in three trials set over 

early, late, dormant pasture season, resulting in 340, 230, and 190 g/day respectively (Todd et al., 

2019), averaging 253 g/day overall. This very high value of 340 g/day in the early season was 

explained by the authors as the result of selective grazing of high-quality pasture with a high 

digestibility (DMD 65.8 to 69.6%), compared to the late and dormant season in winter and early 

spring (DMD 38.6 to 41.7 %). This pattern likely also occurred in the current study, where greater 
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emissions would be seen in early summer, as higher digestibility results in faster rate of passage, 

and therefore greater emissions (Benchaar et al., 2001). Although emissions in experiment 2 were 

not separated between periods, the resultant average was similar.  

Although the average emission rates of CH4 in g/d were similar to previous observations, total 

visits in experiment 1 that were greater than 3 minutes were 13.3 visits per animal, less than the 

recommended minimum 30 visits to minimize variance (Arthur et al., 2017). Experiment 2 had a 

greater number of visits >3 minutes, with a total of 49.9 per animal. Therefore, in future studies 

involving the GF system, longer trial periods should be used to meet the minimum number of visits 

per animal. Manafiazar et al. (2017) suggested a minimum of 20 visits over 7 to 14 days for optimal 

repeatability and correlation with dry matter intake. A potential strategy for enoucouaging longer 

GF visits is to increase drop frequency, done by Waghorn et al., (2016), who found during their 

GF and diet adaptation period that pellet or bait drop frequency needed to be increased from every 

40 to every 20 seconds to increase visit duration, but as this was during the adaptation period, 

specific information about the degree of increase for visitation and duration is not available. 

Therefore, even for animals trained to use the GF system, measurement periods should be longer 

than one week to ensure adequate visit numbers per animal, or other adjustments should be made 

to frequency of bait drops. 

3.5.3 Feed Efficiency and Emissions 

 The RFI model for experiment one (see appendix) explained 28% of variation in DMI (R2 

= 0.28), and when corrected for gestation associated weight gain (RFIpc) decreased slightly (R2 = 

0.27) (Table 4). This decrease in model fit for pregnancy corrected body weight was observed 

previously by Wood et al. (2014), where the basic model for RFI including BW and ADG had a 
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R2 of 0.236, while pregnancy corrected BW had an R2 of 0.237 and pregnancy corrected ADG 

decreased the R2 to 0.222. The lack of improvement after correcting the model for gestational 

weight gain was proposed by Wood et al. (2014) to possibly be due to the error associated with 

conceptus growth equations from Silvey and Haydock (1978), therefore introducing more 

variation into the RFI model and thus decreasing model goodness-of-fit. In the current 

experiment, the introduction of more variation from the poorly estimated pregnancy weight is 

likely the cause of the reduction in model fit in the current experiment as well.  

Some improvement in the RFI model was found when rump and rib fat depths were 

added to the model, where R2 increased by 4% from the basic RFI model (R2 = 0.32). This value 

was lower than reported previously by Black et al. (2013), where an RFI model including breed, 

ADG, and metabolic BW accounted for 52% of the variation in DMI for beef heifers (R2 = 0.52), 

and 60% of variation in mature cows in a second model which included breed, ADG, energy 

corrected milk production, and change in backfat over the course of the trial. Backfat depth may 

be the most valuable indicators of body composition in mature cows, as other measurements of 

body composition, such as BCS, have not been found to be significantly correlated with 

efficiency, such as by Black et al. (2013), who found that BCS and body weight was not 

significant in the RFI model for 3-year-old beef cows, but instead ADG, energy-corrected milk 

production, and change in backfat were concluded to be the variables that best explains DMI 

variation in beef cows. This was supported by Parsons et al. (2021), where inconsistent 

relationships were found between BCS, age and RFI. In this study, 4-5 and 5–6-year-old cows 

grouped by low and high RFI showed significant correlation with BCS (P=0.02), however this 

did not remain true for 8–9-year-old cows (P>0.24). In the current experiment, BCS was not 

correlated (P > 0.25) with any enteric emissions (Table 8) and excluded from the RFI models as 
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backfat depth can be considered a more accurate estimation of body composition (Black et al., 

2013). Although there was some slight numerical difference between BCS between least to 

greatest RFI (appendix A2), the lack of a visual trend excluded it from the least square means 

analysis. Furthermore, the inherent subjectivity of the measurement means that its use for 

quantifying efficiency measurements is limited. Therefore, incorporating variables such as 

backfat depth and milk production can increase precision of the RFI model. However, measuring 

these variables in beef cows is labor-intensive as well as not always feasible in a production 

environment.  

Least square means analysis of feed efficiency measurements showed that RFI and RFIfat 

group rankings were significantly related to DMI and CH4, which would be expected as the 

difference in CH4 production between low and high RFI animals is mainly attributed to 

differences in DMI (Herd and Arthur 2009; Alemu et al., 2017). Further evidence of the 

relationship between feed intake and CH4 was found by Hegarty et al. (2007) with 40% lower 

intake, and 25% lower CH4 production (g/d) between high and low RFI steers. In the present 

study, the lowest 25% of RFI cows also had 4.2 kg/day lower intake and 35.2 g/day lower CH4 

production compared to the highest RFI quartile, and when RFI was adjusted for backfat, 4.3 

kg/day lower intake and 30.3 g/day lower CH4 production. The strong link between emissions, 

intake, and RFI can therefore indicate that feed intake, and by extension enteric emissions, could 

potentially be the most fundamental indicator of feed efficiency for mature beef cows, as animals 

with lower intake and lower CH4 production overall don’t eat above energy requirements for 

maintenance and gestation (Nkrumah et al., 2006). This is supported by Manafiazar et al. (2020), 

where low RFIfat cows had 13.1% lower feed intake than high RFIfat cows, spent less time 
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feeding, and had fewer visits to the feed bunk. However, care must be taken to ensure selection is 

not biased to animals with smaller intakes due to smaller body weight (Basarab et al., 2003). In 

the current study, DMI and DMI/kg BW0.75 were significant when cows were ranked by RFI and 

RFIfat quartiles, suggesting that intake alone can give an indication of relative feed efficiency in 

forage fed mature beef cows (Tables 9 and 10). This is supported by Fitzsimmons et al. (2013), 

who found a significant relationship between DMI and high, medium, and low RFI values (P = 

0.02), with a 1.98 kg/d difference in dry matter intake between the highest and lowest RFI 

groups for beef heifers.  

Based on the relationship between a cow or heifer’s intake and their relative efficiency 

shown by Manafiazar et al., (2020), and Fitzsimmons et al., (2013), DMI/kg BW0.75 had potential 

to be useful when determining efficiency in mature cows, which was demonstrated in Table 11, 

where least square means analysis of animals ranked by DMI/kg BW0.75 showed a positive 

relationship with RFI and RFIfat (both P < .0001), an expected result, as animals with high 

intakes relative to their bodyweight are less efficient than counterparts with lower intakes 

(Nkrumah et al., 2006). This was also reported by McDonnell et al. (2016), where positive 

numerical trends were observed between DMI and RFI with heifers, but a statistically significant 

relationship with RFI ranking was observed for DMI/kg BW0.75. Therefore, DMI/kg BW0.75 may 

be an effective tool in quantifying relative efficiency; however, weak relationships with enteric 

emissions CH4, CO2 O2, and HPobsv demonstrate that its relevance when utilizing emissions to 

characterize efficiency may be limited, as well as the challenges that accompany monitoring 

intake and weight on pasture for beef cows.  
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The positive relationship between intake and CH4 production can allow for estimation of 

relative efficiency based on CH4 emissions where intake cannot be measured easily. This is 

supported in the current study as when animals were ranked by highest to lowest DMI/kg BW0.75, 

CH4 production (g/day) differed between the highest and lowest quartiles. CH4 had a significant 

linear relationship (P ≤ 0.02) with RFIfat, with separation of the adjusted means, and CO2, while 

adjusted means separated, showed a trend towards a linear relationship (P = 0.06) (Table 10). 

This is consistent with previous work using RFIfat, such as by Manafiazar et al. (2020), who 

found residual feed intake adjusted for backfat depth had significant relationships with CH4 and 

CO2 emissions. The authors found low RFIfat cows produced 3.7% less CH4 (g/d) and 3.4% less 

CO2, in 139 mature beef cows were divided into high and low RFI adjusted for backfat. A 

strength in this study was the exponentially greater visits than the current experiment, nearly 

12,000 total (average 2.4/day) with the GF unit continuously available for each 72-to-86-day 

measurement period. In the current experiment, the relatively short emission measurement 

periods of one week and low number of visits per day compared to previous studies may have 

impacted the relationships between these traits (Manafiazar et al., 2010, Caetano et al., 2017). 

Therefore, the basic RFI model is not an effective measurement in predicting feed 

efficiency in mature beef cows, demonstrated by the poor model fit for both RFI and RFI 

adjusted for backfat depth, as well as the lack of significant differences between RFIfat group and 

CH4 and CO2, where in previous work, incorporating variables such as backfat and milk 

production increased the precision of the RFI model.  In addition to this, enteric emissions may 

be valuable in differentiating efficiency for mature beef cows, but more work on the relationship 
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between body composition, enteric gas measurements, and feed efficiency throughout the life 

stages of cows must be done.  

3.5.4 Indirect Calorimetry 

Differences in efficiency are based on variation in energy partitioning, where energy 

retention between individuals differs due to energy losses as CH4 during rumination, HP during 

metabolism and in feces and urinary excretion. Validation of the HPobsv calculation in the current 

experiment can be seen in Table 8, where there were moderate positive correlations (0.45 and 

0.63, both P ≤.0001) between HPobsv and DMI and BW0.75. This was also demonstrated by 

Guinguina et al., (2021), who estimated heat production with the GF, and found that in dairy 

cows, heat production increased linearly along with CH4, GEI, and week of lactation. Therefore, 

animals with higher intakes and larger body weight lose more heat energy during metabolism 

(Pereira et al., 2015). This is also demonstrated with previous work in steers with RFI and HP 

under both ad libitum and restricted feeding regimes, where low RFI steers had 9.1 % and 20.0 

% lower HP respectively (P = 0.001) (Andreini, et al., 2020).  

In the current study, HP calculated from the GF gas emissions (HPobsv) was 22.4 

Mcal/day in experiment 1 and 21.6 Mcal/day in experiment 2, similar to values previously 

reported in the literature with steers, where HP was 20.0 Mcal/day (Caetano et al., 2017), but 

much lower than the 28.4 and 27.7 Mcal/day reported for dairy cows fed isocaloric TMR’s 

including cereal grain or by products respectively (Guinguina et al., 2021). While there were 

nonsignificant numerical decreases in HPobsv with decreasing cow efficiency in the current study, 

more data from greater numbers of visits to the GF stations may improve the relationship versus 

the weak correlation observed in the current study.  
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HPresid, the estimated HPpred from intake compared to actual HPobsv calculated from gas 

emissions has potential for quantifying the differences in efficiency in beef cows, where efficient 

animals would have lower HPobsv than the estimated or HPpred from intake. HPpred is calculated 

from the predicted intake based on body weight and net energy requirements while HPobsv is 

from actual expired gases. Therefore, if the animal eats more than their predicted requirements 

for maintenance and gestation, their HPobsv would be higher than HP pred, demonstrating that 

HPresid may also be an indicator of an individual animal’s efficiency. This was found in Table 12, 

where HPresid rank showed significant relationships between groups for DMI, BW0.75, CO2, O2, 

RFIfat, DMI/kgBW0.75 and MEI. This provides valuable insight that HPresid is significantly related 

with an individual animal’s intake, enteric emissions, and potentially metabolic efficiency, as 

this measurement can estimate variation between animals in actual energy lost as heat compared 

to predicted based on body weight. This is supported by Nkrumah et al. (2006), where the 

authors state that differences in conversion of gross energy intake to metabolizable energy 

available to the animal comes down to individual differences in comparative digestibility and 

fermentation of feed, energy lost as heat, feces, and urine. This has also been observed in beef 

steers by Basarab et al. (2003), who found that animals classified as low-RFI had 4.5% lower HP 

than high RFI steers.  

When comparing HPresid and HPresidrqcon, most variables remained significantly different 

between groups (P ≤ 0.05), however HPresidRQcon groups showed significant difference between 

groups and no adjusted mean separation for CH4 and CO2, unlike HPresid. Therefore, using a 

constant for RQ may reduce variation captured between individuals and not improve on the 

HPresid measurement. This is supported by Guinguina et al. (2021), who found that in dairy cows, 
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RQ was significantly affected by week of lactation which reflects the change in metabolism with 

an increase in fat mobilization to meet the peak metabolic requirements of early lactation, which 

suggests that using a constant for RQ could be inaccurate when estimating whole animal 

metabolism. Using the true respiratory quotient is important for capturing the changes in 

metabolic cows in early lactation, where energy requirements are highest and cannot be met by 

energy intake alone.  This results in fat stores being mobilized, which increases metabolism of 

ketone bodies, thus decreasing RQ with a RQ of 0.9 for beta hydroxybutyrate metabolism as 

compared to the RQ of 1.0 for glucose or acetate (Cherepanov et al., 2010). This is supported by 

Derno et al. (2019), where dairy cows identified as efficient had lower metabolic CO2 production 

than inefficient counterparts 5 weeks postpartum (4,382 L versus 4,823 L CO2/day) and a trend 

for a lower RQ (0.81 versus 0.84), despite similar metabolic BW and energy corrected milk 

production. Although beef cows are under less metabolic demand than high producing dairy 

cows, energy balance will change in a similar fashion during pregnancy and lactation (Freetly et 

al., 2006), and therefore HPobsv calculated from the actual RQ value from the GF system is 

beneficial when characterizing metabolic efficiency in mature cows throughout the different 

stages of gestation and lactation. Extrapolating RQ values from studies with varying diets, 

breeds, and physiological states could fail to capture specific metabolic conditions the animals 

are under, particularly when quantifying differences in metabolism between animals. Therefore, 

consideration must be made for what value is chosen for RQ. In the current experiment, the 

average of all RQ values from the herd was used as RQ to calculate HPpred, however, previous 

studies such as Caetano et al. (2017), a value of 0.85 was assumed for beef heifers based on 

previous work investigating metabolism in bulls (Junghans et al., 2006). Using a value not 

representative of the metabolic state or physiology of the animals under investigation can 
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misrepresent the true heat production (Guinguina et al., 2020). Overall, despite the lack of 

correlation of RQ between dry lot and pasture, there may be some benefit in using the RQ 

calculated using GF emission data to calculate HPobsv.  

Therefore, more research is needed to determine if a constant or individual specific RQ 

should be used, but the current study suggests a constant for RQ to calculate HPresid demonstrates 

worsening of the HPresid calculation, through changes in P- values between HPresid and enteric 

emissions, MEI, and traditional measurements of feed efficiency. Overall, the potential for 

HPresid to be indicative of metabolic efficiency was reflected in the significant positive linear 

relationship (P ≤ 0.05) to DMI, BW0.75, CH4 and DMI/kg BW0.75. HPobsv can accurately reflect 

the metabolic demands of an animal and potentially differences in how efficiency energy is 

utilized (Basarab et al., 2003), and therefore, HPresid may be a good indicator of feed efficiency in 

mature beef cows.  

3.5.5 Dry Lot versus Pasture 

Spearman correlation coefficients of enteric emissions CH4, O2, CO2 in g/day, HPobsv and 

BW0.75 (Table 14) showed weak but significant relationships between the dry lot and the pasture 

trials, which shows that emission measurements of CH4, CO2, O2, and HPobsv in the dry lot may 

be similar to these emissions on pasture (P ≤ 0.02). As both the dry lot and pasture experiments 

were high forage rations, they likely better reflect individual cow differences in fibre digestibility 

and efficiency, rather than major differences in diet (i.e., grain vs forage). Digestibility of the diet 

is a major factor affecting CH4 emissions between different types of forage diets, where greater 

organic matter digestibility will increase intake and total CH4 emissions (Kennedy and 
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Charmley, 2012; Escobar-Bahamondes et al., 2017), and in dairy, decrease CH4 yield per unit of 

feed (van Gastelen et al., 2019). In the present experiment, the analysis of the TMR and pasture 

(Tables 1 and 2) shows similar TDN values (56.6 and 55.3 % respectively), and therefore some 

correlation in emissions between the dry-lot and pasture would be expected. However, the 

reliability of intake between efficiency ranking on dry lot and pasture has shown to be 

inconsistent in previous studies (Meyer et al., 2008, Jones et al., 2011), mainly due to the 

challenges accompanied with estimating intake on pasture. For example, Meyer et al. (2008) 

classified heifers by RFI and then monitored the cow intakes on pasture post calving and found 

no differences in intake between high and low RFI groups. This is likely due to the inaccuracy of 

pasture intake estimation, as pre- and post-grazing samples collected are constrained by the 

inability to measure individual intake, as well as the imprecise nature of spot sampling a larger 

pasture. Due to these reasons, this analysis was excluded from the present experiment and is 

discussed in Conlin (2020), where DMI was calculated from average biomass pre-grazing from 

post-grazing biomass, divided by the number of cow calf pairs and the days spent grazing. More 

costly and labor-intensive methods for estimating intakes on pasture, such as the double alkane 

method, has been demonstrated in heifers to be effective by Manafiazar et al. (2015) in 

distinguishing differences in DMI. The double alkane method comprises of animals dosed with 

n-alkane marked pellets and then fecal samples analyzed for the ratio of external or dosed 

alkanes to naturally occurring alkanes from pasture. Manafiazar et al. (2015) found DMI/day 

intake for low RFIfat heifers were consistently lower than intake of high RFI heifers in both the 

dry lot and on pasture. In this study, beef heifers were ranked by RFI under dry-lot conditions 

fed a TMR consisting of barley silage and steam-rolled barley, and in the second study, a brome 

grass pasture. The authors found that heifers classified as low RFIfat in the dry lot consumed 
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5.3% less forage in DMI/day and 5.1% less with intake expressed as a percentage of BW on 

pasture than high RFI heifers. This data suggests that this relationship is consistent with the 

present study, as CH4 emissions were significantly correlated with DMI. Additionally, as the 

double alkane method is costly and labor-intensive method for intake on pasture, the possibility 

of using enteric emissions to estimate intake or energy balance may be a solution for estimating 

intake or metabolic efficiency on pasture.  

In the current experiment, RQ was not correlated between dry lot and pasture, whereas 

gas emissions CH4, CO2, O2, HPobsv were weakly but significantly correlated (r =0.335 to 

r=0.446, P ≤ 0.05) between the two experiments. RQ may not be significantly related between 

the dry lot and pasture experiments due to the inconsistent ratio between O2 and CO2 emissions 

due to metabolic changes associated with gestation and lactation. In addition to this, the CO2 

measurements originating from ruminal fermentation would change depending on when the 

animal had last consumed feed. As GF visit numbers for these experiments were less than 

recommended by Arthur et al. (2017), variation due to diurnal changes and feeding pattern could 

have contributed to the dissimilarity in RQ.  

Since there are at least moderate relationships between CH4 emissions and DMI in dry lot 

fed cows, it is likely that pasture feed intake and efficiency patterns remain consistent across 

management regimes when cows go to pasture. Therefore, using the GF system to measure CH4 

or HPobsv may provide valuable estimates of intake, CH4 emission or HP, and derived from that, 

relative efficiency of mature cows on pasture. HPobsv is affected by different environmental 

conditions and physiological state, and so the importance of collecting more data is crucial to 
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gather information that is accurate for different production environments (Black et al., 2013), 

such as in the current experiment to examine differences between dry lot and pasture. This was 

seen in the current experiment that although HPobsv remained correlated between the dry lot and 

pasture, RQ was strongly impacted by the different environments and physiological states. 
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CHAPTER 4. OVERALL CONCLUSIONS 

The objectives set out in this experiment were to (1) evaluate the relationship between 

enteric gas emissions and energy balance measurements with animals ranked by traditional 

methods of feed efficiency, and (2) determine the correlation between gas emissions and energy 

balance measurements in dry lot and on pasture. The hypothesis that animals with low RFI 

ranking would have lower DMI, DMI/kg BW0.75, and CH4 production proved true, although the 

proposition that a stronger relationship would be seen when RFI was adjusted for backfat was 

only partially true, as the R2
 value only slightly increased, contrary to previous studies (Basarab 

et al., 2003; Manafiazar et al., 2020). Overall, RFI was not an effective measure of efficiency in 

mature animals, demonstrated by poor model performance. However, HPresid could be an 

indicator of efficiency, due to the significant relationships (P ≤ 0.05) with DMI,  BW0.75, DMI/kg 

BW0.75, CO2, and MEI. HPresid was found to be the best indicator of efficiency from the variables 

tested, due to the significant relationships (P ≤ 0.05) with physical measurements and enteric 

emissions. Using the averaged RQ from the herd demonstrated that HPresidRQcon may be effective 

for HPobsv, rather than individual RQ, however this may exclude variation in metabolic efficiency 

between animals. Further research therefore must be done to determine if the true individual RQ 

value should be used for HPobsv calculations. 

The moderate correlation between emissions in the dry lot and pasture is vitally 

important, as beef cows spend most of their production cycle on pasture-based systems.  

However, the difficulty in obtaining efficiency and CH4 emission measurements on pasture is 

very technically challenging. Selecting for these animals could improve efficiency of production 

and reduce CH4 emissions.  
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4.1 IMPLICATIONS 

Selecting for efficient animals is imperative for decreasing CH4 emissions and improving 

the profitability of beef production. The selection for improved efficiency in beef cows should 

result in animals that consume less feed and produce less enteric CH4 emissions while 

maintaining production and body size. Selecting for RFI can achieve this; however, the current 

study, along with others (Jones et al., 2011; Black et al., 2013; Wood et al., 2014) have 

demonstrated that predicted intake is not well estimated by regression in mature beef cattle, and 

therefore may not be an effective indicator of efficiency. Estimation of feed efficiency in mature 

beef cows is very important as previous research has shown that RFI classification of heifers is 

not dependable for predicting their efficiency as mature cows (Parsons et al., 2021).  

Traditionally used feed efficiency measurements such as residual feed intake have shown 

improvement for quantifying feed efficiency in mature cows when corrected for backfat depth. 

However, shown the current study, the low model fit for RFI, RFIpc and RFIfat (R2 = 0.28, 0.27 

and 0.32 respectively), demonstrated that RFI, RFIpc and RFIfat rank, and DMI/kgBW0.75 are not 

the ideal ways to quantify mature animal efficiency. Due to the well documented positive 

relationship between enteric CH4 emissions and intake, as well as the results in the current 

experiment, enteric emissions CH4, as well as HPobsv, and MEI could be an indicator of feed 

efficiency.  

This research has contributed novel data for using actual RQ values, whereas constants 

have been used in previous research. This allows for more variation in energy partitioning 

between individuals to be captured. Using actual RQ values for each individual cow was a 

unique aspect of the present study and gives important information about the metabolic state for 
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each individual animal and could increase specificity of the HPobsv calculation.  In addition to 

this, when cows were ranked by HPresid, significant relationships between group were found with 

CO2, O2, DMI, BW0.75, DMI/kg BW0.75 and MEI. This shows promising results that may be a 

future way to identify metabolic efficiency of mature cows.  

The efficiency of an animal can vary across different diets and environments as well as 

across time, with increasing animal age. Therefore, consistency of rankings across different diets 

when efficiency is quantified as an adult is of the utmost interest. The results from this study 

showed weak but significant correlation between enteric gas emissions in g/day and HPobsv from 

the dry lot and on pasture, showing consistency between metabolic efficiency in both 

environments. This is important as beef cows spend most of their production cycle on pasture-

based systems, and traditional efficiency and CH4 emission measurements on pasture is very 

technically challenging and gaseous emissions may be a solution to quantify relative efficiency.  
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4.2 FUTURE RESEARCH  

The rising concern with reducing GHG emissions from the beef production sector will 

continue to drive the need for CH4 mitigation along with the challenge for maintaining 

profitability. To reduce emissions sourced from the cow herd, identifying, and selecting for 

efficient animals is needed, but quantifying differences in efficiency between cows accurately 

and consistently remains challenging. This is because metabolic efficiency can change with stage 

of production, age and across different diets. More research should be done between different 

environments to ensure the repeatability of enteric emissions and efficiency. Our data suggests 

that enteric emissions stay consistent through the dry lot and on pasture, and so further research 

should investigate variation in enteric emissions between different environments and across 

diets. In addition to this, further investigations for improving the RFI prediction model are 

needed, including research on adding components to the RFI model including traits such as 

backfat depth and energy balance to be able to consistently identify efficient animals and 

improve R2 in DMI prediction.  

Promising results were shown for HPresid to depict metabolic efficiency between animals, and 

so more research should be done to determine if this finding is applicable across multiple 

environments and diets. As well, there was some difference in using a constant RQ compared to 

actual RQ, and further investigation should be done to determine if this distinction is important 

in estimating true metabolic efficiency. Although traits such as HPobsv and RQ, based on indirect 

calorimetry are of interest, more research is needed and HPresid  may be used to better quantify 

metabolic efficiency in mature beef cows. Consequently, as a potential new way to select for 

animals, any negative impact of selecting for HPresid on other production traits are needed to 
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ensure selection for these traits does not cause undesirable attributes to become prevalent, such 

as smaller body size or poor production qualities. 

Further research should also be done on the changes across a beef cow’s lifespan and 

different stages of production over time in older cows. These may include measuring more 

production traits such milk production and lifetime calf productivity, as well as relationships 

with CH4 and ranked efficiency. In addition to this, future studies using the GF trailers should 

increase the duration of time that animals have the GF system available to them. In the current 

study, some individuals were consistently poor users of the system, even though animals were 

trained to use the GF system prior to the study.  

Overall, the present experiment demonstrated that enteric emissions and energy balance can 

effectively be measured in mature beef cows, and preliminary findings demonstrate that 

emissions are correlated across the dry lot and pasture. Therefore, further research into cow 

efficiency using gas emissions could have great success in the future.  
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4.3 TABLES 

 

Table 1. Experiment 1. Total Mixed Ration Composition 

Ingredient, % as fed basis MeanY 
Haylage 50 
Wheat Straw 30 
Corn Silage 17 
Mineral Premix 3 
Composition, DM basis  
Dry Matter (%) 98.55 
TDN (%) 56.65 
Metabolizable Energyz (Mcal kg-1) 1.35 
Crude Protein (%) 12.76 
Calcium (%) 1.06 
Phosphorus (%) 0.34 
Acid Detergent Fibre (%) 36.40 
Neutral Detergent Fibre (%) 51.91 
Ash (%) 8.12 
Y Samples of the total mixed ration were collected weekly, pooled 
between two weeks, dried for 72 hours at 50ºC and frozen (n = 6). 
Z Metabolizable energy (ME), Mcal kg-1 DM = (TDN %/100) × 4.4 
Mcal kg-1 TDN × 4.184 Mcal DE Mcal-1 × 0.82 Mcal ME Mcal-1 DE 
(NRC 2006) 

 

Table 2. Experiment 2. Pasture Composition 

Composition, DM basis Meanz 
Dry Matter (%) 41.8 
TDN (%) 55.3 
Crude Protein (%) 15.2 
Calcium (%) 0.75 
Phosphorus (%) 0.28 
Acid Detergent Fibre (%) 41.3 
Neutral Detergent Fibre (%) 59.2 
Ash (%)    8.74 
Z Samples of the pasture were collected every three days from each 
paddock, dried for 72 hours at 50ºC and frozen (n = 64).   
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Table 3. TMR and Pasture Analyses 

Nutrient Assay Reference 
Nitrogen Combustion with a LECO FP628 nitrogen analyzer (AOAC 90.3) 

Crude protein Nitrogen content multiplied by 6.25  

NDF Ankom 200 using Ankom Method 5 (AOAC  73.18) 

ADF Ankom 200 using Ankom Method 6 (AOAC 2002.04) 

Lignin ADF residue and sulfuric acid (H2SO4)  

Crude fat Ankom XT15, which uses a high temperature solvent 
(petroleum ether) extraction of fat 

(AOAC 920.39) 

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

(AOAC 996.11) 

Ash Blue M Electric programmable asher where samples 
were ashed at 550ºC for 3 hours  

(AOAC 942.05) 

Minerals (Ca, 
P, K, S, Mg, 
Na, C, Fe, 
Mn, and Zn) 

 
 
Aquaregia digestion, inductively couple plasma, and 
atomic emission spectroscopy.  
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Table 4. Summary of feed intake and animal measurements, Experiment 1.  

Animal Measurements w Mean SD Min Max 
DMI (kg/day) 15.2 2.1 10.5 22.2 
MEI (Mcal/day) 35.6 5.7 24.3 52.7 
BW start (kg) 734.3 86.9 553 618 
BW end (kg) 806.9 87.5 618 980.5 
Midpoint BW (kg) 772.2 87.2 587.4 955.6 
    ADG (kg) 1.1 0.3 0.6 2.1 
    DMIpred y (kg/day) 15.6 1.3 12.9 18.5 
BCSz Start 3.2 0.6 1.5 4 
BCS End  3.7 0.8 1.5 5 
BCS average 3.4 0.6 1.5 4.5 
Change in rump fat (mm) 3.6 2.4 -1.7 9.5 
Rump fat average (mm) 18.1 7.1 5.5 36.9 
Change in rib fat(mm) 2.6 7.4 -2.0 7.4 
Rib fat average (mm) 13.5 4.6 3.8 28.6 
midBWpc (kg) 737.9 85.9 559.2 906.1 
    ADGpc (kg) 0.7 0.3 0.2 1.9 
    DMIpcpred (kg) 15.7 1.2 12.9 18.0 
RFI 0.00 2.0 -4.0 6.7 
RFIpc

y 0.00 1.9 -4.2 7.3 
RFIfat 0.00 1.8 -4.5 6.4 
w DMI (dry matter intake), MEI (Metabolizable energy intake), BW (body weight), ADG, (average daily gain), DMIpred 
(predicted dry matter intake with regression), BCS (Body Condition Score, pcmidBW (pregnancy corrected midpoint 
bodyweight calculated with regression, pcADG (pregnancy correct average daily gain), pcDMIpred (predicted DMI with 
pregnancy corrected body weight, RFI (residual feed intake), RFIpc (residual feed intake, pregnancy corrected body weight), 
RFIfat (residual feed intake adjusted for backfat depth). 
x Metabolic weight calculated by midBW0.75 
y DMIpred for RFI R2 = 0.28, RFIpc R2= 0.27 and RFIfat R2 = 0.32. 
z Body Condition Score assessed as a score of 1 to 5. 
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Table 5. Summary of animal measurements, Experiment 2.  

Cow Measurements x Mean SD Min Max 
BW start (kg) 691 73.4 538 812 
BW end (kg) 690 72.4 529 826 
Midpoint BW (kg) 690 72.6 533 819 
    ADG (kg) 0.13 0.40 -0.93 0.97 
    DMIpred (kg/day) 9.5 72.6 12.9 18.5 
BCS y Start 3.4 0.70 1.5 5 
BCS End 3.4 1.00 1.1 5 
BCS average 3.4 0.80 1.1 5 
Calf Measurements z     
BW start (kg) 140 21.6 85 192 
BW end (kg) 296 30 239 370 
Midpoint BW (kg) 218 25 169 281 
    ADG (kg) 1.4 0.1 1.0 1.6 
x BW (body weight), ADG, (average daily gain), DMIpred (predicted dry matter intake with regression), BCS (Body 
Condition Score). 
y Body Condition Score assessed as a score of 1 to 5.  
z Calves, 37 Female, 27 male.  

 

 

  



  

 

57 

 

Table 6. GreenFeed Gas Emission Measurements, Experiment 1.  

Itemv Mean SD Min Max 
Visits per animal, total w  13.5 2.8 3 19 
Visits per animal, period 8.3 10.2 0 42 
CH4     
  g/d 277.0 36.7 178.9 338.8 
  g/kg DMI 17.1 2.4 10.9 22.1 
  g/kg BW0.75 1.8 0.21 1.4 2.3 
CO2     
  g/d 9991.6 982.7 7786.5 12557.3 
  g/kg DMI 656.4 87.5   422.5 885.2 
  g/kg BW0.75 68.4 5.6 58.9 83.3 
O2     
  g/d 7101.6 744.2 5490.4 9063.5 
  g/kg DMI 460.9 65.0 303.0 614.7 
  g/kg BW0.75 48.6 4.1 41.0 58.8 
RQx 1.024 0.03 0.95 1.1 
HPobsv (Mcal/day)y 22.4 2.3 17.4 28.5 
HPpred (Mcal/day)z 32.9 3.5 25.6 42.7 
v CH4 (Methane), DMI (Dry Matter Intake), BW0.75 (metabolic body weight), CO2 (carbon 
dioxide), O2 (Oxygen), RQ (respiratory quotient), HPobsv (heat production, observed), HPpred 
(heat production, predicted).  
w Total visits in experiment 1. Visits less than 3 minutes were excluded from the dataset 
x  RQ = (CO2 / 44.01) / (O2 / 31.99), CV =0.10. 
y (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000.  
z (Equation 10) HPpred = MEI – (DMI-FFM) x NEma for lactating and dry cows.  
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Table 7. GreenFeed Gas Emission Measurements Experiment 2.  
Itemw Mean SD Min Max 
Visits per animal, total x 49.9 28.4 3 110 
Visits per animal, per period 9.9 8.5 0 32 
CH4     
  g/d 264.3 31.6 200.9 344.3 
  g/kg BW0.75 2.0 0.3 1.4 2.6 
CO2     
  g/d 9619.6 871.1 8115.0 12100.3 
  g/kg BW0.75 72.0 7.3 56.8 89.0 
O2     
  g/d 6834.5 676.3 5613.7 5636.5 
  g/kg BW0.75 51.1 5.4 40.4 65.5 
RQy 1.025 0.04 0.89 1.15 
HPobsv (Mcal/day)z 21.6 2.1 17.9 27.0 
w CH4 (Methane), BW0.75 (metabolic body weight), CO2 (carbon dioxide), O2 (Oxygen), RQ 
(respiratory quotient), HPobsv (heat production) and MEI (Metabolizable energy intake).  
x Total visits in experiment 2. Visits less than 3 minutes were excluded from the dataset. 
y  RQ = (CO2 / 44.01) / (O2 / 31.99), CV =0.10.  
z (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
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Table 8. Pearson Correlation coefficientsw between emissions and animal traits in Experiment 1 and 2. 

Itemv CH4 (g/d) CH4 (g/kg 
DMI) 

CH4 (g/kg 
BW0.75) 

CO2 (g/d) O2 (g/d) RQ HP (Mcal/d) 

Experiment 1        
DMI (kg/d) 0.47 -0.42 0.19 0.47 0.45 -0.02 0.45 
BW0.75 x (kg) 0.52 -0.06 -0.10 0.62 0.63 -0.17 0.63 
BCSy 0.20 0.10 -0.18 0.20 0.20 -0.06 0.20 
RFI 0.34 -0.51 0.29 0.17 0.17 0.21 0.18 
RFIpc 0.29 -0.42 0.26 0.20 0.20 0.02 0.21 
RFIfat 0.22 -0.62 0.25 0.06 0.06 0.24 0.08 
Gain to Feed 0.04 -0.32 -0.16 0.09 0.09 -0.01 0.10 
MEI z 

(Mcal/day) 0.47 -0.42 0.19 0.46 0.45 -0.02 0.45 
Experiment 2        
BW0.75x (kg) 0.16 - -0.45 0.28 0.31 -0.18 0.30 
BCSy 0.01 - -0.37 0.16 -0.18 -0.12 0.18 
v DMI (dry matter intake), BW0.75 (metabolic body weight), BCS (Body Condition Score), RFI (residual feed intake), RFIpc (residual feed intake, pregnancy corrected body 
weight), RFIfat (residual feed intake adjusted for backfat depth), and MEI (Metabolizable energy intake). 
w PROC CORR, Pearson Correlation coefficients between variables, if significantly (P≤ 0.05) different from 0, values are in bold lettering.  
x Metabolic weight calculated by midBW0.75 
y Body Condition Score assessed as a score of 1 to 5, averaged over experiment 1. 
z Metabolizable energy intake includes concentrate intake from the GreenFeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 100) × 4.4 Mcal kg-1 TDN} × 
4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE. 
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Table 9. Least-Square means of RFI quartile of the population, Experiment 1.  

 RFI Rank Group x    P-Values  

Itemw 1 2 3 4 SE Pr > F 1 vs 4 Linear Quadratic 

DMI (kg/d) 13.5c 14.9bc 15.5b 17.7a 0.52 <.0001 <.0001 <.0001 0.4413 

BW0.75 (kg) 148.9 143.0 142.5 150.8 3.16 0.1634 0.6726 0.7121 0.0276 

DMI/kg BW0.75(kg) 0.09c 0.104b 0.109b 0.117a 0.003 <.0001 <.0001 <.0001 0.3477 

CH4 (g/d) 250.5b 258.7b 259.6b 285.7a 8.9 0.0415 0.0073 0.0100 0.3180 

CO2 (g/d) 9873b 9741b 9735b 10617a 245 0.0404 0.0367 0.0476 0.0434 

O2 (g/d) 7128ab 6928ab 6899b 7451a 192.4 0.1677 0.2401 0.2793 0.0555 

RQ 1.008b 1.023ab 1.027ab 1.038a 0.007 0.0418 0.0049 0.0058 0.7664 

HPobsv (Mcal/day) y 22.4ab 21.9b 21.8b 23.6a 0.59 0.1265 0.1646 0.1962 0.0512 

MEI (Mcal/day)z 31.2c 34.4bc 35.8b 40.9a 1.2 <.0001 <.0001 <.0001 0.4413 
wDMI (dry matter intake), BW0.75 (metabolic body weight), DMI/kg BW0.75 (dry matter intake per kg metabolic body weight), CH4 (Methane), 
CO2 (carbon dioxide), O2 (Oxygen), and MEI (Metabolizable energy intake). 
x Animals divided into quartiles (15 animals per group) from lowest RFI (most efficient) to highest (least efficient). Highest versus lowest groups  
(1 vs 4), linear and quadratic analyses with contrast statements.  
y Heat Production calculated per (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
z Metabolizable energy intake includes concentrate intake from the GreenFeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 
100) × 4.4 Mcal kg-1 TDN} × 4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE.  
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Table 10. Least-Square means of RFIfat quartile of the population, Experiment 1. 

 RFIfat Rank Group x    P-Values  

Itemw 1 2 3 4 SE Pr >F 1 vs 4 Linear Quadratic 

DMI (kg/d) 13.4c 15.0b 15.4b 17.7a 0.51 <.0001 <.0001 <.0001 0.5180 

BW0.75 (kg) 147.0 144.5 144.9 148.8 3.3 0.7687 0.6940 0.6865 0.3288 

DMI/kg BW0.75 0.091c 0.104b 0.107b 0.119a 0.003 <.0001 <.0001 <.0001 0.9784 

CH4 (g/d) 248.5b 258.2ab 269.0ab 278.8a 9.1 0.1137 0.0223 0.0156 0.9921 

CO2 (g/d) 9848ab 9658b 10037ab 10424a 253 0.1836 0.1129 0.0678 0.2593 

O2 (g/d) 7051 6953 7067 7335 198 0.5647 0.3140 0.2792 0.3583 

RQ 1.017ab 1.011b 1.034a 1.350a 0.007 0.0575 0.0809 0.0216 0.6479 

HPobsv (Mcal/day)y 22.2 21.9 22.4 23.2 0.61 0.4632 0.2528 0.2086 0.3315 

MEI (Mcal/day)z 31.0c 34.6b 35.7b 40.9a 1.18 <.0001 <.0001 <.0001 0.5180 
w DMI (Dry matter Intake), BW0.75 (Metabolic body weight), DMI/kg BW0.75 (Dry matter intake per kg metabolic body weight), CH4 (Methane), CO2 

(carbon dioxide), O2 (oxygen), RQ (respiratory quotient), HPobsv (heat production, observed), and MEI (Metabolizable energy intake). 
x Animals divided into quartiles (15 animals per group) from lowest RFIfat (most efficient) to highest (least efficient). Highest versus lowest groups  
(1 vs 4), linear and quadratic analyses with contrast statements. 
y Heat Production (observed) calculated per (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
z Metabolizable energy intake includes concentrate intake from the GreenFeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 100) 
× 4.4 Mcal kg-1 TDN} × 4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE.  
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Table 11. Least-Square means of DMI/kg BW0.75 quartile of the population, Experiment 1. 

 DMI/kg BW0.75 Rank Groupx  P-Values 

Itemw 1 2 3 4 SE Pr >F 1 vs 4 Linear Quadratic 

DMI (kg/d) 13.1d 14.4c 15.8b 18.2a 0.42 <.0001 <.0001 <.0001 0.1803 

BW0.75(kg) 147.9 143.6 146.9 146.8 3.28 0.8050 0.8071 0.9960 0.5268 

CH4 (g/d) 251.4 259.2 267.9 275.9 9.28 0.2802 0.0668 0.0524 0.9888 

CO2 (g/d) 9919 9658 10011 10378 255.2 0.2640 0.2085 0.1351 0.2245 

O2 (g/d) 7137 6849 7084 7336 195.8 0.3787 0.4750 0.3459 0.1729 

RQ 1.011 1.027 1.028 1.031 0.0076 0.2674 0.0746 0.0841 0.3939 

RFI -1.85c -0.73c 0.63b 2.01a 0.4039 <.0001 <.0001 <.0001 0.7468 

RFIfat -1.30d -0.16c 0.89b 2.47a 0.3314 <.0001 <.0001 <.0001 0.5231 

HPobsv (Mcal/day)y 22.5 21.7 22.4 23.2 0.603 0.3516 0.3990 0.2822 0.1809 

MEI (Mcal/day)z 30.3d 33.3c 36.5b 42.1a 0.9699 <.0001 <.0001 <.0001 0.1803 
x Animals divided into quartiles (15 animals per group) from lowest DMI/kgBW0.75 (most efficient) to highest (least efficient). Highest versus lowest groups  (1 
vs 4), linear and quadratic analyses with contrast statements. 
y Heat Production calculated per (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
z Metabolizable energy intake includes concentrate intake from the GreenFeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 100) × 4.4 Mcal 
kg-1 TDN} × 4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE. 
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Table 12. Least-Square means of HPresid quartile of the population, Experiment 1. 

 HPresid Rank Group x  P-Values 

Item 1 2 3 4 SE Pr >F 1 vs 4 Linear Quadratic 

DMI (kg/d) 13.3b 14.4b 16.4a 17.4a 0.495 <.0001 <.0001 <.0001 0.8759 
BW0.75(kg) 138.8c 143.9bc 153.7a 148.9ab 2.95 0.0053 0.0188 0.0036 0.1011 
CH4 (g/d) 261.6ab 258.6ab 282.5a 251.8b 9.09 0.1084 0.4463 0.8881 0.1331 
CO2 (g/d) 10005ab 9789b 10619a 9553b 242.2 0.0196 0.1926 0.6301 0.0847 
O2 (g/d) 7135ab 6984b 7536a 6751b 186 0.0323 0.1505 0.4747 0.0943 
RQ 1.0202 1.0199 1.0258 1.0302 0.008 0.7517 0.3688 0.3070 0.7616 
RFI -0.653b -0.579ab 0.372ab 0.920a 0.531 0.1156 0.0408 0.0204 0.6575 
RFIfat -0.331b -0.175b 0.819ab 1.589a 0.452 0.0123 0.0040 0.0015 0.5000 
DMI/kg BW 0.75 

(kg) 
0.091c 0.101bc 0.107b 0.117a 0.003 <.0001 <.0001 <.0001 0.4317 

MEIz 30.7b 33.3b 38.0a 40.2a 1.15 <.0001 <.0001 <.0001 0.8759 
x Animals divided into quartiles (15 animals per group), where Rank 1 is lowest to highest HPresid value (most efficient to least). Lowest versus 
highest groups  (1 vs 4), linear and quadratic analyses with contrast statements. Residual Heat Production calculated by subtracting (Equation 10) 
HPpred = MEI – (DMI-FFM) from (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
 z Metabolizable energy intake includes concentrate intake from the GreenFeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 
100) × 4.4 Mcal kg-1 TDN} × 4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE.  
 

 

 

 

  



  

 

64 

 

Table 13. Least-Square means of HPresidRQcon quartile of the population, Experiment 1. 

 HPresidRQcon Rank Group x  P-Values 

Item 1 2 3 4 SE Pr >F 1 vs 4 Linear Quadratic 

DMI (kg/d) 13.3c 14.8b 15.8b 17.5a 0.511 <.0001 <.0001 <.0001 0.8868 
BW0.75(kg) 138.8c 143.29bc 154.1a 149.1ab 2.9 0.0030 0.0159 0.0024 0.1092 
CH4 (g/d) 261.6 265.1 276.8 250.9 9.3 0.2737 0.4162 0.6222 0.1176 
CO2 (g/d) 10005 10016 10330 9616 255.5 0.2805 0.2862 0.4584 0.1615 
O2 (g/d) 7135b 7047ab 6816b 7408a 193 0.1990 0.2480 0.4932 0.1974 
RQ 1.020 1.034 1.014 1.023 0.008 0.3024 0.4892 0.9282 0.9894 
RFI -0.65b -0.045ab -0.304ab 1.07a 0.533 0.1327 0.0263 0.0443 0.4755 
RFIfat -0.33b 0.40b 0.15b 1.69a 0.455 0.0187 0.0027 0.0060 0.3717 
DMI/kg BW 0.75 (kg) 0.106b 0.104b 0.103b 0.118a 0.003 <.0001 <.0001 <.0001 0.2969 
MEIz 30.7c 34.3b 36.6b 40.6a 1.18 <.0001 <.0001 <.0001 0.8868 
x Animals divided into quartiles (15 animals per group), where Rank 1 is lowest to highest HPresidRQcon value (most efficient to least). Lowest versus 
highest groups (1 vs 4), linear and quadratic analyses with contrast statements. Residual Heat Production calculated by subtracting (Equation 10) 
HPpred = MEI – (DMI-FFM) from (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000, using 1.00 as RQ.  
z Metabolizable energy intake includes concentrate intake from the Greenfeed, calculated using Equation 8. (ME), MJ kg-1 DM= {(TDN, % ÷ 100) 
× 4.4 Mcal kg-1 TDN} × 4.184 MJ DE Mcal-1 × 0.82 MJ ME MJ-1 DE.  
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Table 14. Spearman Correlation coefficients between production and gas emission and 
indirect calorimetry between dry lot (Experiment 1) and pasture (Experiment 2).  

Trait w  CH4 CO2 O2 RQ HPobsv 
x BW0.75 

Correlation 
Coefficient 

0.446 0.335 0.438 0.055 0.411 0.914 

P-Value 0.001 0.017 0.002 0.703 0.003  ≤.0001 
w CH4 (Methane), CO2 (carbon dioxide), O2 (Oxygen), RQ (respiratory quotient), HPobsv (heat production) and BW0.75 
(metabolic body weight). 
x Heat Production (observed) calculated per (Equation 9) HPobsv (MJ/d) = ((4.96 + 16.07 ÷ RQ) × QCO2 (L/d) ÷ 1000. 
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APPENDIX 

Table A1. RFI models in SAS   

Trait Model y 

RFI x predDMI = β0 + β1 (ADG) + β2(BW) + RFI 

RFIpc 
predDMI = β0 + β1 (pcADG) + β2(pcBW) + RFIpc 

 

RFIfat 
predDMI = β0 + β 1 (ADG) + β 2(BW) + RFIfat + ribfat + rumpfat 

 

x (Koch et al., 1963) 
y β0 (BW intercept from regression), β1 (Average Daily gain), pcADG (pregnancy corrected average daily gain), pcBW (pregnancy 
corrected body weight), RFIpc (pregnancy corrected RFI), ribfat (backfat depth in mm), rumpfat (backfat depth in mm), predDMI 
(predicted DMI from Regression), RFIfat (RFI adjusted for Backfat depth).   
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Table A2. Mean Animal Parameters by RFI Rank Group, Experiment 1. 

RFI Rank Groupy 
Animal Measurements 1 2 3 4 
DMI (kg/day) 12.9 14.8 16.0 18.1 
BW start (kg) 719.6 726.6 735.7 755.2 
BW end (kg) 785.3 802.5 821.0 818.7 
Midpoint BW (kg) 755.5 766.7 779.6 787.0 
    ADG (kg) 1.0 1.1 1.2 0.95 
    DMIpred (kg/day) 15.4 15.6 16.0 15.6 
BCSz Start 3.1 3.1 3.3 3.1 
BCS End  4 3.6 3.8 3.4 
BCS average 3.6 3.4 3.5 3.3 
Change in rump fat (mm) 3.2 3.8 4.1 3.2 
Rump fat average (mm) 19.9 18.8 15.6 18.2 
Change in rib fat(mm) 1.8 3.3 2.0 3.2 
Rib fat average (mm) 14.4 13.7 12.3 13.6 
pcmidBW (kg) 720.4 733.7 741.2 756.3 
    pcADG (kg) 0.57 0.76 0.8 0.56 
    pcDMIpred (kg) 15.4 15.7 16.0 15.7 
RFI -2.1 -0.6 0.3 2.8 
w DMI (Dry matter Intake), BW (body weight, ADG, (average daily gain), DMIpred (predicted dry 
matter intake with regression), BCS (Body Condition Score, pcmidBW (pregnancy corrected 
midpoint bodyweight calculated with regression, pcADG (pregnancy correct average daily gain), 
pcDMIpred (predicted DMI with pregnancy corrected body weight, RFI (residual feed intake), RFIpc 
(residual feed intake, pregnancy corrected body weight), RFIfat (residual feed intake adjusted for 
backfat depth). 
x Animals divided into quartiles (15 animals per group) from lowest RFIfat (most efficient) to highest 
(least efficient). Highest versus lowest groups  (1 vs 4), linear and quadratic analyses with contrast 
statements. 
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