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Abstract 

This thesis evaluated the effects of by-product feeds, alone or in combination, with a grass-hay 

based diet on in vitro dry matter disappearance, gas and methane production, and rumen 

fermentation. Firstly, by-products were evaluated using batch culture, alone, as potential energy 

(Chapter 4) and protein (Chapter 5) sources, for dry matter disappearance (DMD), as well as gas 

and CH4 production. When included as either a protein or energy supplement, hemp hulls and 

hemp powder exhibited the lowest DMD, gas and CH4 production (DM basis). However, on a 

DMD basis, hemp hulls had the highest CH4 production, with flax screenings numerically lowest. 

Pea hulls had the highest CH4 production and red osier dogwood the lowest CH4 on a DMD 

basis. The impact of by-product source (month and location of sampling) was also determined, 

with wheat screenings being most variable and flax screenings and oat pellets being the least 

variable for the parameters of interest. In Chapter 6, a RUSITEC experiment evaluated the 

impact of three by-products included in a grass-hay based diet on DMD, gas, CH4 and rumen 

fermentation. Treatments were grass hay plus quinoa screenings (Quinoa), flax screenings (Flax), 

or sunflower screenings (Sunflower) compared to a grass-only diet (Control). Compared to the 

Control, Quinoa and Flax did not affect DMD, however it was reduced (14.5%) with Sunflower. 

Quinoa and Flax did not effect gas or CH4 compared to the Control, however Sunflower reduced 

CH4 (irrespective of unit) compared to all other treatments. In conclusion, through the initial 

screening of by-products, those high in fat and protein including sunflower screenings, flax 

screenings and hemp hulls, showed lower CH4 production while those high in starch had higher 

CH4. However, the trends depended on unit of expression and inverse responses were observed 

when comparing on a DM or DMD basis. On a DMD basis, the inclusion of sunflower 

screenings showed potential to reduce CH4, demonstrating that high fat concentration has the 
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potential to decrease CH4 production in forage-based diets. Consideration of the impact on DMD 

and subsequent animal performance is critical for future adoption of high fat-based mitigation 

strategies involving by-product supplementation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iii 

Acknowledgments 

I would first like to thank Dr. Emma McGeough. Without your endless support and 

guidance, I would not have been able to accomplish this thesis. I will never forget the importance 

of being consistent, your incredible eye for detail, and the many other lessons I learnt from you 

throughout this process. Thank you! I would also like to thank my advisory committee; Dr. Kim 

Ominski, Dr. Karin Wittenberg and Dr. Brian Amiro for all their support, revisions and 

discussions, and Dr. Gary Crow, for helping with the statistical analysis. It was a pleasure 

learning from all of you.  

I would also like to extend a sincere thanks to Deanne Fulawka. I am forever grateful for 

your support and assistance. You were always there to lend a hand, whether it be for procedures, 

data calculations or analysis. I really enjoyed learning from you. Thank you for your patience 

and guidance along the way. I would like to acknowledge and thank my fellow students and 

officemates Paul, Megan, Rhea and Brandon. You never failed to make me laugh and I will 

always be grateful for our friendship.  

I would like to thank to my Mom and Dad who taught me to aim high and always 

encouraged me to follow my dreams. I would have never reached this point without the two of 

you. Thank you for helping me reach and conquer another milestone. I love you both so much. 

Lastly, I would like to thank my best friend and husband, Tyler. You kept me sane throughout 

this process. Thank you for being my constant source of laughter and happiness. I love you.  

 
 
 
 
 



 iv 

Dedication 
 

This thesis is dedicated to my parents, who always encouraged me to follow my dreams and 
raised me to believe anything is possible. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 v 

List of abbreviations  
 

Abbreviation Definition 
  
% GEI  Percent gross energy intake 
°C Degree Celsius  
AA Amino acids  
Acetyl-CoA  Acetyl coenzyme A  
ADF Acid detergent fibre 
ADFD Acid detergent fibre deviation 
ADFDg Acid detergent fibre digestion  
ADG Average daily gain 
ATP Adenosine triphosphate  
C Carbon  
CH4 Methane 
CO2 Carbon dioxide 
CP Crude protein  
CPD Crude protein deviation 
CPDg Crude protein digestion  
d Day  
DDGS Dried distiller’s grains with solubles 
DE Digestible energy  
DHA Docosahexaenoic acid  
DM Dry matter 
DMD Dry matter disappearance  
DMI Dry matter intake  
Exp Experiment 
F420 Coenzyme F420 

F430 Cofactor F430 

FA Fatty acids 
g Gram 
GE Gross energy  
GEI Gross energy intake 
GC Gas chromatography 
GHG Greenhouse gases  
GWP Global warming potential 
GWP* Global warming potential equivalent where the CO2-equivalence of short-lived 

climate pollutant emissions is predominantly determined by changes in their 
emission rate 

H2 Hydrogen gas 
H4MPT Tetrahydromethanopterin 



 vi 

H2O Water  
hr Hour 
kg Kilogram  
ME Metabolizable energy  
mg Milligram 
min Minute 
mL Milliliter  
mmol L-1 Millimoles per liter  
Month mth 
N Nitrogen  
N2O Nitrous oxide  
Na Sodium 
NaCl Sodium chloride  
NAD+ Nicotinamide adenine dinucleotide  
NDF Neutral detergent fibre  
NDFD Neutral detergent fibre deviation 
NDFDg Neutral detergent fibre digestion  
NH3-N Ammonia nitrogen 
OM Organic matter 
OMD Organic matter digestibility  
psi Pound per square inch  
RDP Rumen degradable protein 
RUP Rumen undegradable protein  
RUSITEC Rumen simulation technique  
SE Standard error  
SF6 Sulphur hexafloride 
sec Second 
StarchD Starch deviation  
TDN Total digestible nutrients  
TMR Total mixed ration  
wk Week 
yr Year 
VFA  Volatile fatty acids 
  

 
 
 
 
 
 

 



 vii 

Table of contents 

Abstract                i 

Acknowledgments  iii 

Dedication iv 

List of abbreviations v 

Tables of contents vii 

List of tables xii 

List of figures  xiii 

Foreword xvii 

1.0 General introduction   1 

2.0 Literature review 2 

    2.1 Introduction to the beef industry 2 

    2.2 Greenhouse gases 4 

        2.2.1 Greenhouse gases and the GHG effect  4 

        2.2.2 Greenhouse gas production in agriculture  5 

    2.3 Feed digestion 5 

        2.3.1 Carbohydrate digestion in ruminants 7 

            2.3.1.1 Non-structural carbohydrate digestion 7 

            2.3.1.2 Structural carbohydrate digestion  8 

        2.3.2 Fat digestion 9 

        2.3.3 Protein digestion in ruminants  9 

    2.4 Enteric CH4 production in ruminant livestock 11 

        2.4.1 Methanogenesis and the role of methanogens 11 

    2.5 Factors affecting CH4 14 

        2.5.1. Chemical composition  14 



 viii 

            2.5.1.1 Forage quality  16 

    2.6 Nutritional strategies for CH4 mitigation  17 

        2.6.1 Energy supplementation  18 

            2.6.1.1 Starch supplementation  18 

            2.6.1.2 Fat supplementation  19 

        2.6.2 Crude protein supplementation  22 

    2.7 The potential role of by-products in CH4 mitigation 23 

    2.8 Future research  25 

3.0 Research hypotheses and objectives  27 

    3.1 Hypotheses 27 

    3.2 Research objectives 27 

4.0 Chapter 4. Evaluation of in vitro DMD, total gas and CH4 production, and ruminal 
fermentation parameters of barley and 11 by-product energy feeds 29 

    4.1 Abstract  30 

    4.2 Introduction 31 

    4.3 Materials and methods 33 

        4.3.1 Animal ethics and management 33 

        4.3.2 Experimental design and treatments  33 

        4.3.3 In vitro batch culture incubation technique  34 

        4.3.4 Chemical analysis 36 

        4.3.5 Statistical analysis 37 

    4.4 Results 39 

        4.4.1 Model 1: Preliminary analysis – effect of by-product source 39  

        4.4.2 Model 2 40  

            4.4.2.1 Dry matter disappearance 40  

            4.4.2.2 Gas and CH4 production 40  



 ix 

            4.4.2.3 Rumen fermentation 41  

        4.4.3 Relative importance of various sources of variation in Model 2 42   

        4.4.4 Model 3: Regression model analysis 42  

    4.5 Discussion 44 

        4.5.1 Prelimary analysis – effect of by-product source 44  

        4.5.2 Dry matter disappearance 45   

        4.5.3 Gas and CH4 production  48 

        4.5.4 Rumen fermentation  50  

    4.6 Conclusions  52 

4.7 Bridge to Chapter 5  66 
5.0 Chapter 5. Evaluation of in vitro DMD, total gas and CH4 production, and ruminal 
fermentation parameters of 20 by-product protein feeds               67 

    5.1 Abstract 68 

    5.2 Introduction 69 

    5.3 Materials and methods 71 

        5.3.1 Animal ethics and management 71  

        5.3.2 Experimental design and treatments 71 

        5.3.3 In vitro batch culture incubation technique and chemical analysis 73 

        5.3.4 Statistical analysis 73 

    5.4 Results  75 

        5.4.1 Model 1: Preliminary analysis – effect of by-product source 75 

        5.4.2 Model 2 76 

            5.4.2.1 Dry matter disappearance 76  

            5.4.2.2 Gas and CH4 production 76  

            5.4.2.3 Rumen fermentation  77 

            5.4.2.4 Relative importance of various sources of variation in Model 2  78  



 x 

        5.4.3 Model 3: Regression model analysis 78 

    5.5 Discussion 79 

        5.5.1 Preliminary analysis – effect of by-product source 79 

        5.5.2 Dry matter disappearance 80 

        5.5.3 Gas and CH4 production 82 

        5.5.4 Rumen fermentation  84 

    5.6 Conclusions  86 

5.7 Bridge to Chapter 6  98 

6.0 Chapter 6. Effect of by-product feed supplementation to a grass hay-based diet on nutrient 
disappearance, total gas and CH4 production, rumen fermentation and protozoal population in an 
artificial rumen (RUSITEC).  99 

    6.1 Abstract  100 

    6.2 Introduction 101 

    6.3 Materials and methods 102 

        6.3.1 Animal management 102  

        6.3.2 Experimental design and treatments 102  

        6.3.3 Rumen fluid source and RUSITEC methodology  103 

        6.3.4 Nutrient disappearance and chemical analysis 104   

        6.3.5 Gas and CH4 production 105   

        6.3.6 Ruminal fermentation parameters and protozoa count 105  

        6.3.7 Statisical analysis 106   

    6.4 Results 107 

        6.4.1 Nutrient disappearance 107   

        6.4.2 Gas and CH4 production 107 

        6.4.3 Ruminal fermentation parameters and protozoa count 107 

    6.5 Discussion 108 



 xi 

        6.5.1 Nutrient disappearance 109 

        6.5.2 Gas and CH4 production 111 

        6.5.3 Ruminal fermentation parameters and protozoa counts 113 

    6.6 Conclusions 116 

7.0 General discussion 122 

8.0 Thesis conclusions 133 

9.0 Literature cited  135 

Appendix A  158 

Appendix B 167 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xii 

List of Tables 
 
Table 4.1 Month and location of sampling of by-product feeds used in the in vitro analysis 
 
Table 4.2 Chemical analysis (% DM, unless otherwise stated) of by-products feeds (means ± SE 
of month and location) 

 

Table 4.3 Significance of by-product feed source in terms of time of sampling (month) and 
processing facility (location) on experimental variables (Model 1) 
 
Table 4.4 The effects of by-product treatment on DMD, gas, CH4, pH and NH3-N in vitro (Model 
2) 
 
Table 4.5 The effect of by-product treatment on experimental variables (Model 2) and chemical 
constituents (Model 3) on DMD, gas, CH4 and pH 
 
Table 5.1 Month and location of sampling of by-product feeds used in the in vitro analysis 
 
Table 5.2 Chemical analysis (% DM, unless otherwise stated) of by-products feeds (means ± SE 
of month and location) 

 

Table 5.3 Significance of by-product feed source in terms of time of sampling (month) and 
processing facility (location) on experimental variables (Model 1) 
 
Table 5.4 The effects of by-product treatment on DMD, gas, CH4, pH and NH3-N in vitro (Model 
2) 
 
Table 5.5 The effect of by-product treatment on experimental variables (Model 2) chemical 
constituents (Model 3) on DMD, gas, CH4 and pH 
 
Table 6.1 Ingredient and diet chemical composition (% DM unless otherwise stated) 
 
Table 6.2. Effect of by-product inclusion in a grass hay-based diet on nutrient disappearance in 
RUSITEC 
 
Table 6.3 Effect of by-product inclusion in a grass hay-based diet on gas and CH4 production in 
RUSITEC 
 
Table 6.4 Effect of by-product inclusion in a grass hay-based diet on fermentation parameters and 
protozoa population in RUSITEC 
 
 
 
 
 
 



 xiii 

List of Figures 
 
Figure 2.1 Cycle for the reduction of carbon dioxide during enteric CH4 emission production by 
methanogens (adapted from McAllister et al., 1996) 
 
Figure 4.1 The effect of fat on DMD when starch, CP and NDF concentrations are at their mean 
values. FatD is expressed as a deviation from its respective mean and referred to with a D appended 
for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% confidence 
interval. 
 
Figure 4.2 The effect of fat on gas (mL g-1 DM) when starch, NDF and CP concentrations are at 
their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.3 The effect of fat on gas (mL g-1 DMD) when starch, CP, and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.4 The effect of fat on CH4 (mL g-1 DM) when CP, fat and NDF concentrations are at 
their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.5 The effect of fat on CH4 (mL g-1 DMD) when NDF, CP and starch concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.6 The effect of starch on DMD when fat, CP and NDF concentrations are at their mean 
values. StarchD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% confidence 
interval. 
 
Figure 4.7 The effect of starch on CH4 (mL g-1 DM) when CP, NDF and fat concentrations are at 
their mean values. StarchD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.1 The effect of CP on DMD (%) when starch, fat and NDF concentrations are at their 
mean values. CPD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, NDFD=0 and FatD=0 with a 95% 
confidence interval. 
 



 xiv 

Figure 5.2 The effect of CP on gas (mL g-1 DMD) when starch, fat and NDF concentrations are at 
their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and FatD=0 with a 95% 
confidence interval. 
 
Figure 5.3 The effect of CP on CH4 (mL g-1 DM) when starch, fat and NDF concentrations are at 
their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.4 The effect of CP on CH4 (mL g-1 DMD) when starch, fat and NDF concentrations are 
at their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
 
Appendix A  
 
Figure 4.8 The effect of NDF on DMD when starch, fat and CP concentrations are at their mean 
values. NDFD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.9 The effect of NDF on gas (mL g-1 DM) when starch, CP and fat concentrations are at 
their mean values. NDFD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.10 The effect of NDF on CH4 (mL g-1 DM) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.11 The effect of NDF on CH4 (mL g-1 DMD) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.12 The effect of CP on DMD when starch, fat and NDF concentrations are at their mean 
values. CPD is expressed as a deviation from its respective mean and referred to with a D appended 
for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 95% confidence 
interval. 
 
Figure 4.13 The effect of CP on gas (mL g-1 DM) when starch, NDF and fat concentrations are at 
their mean values. CPD is expressed as a deviation from its respective mean and referred to with 



 xv 

a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 95% 
confidence interval. 
 
Figure 4.14 The effect of CP on gas (mL g-1 DMD) when starch, fat and NDF concentrations are 
at their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 95% 
confidence interval. 
 
Figure 4.15 The effect of NDF on CH4 (mL g-1 DM) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 4.16 The effect of NDF on CH4 (mL g-1 DMD) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.5 The effect of NDF on DMD when starch, CP and fat concentrations are at their mean 
values. NDFD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, FatD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.6 The effect of NDF on gas (mL g-1 DMD) when starch, CP and fat concentrations are at 
their mean values. NDFD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.7 The effect of NDF on CH4 (mL g-1 DM) when starch, CP and fat concentrations are at 
their mean values. NDFD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.8 The effect of NDF on CH4 (mL g-1 DMD) when starch, CP and fat concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.9 The effect of fat on DMD (%) when starch, CP and NDF concentrations are at their 
mean values. FatD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.10 The effect of fat on gas (mL g-1 DM) when starch, CP and NDF concentrations are at 
their mean values. FatD is expressed as a deviation from its respective mean and referred to with 



 xvi 

a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.11 The effect of fat on gas (mL g-1 DMD) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.12 The effect of fat on CH4 (mL g-1 DM) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.13 The effect of fat on CH4 (mL g-1 DMD) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.14 The effect of starch on gas (mL g-1 DM) when NDF, CP and fat concentrations are at 
their mean values. StarchD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
 
Figure 5.15 The effect of starch on CH4 (mL g-1 DM) when fat, NDF and CP are at their mean 
values. StarchD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% confidence 
interval. 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 



 xvii 

Foreword 
 

The chapters in this thesis are written in manuscript style, comprised of an abstract, 

introduction, materials and methods, results, discussion, and conclusions. This thesis contains 

bridges between each chapter. This thesis also contains a general introduction, literature review, 

general discussion, and general conclusions, followed by the literature cited. The chapters have 

not been submitted for publication at the time of thesis completion.  
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1.0 General Introduction 
 
Consumer concern regarding animal agriculture and environmental sustainability has 

increased in recent years, with growing awareness of the carbon footprint of livestock products. 

The sustainability of animal-based diets has been widely questioned, with increased demand by 

consumers for plant-based alternatives as a means to reduce global agricultural greenhouse gas 

(GHG) emissions (Tilman and Clark, 2014; Willett et al., 2019). Beef production has received 

increased scrutiny as it is perceived as a major contributor to GHG emissions, with enteric CH4 

emissions accounting for 41% of total agricultural emissions in Canada (Environment Canada, 

2020), and with cattle being the predominant livestock source (96%; Legesse et al., 2015). 

Furthermore, the cow-calf sector, where forages are a major dietary component, is estimated to 

account for 73 to 84% of enteric CH4 emissions produced by beef cattle (Beauchemin et al., 

2010, Legesse et al., 2015). Thus, it is important for producers to find cost-effective ways to 

reduce CH4 emissions, whilst maintaining animal performance and remaining economically 

competitive. 

Dietary manipulation by improving feed quality (Beauchemin et al., 2008) and through 

novel feed ingredients/supplements (Knapp et al., 2014) has been identified as one of the most 

effective means to mitigate CH4 (Haque, 2018). Supplementation/inclusion of by-products to 

forage-based diets of beef cattle may serve dual benefits in terms of meeting animal nutrient 

requirements while mitigating CH4 emissions. By-product feeds are secondary and/or waste 

products from the processing of cereals, oilseeds, pulses etc. for human food production, 

however, they often vary in nutritive value, cost and availability. By-products high in energy 

and/or protein offer the potential means to improve the nutrient density and balance of ruminant 
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diets in a relatively cost-effective manner, particularly when deficiencies exist in forage-based 

diets to improve animal performance (Van Zanten et al., 2014).   

Research to date has primarily focused on the effects of by-products and other nutritional 

additives in high grain and total mixed ration (TMR)-based diets (Martin et al., 2008) to mitigate 

CH4 emissions (Grainger and Beauchemin, 2011). Currently, limited literature exists on the 

effects of inclusion of by-products in grass hay-based diets offered to beef cattle. As a result, this 

thesis describes three experiments that evaluated the impact of by-products selected as energy 

(fat/starch) and protein sources alone, and in combination, when delivered with grass-hay on DM 

disappearance (DMD), gas and CH4 production and rumen fermentation parameters.  

 

2.0 Literature Review 

2.1 Introduction to the beef industry  

In Canada, there are 11.15 million head of cattle, of which 9.20 million are beef cattle on 

cow-calf, backgrounding and finishing beef-cattle operations (Statistics Canada, 2021). Although 

beef cattle are produced across Canada, they are primarily (85%) located in the western 

provinces of Manitoba, Saskatchewan and Alberta (Statistics Canada, 2021) due to feed and land 

base advantages (Beauchemin et al., 2010). The beef production cycle is complex and therefore 

is subject to rapid changes and constraints particularly regarding availability and price of feed 

resources (Sheppard et al., 2015). Feed costs account for approximately 60% of total beef cow-

calf operation costs, with roughly 90% of the cost associated with forages, which are the 

predominant dietary ingredient (Manitoba Agriculture, 2021). To improve economic 

competitiveness, producers must strive to decrease production costs while ensuring adequate 

nutrition for the animals to promote desired body condition, growth, development, and 
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reproduction (Kelln et al., 2011; NRC, 2016). During the winter-feeding period, environmental 

conditions with extended periods of extreme cold weather (<-20 °C) are characteristic in 

Manitoba, leading to increased nutrient demand to maintain metabolic functions (Van De 

Kerckhove, 2011). A significant additional challenge for beef producers is periods of feed 

scarcity and fluctuating feed quality which are particularly problematic during periods of drought 

which are occurring with increased frequency in western Canada (Environment Canada, 2020). 

Thus, emphasizing the need to identify and incorporate new/novel feeds in beef cattle feeding 

regimens. Alternative feeds utilized within the beef industry are often secondary products 

produced as a result of manufacturing a primary product and are often referred to as by-products 

and or co-products (NRC, 2016). The incorporation of by-product feeds from crop and food 

processing into beef cattle production systems may offer a means to supplement energy and 

protein (Nonhebel, 2007; Van Zanten et al., 2014). In Manitoba, the agriculture sector has seen 

an increase in crop processing capacity including quinoa, hemp, wheat, barley, oats, peas, and 

potatoes (Manitoba Agriculture, 2018), thus increasing the availability of potentially inexpensive 

by-product feeds to cattle producers.  

An additional growing concern in the beef industry is consumer concern regarding the 

environmental impact of beef production, particularly in terms of GHGs and the industry’s 

carbon footprint. Cow-calf producers also face additional challenges with feeding forage-based 

diets which typically promote higher CH4 emissions than backgrounding and feedlot diets 

(Ominski et al., 2007; Beauchemin et al., 2011). As a result, the use of by-products feeds for beef 

cattle has been considered to address and alleviate both economic and environmental concerns 

while improving animal efficiency (Oishi et al., 2011).   
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2.2 Greenhouse gases 

2.2.1 Greenhouse gases and the GHG effect 

Climate change is a measure of global warming caused by the increase in concentration 

of GHGs in the atmosphere, leading to process known as the greenhouse effect, consequently 

increasing the earth’s average surface temperature (Environment Canada, 2020). Greenhouse 

gases are emitted from a variety of anthropogenic sources including transport, stationary 

combustion, oil and natural gas, land use, agriculture, manufacturing, and forestry (Agriculture 

Canada, 2020; Environment Canada, 2020). The three main GHGs that contribute to the 

greenhouse effect are carbon dioxide (CO2), nitrous oxide (N2O) and CH4. However, not all are 

equal in their atmospheric lifetime and heat trapping potential and therefore, exhibit differing 

global warming potential (GWP; Environment Canada, 2019). The term GWP was developed to 

compare components varying in physical properties using a single metric and is defined as the 

comparison of components based on the amount of radiant energy inflicted upon the Earth’s 

surface over a chosen time horizon (Myhre et al., 2013). For example, CH4 gas has a GWP of 28 

times that of CO2 and N2O has a GWP of 265 times that of CO2 over a 100-yr period (Myhre et 

al., 2013). Furthermore, CH4, has a has an atmospheric lifespan of 12 yr compared to N2O and 

CO2, which remain in the atmosphere for 170 and 230 yr, respectively (Balcombe et al., 2018). 

Additionally, the term GWP* has been recently introduced in the 2015 Paris Agreement to allow 

the expression of all emissions (i.e long vs short lived) in warming equivalents and measure the 

effect of concentrations of CH4 on atmospheric temperature increase (Lynch et al., 2020). 
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 2.2.2 Greenhouse gas production in agriculture 

The agriculture sector contributes 14% of global GHG emissions and 8.1% of Canada’s 

GHG emissions, with livestock accounting for 3.2% domestically (Environment Canada, 2020). 

Emissions of CO2 from the agriculture sector are primarily released throughout the management 

of agricultural soils and cropland and therefore emission intensity will vary depending on 

management practises (Grant et al., 2004). However, agriculture soils can also act as a significant 

sink for CO2. For instance, agricultural soils removed 6 million t of atmospheric carbon (C) from 

the air in 2018 and more than 80% of land prepared for seeding is under practices that improve C 

sequestration, such as no till or conservation tillage practises (Environment Canada, 2020). 

Additionally, soils are a primary source of N2O emissions, where emission intensity will vary 

depending on the application rate, method and timing of fertilizer and soil management as well 

as the storage and handling of livestock manure (Agriculture Canada, 2020). Although CH4 is 

also released from the storage and handling of livestock manure, it is mainly released throughout 

feed digestion (enteric fermentation) of ruminant animals such as cattle and sheep. Within the 

beef production cycle, the cow-calf sector is the predominant source of CH4, whereas 

backgrounding and finishing account for 20 to 27% (Beauchemin et al., 2010; Legesse et al., 

2015). As a result of the significant contribution of the cow-calf herd, the largest mitigation 

opportunity exists within this phase as it is responsible for the predominant portion of CH4 

emissions produced within the beef production cycle (Beauchemin et al., 2010). 

  

2.3 Feed digestion 

Passage of digesta through the alimentary tract is a complex process in ruminants 

involving selective retention, mixing and segregation of feed particles in the rumen and begins 
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with the enzymatic digestion and physical processing of plant material with prolonged chewing 

and rumination (Moss et al., 2000). Digestion is continued through enteric fermentation, unlike 

hindgut fermenters such as horses, a process unique to ruminant animals where ingested feed is 

broken down by microbial activity within a large anaerobic chamber called the rumen (Johnson 

and Johnson, 1995). The rumen is inhabited by a microbiota such as bacteria, protozoa, archaea 

and fungi which are responsible for the degradation and conversion of structural carbohydrates 

(cellulose, hemicellulose and pectin), non-structural carbohydrates and proteins into chemical 

compounds that are absorbed and digested by the animal. Bacteria make up the largest domain in 

the rumen ecosystem and are responsible for most of the degradation and fermentation of plant 

mass in the rumen (Zhou et al., 2015). Microorganisms in the rumen are grouped according to 

the substrate they primarily degrade and are classified as cellulolytic (degrade cellulose), 

hemicellulolytic (degrade hemicellulose), pectinolytic (degrade pectin), lipolytic (degrade 

lipids), and amylolytic (degrade starch; Membrive, 2016). Together, the rumen’s primary 

digestive microorganisms are responsible for hydrolyzing the proteins, starch and plant cell wall 

polymers to produce VFA’s, amino acids and sugars. Hydrogen (H2) is one of the major end 

products of ruminal fermentation by protozoa and fungi, however, it does not accumulate in the 

rumen environment because it is immediately utilized by other bacterial species. During the 

process of rumen fermentation, volatile fatty acids (VFA; acetate, propionate and butyrate) are 

produced by various pathways as described below: 

C6H12O6 + 2H2O → 2C2H4O2 (acetate) + 2CO2 + 8H 
C6H12O6 + 4H → 2C3H6O2 (propionate) + 2H2O 

C6H12O6 → C4H8O2 (butyrate) + 2CO2 + 4H 

Despite its importance in rumen fermentation through H2 elimination, CH4 production is a 

loss of dietary energy for the animal, ranging from 2 to 12% of the animal’s gross energy intake 
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(GEI; Johnson and Johnson, 1995) depending on range of dietary factors. Methane gas is 

produced in the rumen and primarily (89%) released through eructation and normal respiration of 

the animal, with 11% excreted through the anus (Murray et al., 1976; Seijan et al., 2015). Its 

production is positively related to feed digestibility and dry matter intake (DMI) and negatively 

related to retention time and passage rate (DMI; Yan et al., 2000; Hristov et al., 2013). 

 

2.3.1 Carbohydrate digestion in ruminants 

2.3.1.1 Non-structural carbohydrate digestion 

Non-structural carbohydrates (starches, fructose’s, oligo-, di-, and monosaccharides) are 

predominantly found in feedstuffs such as cereal grains and are an important source of dietary 

energy in ruminants (Harmon and Swanson, 2020). The nature and rate of carbohydrate 

fermentation are well known to influence the proportion of VFA formed and contribute to 

ruminant’s total energy requirements (Van Houtert,1993; Dijkstra et al., 2005; Bannink et al., 

2006). Diets high in non-structural carbohydrates, such as grain-based feedlot diets are 

associated with increased rates of ruminal digestion as well as increased formation of propionic 

acid production, earlier described as a H2 consuming reaction. Additionally, diets rich in readily 

fermentable carbohydrates such as soluble sugars and starch are characterized by low pH in the 

rumen environment, inhibiting the growth of microorganisms and increasing the risk of sub-

acute ruminal acidosis (SARA; Krause and Oetzel, 2005; Morgavi et al., 2010). Whereas, 

increasing the proportion of forage low in non-structural carbohydrates in ruminant diets is 

known to increase rumen retention time and decrease ruminal acidosis (Chibisa et al., 2020).  

 

 



 8 

2.3.1.2 Structural carbohydrate digestion 

Diets high in fibre (structural carbohydrate) have been shown to stimulate chewing 

activity and saliva production, where saliva acts as a lubricant to facilitate mastication, 

swallowing, and passage of feedstuffs, increasing rumen pH and buffering VFA production from 

microbial fermentation to create favorable conditions for cellulolytic bacteria (Beauchemin and 

Yang, 2005). Fibre digestion occurs more slowly than the digestion of starches and sugars 

(Lechartier and Peyraud, 2010), with high fibre diets shifting fermentation pathways towards the 

production of acetate, an H2 producing reaction. Rumen pH is higher with fibre than starch 

digestion reducing the risk of metabolic disorders such as SARA and promoting healthy 

microbial populations in the digestive tract (Morgavi et al., 2010). Notwithstanding, dietary fibre 

concentration is inversely related to nutrient digestibility and therefore, diets that are high in 

fibre are often considered low quality diets which can promote lower levels of animal 

productivity. The coarse physical characteristics of fibre have shown to increase physical fill of 

the rumen, reducing DMI and decrease rate of digestion and passage when a threshold level of 

fibre or physical fill is achieved (Li et al., 2020). Increased retention time in the rumen for 

microbial fermentation increases the amount of H2 available to methanogens, consequently 

increasing CH4 emissions (Aluwong et al., 2011). Additional challenges may be encountered 

with fibrous feeds as they have been shown to be more variable in nutrient concentration (NDF, 

ADF, CP and fat), and therefore from a consistency perspective, may be more challenging to use 

in beef cattle rations (Contandini et al., 2017).  
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2.3.2 Fat digestion  

Fat (or lipids) are used in ruminant diets to increase the energy density, however, like 

carbohydrates, fat (e.g. source, concentration, and fatty acid (FA) profile) will influence diet 

digestibility and rumen fermentation (VFA production) and may have negative effects on the 

rumen environment (Onetti et al., 2001). Fermentation pathways can be altered with increasing 

dietary fat concentration leading to supressed acetic acid production, cellulolytic bacteria, 

protozoa and ruminal methanogens (Rasmussen and Harrison, 2011). It is well established that 

fat has a toxic effect on cellulolytic bacteria and can thus reduce feed fermentation (Hess et al., 

2008). A high fat inclusion rate is also known to decrease organic matter (OM) digestibility in 

the rumen, especially digestibility of fibre, shifting the site of its digestion to the lower parts of 

the gastrointestinal tract (Plascencia et al., 2003; Gorka et al., 2015). Dietary fats are transformed 

by ruminal microbes through processes of lipolysis and biohydrogenation (NRC, 2016). 

Lipolysis refers to the breakdown of fat and other lipids by hydrolysis to release FA’s, whereas 

biohydrogenation decreases the toxic effects of unsaturated FA’s on ruminal microorganisms and 

results in the formation of saturated fats, trans fats, and conjugated linoleic acids (NRC, 2016).  

 

2.3.3 Protein digestion in ruminants  

The concentration and type of dietary protein (crude protein (CP), rumen degradable 

protein (RDP) or rumen undegradable protein (RUP)) consumed by ruminants is important as it 

will influence rate of feed passage, rate of digestion, protein availability and the balance of 

energy to protein which is critical to enhance rumen microbial function and animal productivity 

(NRC, 2016). However, it is important to note, feeding a rapidly fermentable carbohydrate may 

mitigate the response to increasing RDP (NRC, 2016). Ruminants possess the ability to alter the 
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protein profile of feeds ingested where nitrogenous compounds are converted to microbial 

protein during fermentation within the rumen (De Mulder et al., 2018; Matthews et al., 2018). 

The extent of protein digestion will depend largely on whether the dietary protein is RDP (non-

protein and true protein N) or RUP (Bach et al., 2005), where RDP is the portion of protein that 

is degraded in the rumen and acts as the primary source of N in the form of amino acids (AA) 

and peptides for rumen microorganisms (Waterman et al., 2014). Protein-deficient diets (<7% 

CP, DM basis) may compromise microbial function leading to reduced fermentation efficiency 

and higher enteric CH4 emissions (Gilbery et al., 2006). Therefore, it is important to provide 

adequate dietary CP to meet the animal’s requirements as the microbiome controls the rumen 

metabolic efficiency of the animal, with certain pathways (such as those associated with CH4 

production) resulting in energy loss by the animal (Matthews et al., 2018). Manthey et al. (2016) 

found increased concentrations of dietary CP had a positive effect on CP digestion, increasing 

propionic acid production and protein synthesis. Increased dietary CP concentration has also 

been shown to improve animal performance by increasing nitrogen utilisation and reducing 

energy previously used towards the production of CH4 (Matthews et al., 2018). However, the 

fermentation of carbohydrates is important in the recycling and utilization of N and energy is 

required for microbes to convert non-protein N into microbial protein for digestion and efficient 

use of energy towards animal production (Waterman et al., 2014). Therefore, a means of 

improving N utilization efficiency is to provide dietary protein and energy available for use in 

balanced proportions required by the rumen microbes (Matthews et al., 2018). Supplementation 

of dietary CP to grass hay has been shown to improve N utilization when compared to a grass 

only diet (Reid et al., 2015), especially with high fibre diets where decreased protein availability 

may decrease the rate and amount of bacterial CP synthesised (NRC, 2016), slowing digestion 



 11 

and decreasing the dietary and microbial protein available to the animal. Although protein is 

important for growth of ruminal microbes, protein concentrations exceeding microbial 

requirements will increase feeding costs, reduce profits, and often results in increased 

concentrations of ruminal NH3-N being disposed of during urination (Castillo et al., 2000; 

Hristov et al., 2004). 

 

2.4 Enteric CH4 production in ruminant livestock  

2.4.1 Methanogenesis and the role of methanogens 

Methanogenesis is an anaerobic respiration that generates CH4 as the final product of 

metabolism (Lyu et al., 2018). The rumen’s ability to efficiently convert complex carbohydrates 

to fermentable sugars is in part due to the effective disposal of H2 through reduction of CO2 to 

CH4 by methanogens (McAllister and Newbold, 2008). Methanogens possess the ability to 

metabolize H2 and CO2 as a source of energy, competing with other H2 utilizing microorganisms 

(Morvan et al., 1994). The conversion of feed to CH4 in the rumen involves collaborative efforts 

of rumen bacteria, protozoa and fungi, with methanogens involved in the final step (Johnson and 
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Johnson, 1995; McAllister et al., 1996; Beauchemin et al., 2009a). 

 

Figure 2.1 Cycle for the reduction of carbon dioxide during enteric CH4 emission production by 
methanogens (adapted from McAllister et al., 1996)  

 
During the fermentation process (Figure 2.1), H2 is released within the rumen as cofactors 

(NADH, NADPH, FADH) are re-oxidized (NAD1, NADP1, FAD1) through dehydrogenation 

reactions (Martin et al., 2010). Methane in the rumen is predominantly produced via this 

metabolic pathway during enteric fermentation: 

CO2 + 4H2  CH4 + 2H2O 

 Methanogenesis is a critical process for optimal rumen performance and animal health 

(Beauchemin et al. 2009a) and without it, accumulation of H2 in the rumen will occur, 

consequently inhibiting the derivation of energy during fermentation (Beauchemin et al., 2009a; 

Martin et al., 2010).  Anaerobic methanogens comprise 0.3-3.3% of the total microbial 



 13 

population in the rumen (Parmar et al., 2015) and are responsible for the production of enteric 

CH4 (Beauchemin et al., 2009a; Jami et al., 2013). Establishment of methanogenic archaea has 

been observed to begin early in the life of the ruminant, prior to weaning (Johnson and 

Johnson, 1995; McAllister and Newbold, 2008). Numerous species of methanogens have been 

identified and isolated within the rumen (Bapteste et al., 2005; Joshi et al., 2018) and may vary 

depending on diet (Wright et al., 2007; Patra et al., 2017). Methanobrevibacter, belonging to the 

order Methanobacteriales, is the most dominant methanogen genera to be cultured from the 

digestive tract of ruminant livestock and includes the species M. ruminantium, M. thaueri, and 

M. smithii (Liu and Witman, 2008; Koki et al., 2020). Regardless of the species, methanogens 

are a distinct group of microorganisms of which are closely associated with bacteria, protozoa, 

and fungi (Beauchemin et al., 2009a) and require a strict anaerobic environment (Tymensen and 

McAllister, 2012). The relationship between methanogens and protozoa is highly specific as 

methanogens have been reported to adhere to or reside within protozoa (Finlay et al., 1994; 

Ushida et al., 1997; Ohene-Adjei et al., 2007). Methanogens associated with ciliate protozoa 

have been estimated to account for 9–25% (Newbold et al., 1995) of the population within the 

rumen, with about 37% (Finlay et al., 1994) found in the ruminal fluid. The physical association 

of methanogens with the rumen protozoa establishes a symbiotic relationship by allowing the 

protozoa to degrade and ferment the plant material while methanogens utilize the H2 produced in 

these processes (Jami et al., 2013). Although CH4 production can be inhibited for short periods, 

the ecology of the system involves a variety of adaptive mechanisms which frequently revert 

back to initial levels of CH4 production, for example, the use of ionophores (McAllister and 

Newbold, 2008). Therefore, past efforts using rumen modifiers have had little success in 

sustained CH4 reductions as fermentation pathways inherently revert back to CH4 production 
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(Knapp et al., 2014). For example, Chen and Wolin (1979) and Hilpert et al. (1984) observed 

methanogens with initial sensitivity to antibiotics such as ionophores, to experience adaptation 

after extended periods of exposure. Other factors that methanogens are sensitive to, include 

rumen pH and VFA proportion, thus diets high in non-structural carbohydrates which favour low 

rumen pH can cause mitigating effects on methanogen populations (Van Kessel and Russell, 

1998). 

 

2.5 Factors affecting CH4 production in the rumen 

Many nutritional and animal factors influence the production of CH4 in ruminants, 

however for the purposes of this literature review, only dietary factors and associated mitigation 

strategies will be discussed.  

 

2.5.1 Chemical composition 

It is well established that enteric CH4 emissions are directly influenced by the chemical 

composition of the feeds ingested (McGinn and Beauchemin, 2012; Brask et al., 2013; Khan et 

al., 2021), thus, dietary manipulation is regarded as an important route to reduce CH4 emissions 

from cattle (Hammond et al., 2016).  

Crude protein and NDF concentrations largely affect feed ruminal degradability, 

metabolizable energy (ME) concentration and CH4 production in ruminants (Khan et al., 2021). 

Methane emissions produced by diets formulated to be similar in starch and NDF concentration 

have been found to vary depending on the rate and extent of degradation of the carbohydrate 

components (Reynolds et al., 2010). A higher NDF concentration can negatively affect the DMI 

and productivity of animals (Hatew et al., 2015) and therefore, the intake of fibrous, forage-
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based diets (i.e., diets with high NDF) are expected to produce higher CH4 emissions than diets 

higher in proportions of readily fermentable carbohydrates such as those offered to feedlot cattle 

in Canada (Hammond et al., 2016). Starch is a major source of fermentable energy for rumen 

microorganisms (Koenig et al., 2003) and when compared with fibre, starch fermentation in the 

rumen favors the production of propionate, consequently reducing enteric CH4 production 

(Bannink et al., 2006). Whereas the ruminal fermentation of CP produces less CH4 than the 

ruminal fermentation of carbohydrates due to an increase in ruminal microbial protein synthesis, 

consequently increasing rumen microbial efficiency, and therefore reduced CH4 emissions are 

commonly observed with increased dietary CP concentrations (Gidlund et al., 2015). This is 

supported by Bannink et al. (2006), who found CP fermentation to produce approximately 30 to 

50% less CH4 than the fermentation of carbohydrates. Fat can also reduce enteric CH4 emissions 

through the direct suppression of acetic acid production and ruminal populations of cellulolytic 

bacteria, protozoa and methanogens (Rasmussen and Harrison, 2011) or indirectly through the 

bio-hydrogenation of FA, reducing the availability of H2 for methanogens (McAllister et al., 

1996; Buccioni et al., 2012). Additionally, FA are well established to have a toxic effect on 

cellulolytic bacteria and reduce feed digestion (Hess et al., 2008), thus reductions in CH4 can 

also be attributed to a decrease in fermentable substrate rather than a direct effect on 

methanogenesis (Hess et al., 2008). 

The protein (CP g d-1) to energy (ME MJ d-1) ratio in cattle diets will affect rumen 

microbial function and is important for optimal ruminal efficiency (Illius and Jessop 1996). A 

ratio greater than 202 g of CP per MJ of ME is optimal for ruminal feed efficiency in ruminants 

within their thermoneutral zone (Gabler and Henrichs, 2003). Donohoe (2019) found that cows 

fed grass hay (8.8% CP) during winter in Manitoba had low protein to energy ratios (167 to 178) 
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while cows supplemented with dried distillers grains with solubles (DDGS; 30.3% CP) had a 

CP:ME ratio of 241 in both periods. Although CP:ME was less than 202, cows fed DDGS in 

addition to the grass hay did not differ in BW or ADG compared to the other two treatments 

when grazing during January and February in Manitoba when minimum daily temperature was 

outside their thermoneutral zone (<-20°C; Young et al. 1989) during some period of the trial 

(Donohoe, 2019). However, the Saskatchewan Government (2013) evaluated the chemical 

analysis of forages and their ability to meet energy requirements of cows 6 mths pregnant and 

found only 29% of alfalfa and alfalfa grass hays provided adequate energy, while 77% of the 

grass hays and 75% of the green feed did so. This is important as diets with an inadequate ratio 

may have lower rumen metabolic efficiency as a result of insufficient protein for rumen microbes 

to function optimally (Saskatchewan Government, 2013).  

2.5.1.1 Forage quality  

Forage quality directly reflects the chemical composition of plant which is mainly 

influenced by several factors including species, stage of maturity, fertility, and climate (Khan et 

al., 2021). Ruminant animals have evolved the ability to eat and partly digest fibrous materials, 

such as grasses and legumes as their nutrient source. Perennial forages are a major source of 

relatively low-cost nutrients for ruminant livestock, in particular for beef cattle and as such the 

efficient utilization of this resource can improve sustainability of the sector (Khan et al., 2021). 

Forage chemical composition and digestibility is largely influenced by the botanical composition 

of the sward, soil fertility and nutrient availability, and the stage of maturity (Moore et al., 2020; 

Khan et al., 2021). Properties such as reduced particle size and improved forage quality, that 

decrease the rate of digestion of forages, or prolong fermentation, typically lead to increased CH4 

production per unit of feed digested (Thomson, 1972; Moss et al., 1994; Hironaka et al., 1996). 
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The use of low-quality forage in cattle diets has been linked to reduced rate of feed fermentation 

and passage through the rumen as well as an altered ruminal VFA profile, creating a high acetate 

to propionate ratio, which promotes CH4 production as described previously (Boadi et al., 2004). 

For example, relative to grass species with low CP, those with higher CP have faster ruminal 

degradability and not only support higher DMI and animal productivity but also reduce 

CH4 emissions (Boadi et al., 2004). Harvesting forage at an earlier stage of maturity results in 

increased CP and soluble carbohydrate concentration and reduced lignification of plant cell 

walls, thereby increasing its digestibility (Van Soest, 1994), and resulting in lower enteric CH4 

production per unit of DMD (Boadi and Wittenberg, 2002). Forage is often preserved later in the 

season for a higher yield but with more mature plants resulting in lower quality feed. Forage 

quality can also be compromised due to weather conditions delaying harvest, lack of labour to 

preserve forage quickly, harvest of lower-quality native hay and limited fertilization (Sheppard et 

al., 2015). Despite the frequent use of species mixtures in perennial forage-based systems in 

Canada, there is considerable uncertainty in identifying the best-suited forage species to include 

within a mixture for optimal animal and pasture productivity (Papadopoulos et al., 2013; 

Bélanger et al., 2018).  

 

2.6 Nutritional strategies for CH4 mitigation 

Numerous mitigation strategies have been investigated to reduce enteric CH4 emissions 

from ruminants (Beauchemin et al., 2011) such as dietary manipulation, novel supplementation, 

rumen modifiers, defaunation, breeding/genetics etc. (McAllister and Newbold, 2008; 

Beauchemin et al., 2011; Knapp et al., 2014). In general, studies suggest successful mitigation 

strategies involve modification of rumen fermentation pathways to reduce the energy source for 
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methanogens. However, the effectiveness of a proposed mitigation strategy depends on a number 

of factors including basal diet, DMI and animal productivity, unit of CH4 expression, etc. 

Additionally, it is important to assess the persistence and feasibility of mitigation strategies, as 

well as to consider all inputs to and outputs from the system in a full production cycle analysis to 

determine net impacts of any potential abatement strategy. This knowledge has stimulated 

significant efforts directed towards reducing enteric CH4 emissions produced by ruminants with 

dietary manipulation and improved feeding practices in beef production systems having become 

an area of considerable research (Beauchemin et al., 2020; Gomaa et al., 2021).  

 

2.6.1 Energy supplementation  

2.6.1.1 Starch supplementation  

Diets rich in starch, such as high grain diets offered to feedlot cattle in Canada have been well 

established as effectively reducing CH4 emissions compared to forage-based diets through a 

number of different pathways (Beauchemin and McGinn, 2005; Popova et al., 2013). As 

discussed previously, diets rich in starch or soluble carbohydrates have a significant effect on 

rumen fermentation pathways favoring propionate production, which is a H2 consuming reaction, 

thus reducing the available energy for methanogenic activity (Beauchemin et al., 2009a). 

Additionally, high starch diets promote lower ruminal pH which consequently has a negative 

effect on the microbes involved in CH4 production, namely protozoa, fibrolytic bacteria and 

methanogens which are inter-dependent (Van Kessel and Russell, 1998). Low pH environments 

reduce the number/activity of these microorganism, however low pH can also cause SARA, as 

described previously, thus appropriate adaptation to increasing the concentration of starch is 

required for optimal gut health (Lovett et al., 2003; Bannink et al., 2006; Martin et al., 2010). 
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Although rumen microbes ferment all carbohydrates, soluble forms such as starch are fermented 

more quickly than the structural forms (Hatew et al., 2015) and substantial variation in in-vitro 

fermentation and CH4 production between different starch sources have been observed (Cone 

and Becker, 2012). Hatew et al. (2015) tested two starch sources (native and gelatinized maize 

grain) with contrasting concentrations of starch (27% vs. 53%, DM basis) and rate of 

fermentation (slow vs. rapid). Results showed a significant decrease in CH4 (mL g-1) produced 

with high concentrations of starch sources relative to low concentrations. Similarly, Benchaar et 

al. (2001) found that CH4 (per unit of GE intake or DE) decreased linearly as the proportion of 

concentrate in the diet increased from 0% (100% alfalfa hay; 0% starch) to 20% (80% alfalfa hay 

and 20% concentrate consisting of 45% corn and 55% soybean meal (43.39% starch). 

Additionally, a significant decrease in CH4 (mL g-1) produced by starch sources with a rapid rate 

of fermentation relative to starch sources with a slow rate of fermentation. Notwithstanding, high 

starch diets are typical used for feedlot cattle under western Canadian conditions and are not 

suitable for the cow/calf and backgrounding sectors. However, strategic inclusion or 

supplementation of grains, by-products, and cereal silages for example, may be a more realistic 

means of increasing starch concentration when energy deficiencies exist. Consideration of cost 

and logistics of supplementation are also important determinants of use.  

 

2.6.1.2 Fat supplementation  

Dietary fats/lipids have been an area of significant previous research for their potential to 

lower enteric CH4 in ruminants (Johnson  and Johnson, 1995; Beauchemin et al., 2009b; Gomaa 

et al., 2021). However, this research has mostly been limited to high grain and TMR-based diets 

(Grainger and Beauchemin, 2011; Moate et al., 2017) with little literature existing for evaluation 
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of lipids in high forage diets which are typical of the cow/calf sector in western Canada. As 

described previously, dietary lipids are transformed by ruminal microbes and through processes 

of lipolysis and biohydrogenation (NRC, 2016). Lipolysis refers to the breakdown of fat and 

other lipids by hydrolysis to release FA’s. Whereas biohydrogenation decreases the toxic effects 

of unsaturated FA’s on ruminal microorganisms and results in the formation of saturated fats, 

trans fats, and conjugated linoleic acids. Fat concentration in the diet has the potential to mitigate 

CH4 in a number of capacities. Firstly, biohydrogenation of unsaturated FA’s is identified as one 

of the mechanisms through which fat supplementation reduces the amount of CH4 emitted, as it 

reduces the amount of H2 available to methanogens (Johnson and Johnson, 1995). Secondly, 

FA’s exert direct toxic effects on protozoa and consequently, methanogens, reducing both 

number and activity (Ivan et al., 2004; Maia, 2010). Furthermore, reducing number of protozoa 

will limit fibre digestion and decrease H2 availability (McAllister and Newbold, 2008) and as 

previously mentioned, a synergistic relationship exists between methanogens and protozoa 

within the rumen and therefore a reduction in protozoa population will decrease CH4 production 

(Finlay et al., 1994; Martin et al., 2010). Fats also reduce OM fermentation and feed digestibility 

thus limiting the availability of energy for methanogenic activity (Wang et al., 2017). 

Additionally, it can cause shifts in fermentation pathways to promote propionic acid production 

(Johnson and Johnson, 1995; Hünerberg et al., 2013). However, published literature reports 

considerable variation on the effects of supplemental fats on CH4 production (Beauchemin et al., 

2009b; Rasmussen and Harrison, 2011). The variation in CH4 suppressing effectiveness of 

supplemental fats depends on multiple factors, including the concentration of fat in the diet, the 

FA profile of the fat source, the form in which the fat is delivered, and the diet composition 

(Beauchemin et al., 2009b; Martin et al., 2010; Rasmussen and Harrison, 2011). Fat 
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concentration in the diet is potentially the most important factor responsible for the reduction of 

enteric CH4 emissions (Grainger and Beauchemin, 2011; Hünerberg et al., 2013). Grainger and 

Beauchemin (2011) observed a linear relationship between total fat content of the diet and CH4 

yield (g kg-1 DMI) for diets containing up to 130 g of fat kg-1. However, fat concentration should 

be restricted to no more than 6-8% of dietary DM to prevent any adverse side effects such as 

reduced feed digestion, DMI, ruminal microbial health and subsequent animal production 

(Lovett et al., 2003; McGinn et al., 2004; Beauchemin and McGinn, 2006). Fortunately, high 

inclusion levels of fat supplements are not required to reduce CH4 emissions. For example, 

significant reductions in CH4 (% GEI) were observed when linseed oil was supplemented at 

5.0% of the diet on a DM basis (3.0% CH4 GEI-1) relative to control diet (6.7% CH4 GEI-1) with 

no supplemental linseed (diet composition; 58.7% corn silage, 6.4% grass hay, and 34.9% 

concentrates, DM basis). Additionally, the inclusion of crushed flaxseed and canola seed to a 

barley-silage based diet significantly decreased CH4 emissions (g kg-1 of DMI) by 18 and 16%, 

respectively (3.7% total added fat). In terms of fat source, Jordan et al (2006) evaluated the effect 

of origin on CH4 yield by testing the inclusion of different soy products to the control (barley 

soybean concentrate-based diet). Although fat concentrations were beyond the recommended 

level of 5 to 6%, when compared to the control, the inclusion of soy oil (10%, DM basis) 

significantly reduced CH4 (L d-1) by 39% whereas whole soybeans (12% of diet, DM basis) 

reduced CH4 by 25%. Furthermore, studies have associated medium-chain FA’s to achieve CH4 

reductions primarily through direct toxic effects on methanogens whereas long-chain FA’s (such 

as linoleic acid found in oilseeds such as sunflower seed) are reported to decrease CH4 emissions 

through decreased DMI and reduced fibre digestion (Machmüller and Kreuzer, 1999; 
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Beauchemin et al., 2008).  However, the required concentration to reduce CH4 in high fibre, 

starch free forage-based diets is unclear. 

 

2.6.2 Crude protein supplementation  

Crude protein is an important determinant of feed quality and is required to ensure a 

healthy microbial community within the rumen (Getachew et al., 2005). Indeed, it has been 

established that rumen microbial efficiency may be significantly compromised when dietary CP 

concentrations fall below 7% (NRC, 2016).  Forage-based diets tend to cause an increase in 

rumen retention due to their large particle size (Zebeli et al., 2007), which can further increase if 

dietary CP is lacking, due to restricted growth and activity of microorganisms (DeRamus et al., 

2003). The slower the degradation process, the more time available for ruminal fermentation, 

more H2 production and more time for methanogens to produce CH4 (Kumar et al., 2009). 

Depending on animal requirements, forages in western Canada may often be deficient in CP 

owing to a number of factors such as stage of maturity at grazing, environmental conditions, etc. 

and thus unable to meet animal requirements without supplementation (Sheppard et al., 2015). 

Therefore to optimize production, adequate concentrations of both RDP and RUP to meet rumen 

N requirements are necessary (Griswold et al., 2003; Sousa et al., 2014). Further applications of 

protein include supplementation of low-quality pasture and forage-based diets to decrease enteric 

CH4 production (Leng, 1991). Improved feeding practices, including protein supplementation, 

has the potential to reduce enteric CH4 emissions produced by beef cattle as the extent of rumen 

methanogenesis will depend on whether metabolism and growth are limited by the amount of 

microbial protein available (Hungate, 1975; Ghorbani et al., 2018). For example, increased 

dietary CP concentration (from 6.9 to 13.6%) has been found to decrease CH4 emissions (% GEI) 
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via improved rumen efficiency and activity of microorganisms and decreased rumen retention 

time (Blair, 2015). This is supported by Bernier (2011) who found enteric CH4 emissions from 

mature cows increased by 18.5% GEI when forage CP concentration decreased from 11.6% to 

6.0% (DM basis). Studies suggest the overall reductions in CH4 are due to an improvement in 

animal efficiency and productivity from increased protein intake (Leng, 1991; Johnson and 

Johnson, 1995; Gilbery et al., 2006). Therefore, the supplementation of protein to low quality 

diets may serve as an effective tool in mitigating CH4 emissions whilst improving nutrient 

utilization and rumen fermentation by cattle (Bodine et al., 2001; Gilbery et al., 2006). Although 

protein supplementation is an effective means to increase animal productivity and consequently 

decrease CH4 emissions, feeding CP above the animal’s requirements fed has shown to cause a 

higher manure N excretion (Beauchemin et al., 2011) and the potential to lead to other 

environmental implications (Huntington and Archibeque, 1999). When diets are formulated 

appropriately to meet the animal’s needed based on physiological stage, target rate of 

performance etc., protein supplementation has been shown to improve N intake, improve 

fermentation efficiency, reduces CH4 emissions as well as decreases N excretion and manure 

N2O emissions (Koenig et al., 2003). 

 

2.7 The potential role of by-products in CH4 mitigation  

By-products from cereal grain, oilseed and pulse processing are often inexpensive feed 

ingredients that may be used to supplement livestock (both ruminant and monogastric) diets to 

correct nutritional deficiencies (Getachew et al., 2005; NRC, 2016). For example, milling and 

distillery by-products and oilseed/pulse by-products such as hulls, screenings, meals offer 

potential for producers to supplement diets where quality (energy and/or protein) and/or quantity 
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are lacking (McGinn et al., 2009; Ominski et al., 2021. Although their use is relatively novel in 

beef cattle diets, there is evidence to support the potential of by-products (such as canola and 

grain screenings) to provide as additional protein and energy sources (Good, et al., 2017; 

Holtshausen et al., 2021). For example, Bernier et al. (2012) found a low-quality forage diet 

(grass hay and oat straw) supplemented with 20% DDGS (37.8% CP, DM basis; 11.6% total CP, 

DM basis) lowered CH4 emissions by 18.5% relative to cows consuming the control diet (5.7% 

total CP, DM basis), thus, showing that supplementation to low protein forages to significantly 

reduced CH4 emissions of cows.  

In western Canada, availability of by-products from the cereal, oilseed and processing of 

other commodities has increased thus offering enhanced access to potential feed ingredients. For 

example, Manitoba has seen availability of quinoa, hemp, peas, potatoes increase with the 

development of new processing plants in the province in the last 10 yrs. However, consideration 

of challenges (such as moulds, mycotoxins, rancidity and ergot) and logistics of supplementation 

of by-products are important determinants of use. In particular, issues with rancidity with high 

fat ingredients and the toxicity of ergot in grains produced under wet conditions are critical for 

storage and animal health, respectively. Producers typically deliver feed/grains using troughs and 

feeders, however, the delivery of by-products, particularly in cow-calf feeding systems, may 

pose challenges. Therefore, further research to evaluate their potential use in the beef sector and 

their ability to improve nutrient efficiency and decrease CH4 emissions is required. The use of 

by-products from the processing of oilseed and pulses to correct energetic deficiencies through 

fat supplementation has the potential to decrease CH4 emissions, while increasing energy density 

of the diet and increasing animal productivity (Beauchemin et al., 2009b). There is limited 

research on fat supplementation in forage-based feeding systems, however, Teranishi (2020) 
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evaluated sunflower screenings when included with grass hay at 7.7% inclusion (5.6% total fat 

and 9.8% total CP, DM basis). The sunflower treatment in this study showed a 22.4% reduction 

in CH4 (% GEI) when compared a canola meal supplemented grass hay diet (1.9% total fat and 

6.1% total CP, DM basis), which may be the combined effect of high fat and protein mitigating 

deficiency of the latter. Increasing the starch concentration of the diet using products such as 

wheat, oats, barley, and potato by-products may lead to lower H2 available to methanogenic 

bacteria in the rumen, and consequently reduced CH4 production (Lovett et al., 2003). For 

example, Gomaa et al. (2021) found replacing barley grain with wheat DDGS decreased 

(P=0.08) CH4 production, thus, showing the potential of the inclusion of wheat DDGS to 

mitigate CH4 emissions. Other feeds such as legumes are most well known for their contribution 

of dietary protein, but they also provide considerable amounts of energy to the animal (Südekum 

et al., 2016), and therefore, by-products such as pea screenings and soybean meal may be 

beneficial to supplement ruminant diets low in protein and or energy. This is important as 

previous research suggests protein supplementation of low-quality forage diets can be used as an 

effective means in reducing CH4 emissions (Bernier et al., 2012). However, it is important that 

protein is balanced available energy in ruminant diets, to limit excretion of excess nitrogen 

which would thus, increase environmental implications and unnecessary feed costs (Sheppard et 

al., 2015).  

 

2.8 Future research 

The inclusion of by-products in low-quality forage-based diets offered to cow-calf herds 

in western Canada may be used to correct nutritional deficiencies, improve animal performance, 

and decrease enteric CH4 emissions. However, the inclusion of such feeds and their effects on 
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CH4 emissions are not well documented or understood. Therefore, examining by-products high 

in energy and/or protein, alone and in combination, with a grass hay-based diet will address 

existing gaps in the scientific literature and aid in improving the environmental sustainability of 

beef production in Canada. Additionally, future research on extending the grazing season via 

increased extended grazing to determine if cattle are losing weight in these scenarios would be 

valuable as well as investigating other strategies increasing production efficiency and decreasing 

emission intensity (increased cow performance, increased weaning weight of calves, etc.).  
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3.0 Research hypotheses and objectives 

3.1 Hypotheses 

Chapter 4: The addition of by-products selected as potential energy sources to rumen fluid from 

a donor steer offered ad lib grass-hay only diet will decrease in vitro gas and CH4 production and 

increase DMD and rumen fermentation parameters.  

Chapter 5: The addition of by-products selected as potential protein sources to rumen fluid from 

a donor steer offered ad lib grass-hay only diet will decrease in vitro gas and CH4 production and 

increase DMD and rumen fermentation parameters. 

Chapter 6: The inclusion of by-products in a timothy hay-based diet in a semi-continuous 

(RUSITEC) system will decrease CH4 production and improve feed digestion and rumen 

fermentation. 

 

3.2 Research objectives 

Chapter 4: To determine the effect of 12 individual by-product feeds selected as potential 

energy sources on in vitro DMD, total gas and CH4 production and rumen fermentation 

parameters using in vitro batch culture.  

 

Chapter 5: To determine the effect of 20 individual by-product feeds selected as potential 

protein sources on in vitro DMD, total gas and CH4 production and rumen fermentation 

parameters using in vitro batch culture. 
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Chapter 6: To determine the effect of inclusion of three by-products in a grass hay-based diet on 

nutrient disappearance, total gas, CH4 production, rumen fermentation and protozoa count in a 

RUSITEC system. 
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4.1 Abstract 

The objective of this experiment was to determine the effect of barley and 11 individual 

by-product feeds selected as potential energy sources on in vitro DMD, gas and CH4 production 

and steer rumen fermentation parameters. In-vitro batch culture was used to assess barley 

(considered to be a standard, traditional energy source), canola meal, hemp powder, hemp hulls, 

sunflower hulls, sunflower screenings, wheat bran, wheat screenings, flax screenings, oat pellets, 

oat hulls, and potato starch. This experiment was a randomized complete block design with by-

products (0.5 g-1 DM) weighed individually into jars, inoculated with buffered medium and 

rumen fluid and incubated at 39˚C for 48 hr. Gas samples were collected at 3, 6, 9, 12, 18, 24, 36 

and 48 hr for gas and CH4 determination. Post incubation DMD, pH and NH3-N concentrations 

were also measured. The effect of sample month and location of sampling was used to explain 

variation within by-product samples. Subsequently, data were analysed using PROC MIXED of 

SAS including treatment as a fixed effect and run, block (run), treatment x run and location x 

month (treatment) as random effects. Additionally, a stepwise regression algorithm was 

conducted using PROC GLMSELECT to regress DMD, gas and CH4, pH, and NH3-N on 

treatment chemical constituents (CP, fat, starch, NDF). Overall, treatment had a significant 

(P<0.01) effect on all measured variables. Hemp hulls and hemp powder had the lowest (P<0.05) 

DMD (17.4 and 17.6%, respectively) relative to all other treatments, whereas potato starch and 

barley had the highest (P<0.05; 88.2% and 80.9%, respectively) DMD. On a DM basis, hemp 

hulls produced less (P<0.05) CH4 (3.4 mL g-1 of DM) relative to all other treatments, with the 

exception of hemp powder (4.1 mL g-1 of DM). Conversely, potato starch produced the highest 

(P<0.05) volume of CH4 (76.4 mL g-1 DM), relative to all other treatments. On a DMD basis, 

hemp hulls produced higher (P<0.05) CH4 (64.2 mL g-1 DMD), relative to all other treatments. 
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Regression analysis indicated that chemical constituents explained treatment differences in 

DMD, gas (mL g-1 DM; mL g-1 DMD) and CH4 (mL g-1 DM; mL g-1 DMD) production with r2 

values of 0.9216, 0.9613, 0.3614, 0.9497 and 0.2341, respectively. This analysis also showed 

that fat concentration affected (P<0.001) DMD, gas and CH4, with starch concentration affecting 

(P<0.001) DMD, gas (mL g-1 DM) and CH4 (mL g-1 DM). Overall, multiple regression analysis 

showed fat had negative effect (P<0.001) on DMD and gas, and positive effect on CH4. Overall, 

multiple regression analysis showed that starch had a significant (P<0.001) positive effect on 

DMD and CH4. 

Through the screening of these by-product feeds as potential energy sources, this study 

determined that potato starch was the most digestible by-product and had the highest CH4 

production on a DM basis. Conversely, hemp powder and hulls were the least digestible, with the 

latter having the highest CH4 production when expressed on a DMD basis.  

 

4.2 Introduction 

Enteric CH4 is a potent GHG produced by ruminants during the process of feed digestion 

and is primarily emitted from the animal by eructation (Johnson and Johnson, 1995; Beauchemin 

et al., 2009a). Diet composition, in particular the energy to protein ratio, is an important factor 

influencing CH4 emissions, thus, dietary manipulation has been an area of considerable research 

interest for its mitigation potential. However, contrary to grain-based diets utilized in feedlot 

systems, there are fewer options for dietary manipulation in forage-based diets, specifically the 

inclusion of novel ingredients. However, strategic inclusion of feed ingredients which address 

dietary energy deficits and potentially mitigate CH4 emissions offer potential dual benefits to 

beef production. 
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In Manitoba, the agriculture sector has seen an increase in commodity processing 

capacity in recent years, thus increasing the availability of potentially inexpensive by-product 

feeds to cattle producers. By-product feeds are often waste products from commodity processing 

and vary in nutritive value, cost and availability. Notwithstanding, there has been increased 

interest in their use beef cattle diets to meet animal nutrient requirements when feed supplies are 

limited and/or energy is a limiting nutrient in forage-based diets (Van Zanten et al., 2014). 

Although research in novel by-product feeds is limited, they offer potential strategies for enteric 

CH4 mitigation through energy supplementation via the effects fat and/or starch. Increasing 

dietary fat and starch has been reported to mitigate CH4 emissions (Moreira et al., 2016) in high 

grain and TMR-based diets (Martin et al., 2008; Grainger and Beauchemin, 2011) and through 

the use of by-products, may be used in cow-calf production systems as a potential GHG 

mitigation strategy (Boadi et al., 2004; Smith et al., 2008; Benchaar and Greathead, 2011). Fat 

supplementation has been shown to reduce CH4 production through a number of pathways 

including exerting toxic effects on rumen protozoa and methanogens, reducing feed digestion 

etc. (Martin et al., 2016). Starch supplementation has shown to favour propionate production, 

reduce pH and H2 availability, and impair methanogens; consequently, decreasing the production 

of CH4 (Popova et al., 2011). However, the literature is devoid of information on the role of fat 

and starch as mitigation options in grass hay-based diets, typical of the those utilized in beef 

cattle diets, particularly in the cow/calf sector, in western Canada. Thus, this experiment 

evaluated the effects of barley and 11 by-product feed ingredients selected as potential energy 

sources on in vitro DMD, gas and CH4 production and rumen fermentation parameters. Although 

by-products were selected as potential energy sources, some offered as potential CP 

supplementation as well.  
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4.3 Materials and methods 

4.3.1 Animal ethics and management 

All management and care of animals used in this study were in accordance with the 

guidelines of the Canadian Council on Animal Care (CCAC, 2009). Three ruminally cannulated 

Aberdeen Angus – cross beef heifers were used as rumen fluid donors and group housed at the 

Glenlea Research Station, University of Manitoba. Heifers were fed once daily and offered ad 

libitum access to a grass hay diet (15.4 % CP, 52.6 % TDN, DM basis) for 14 d prior to rumen 

sampling. Animals had ad libitum access to clean and fresh water throughout.  

 

4.3.2 Experimental design and treatments  

The objective of this experiment was to investigate in vitro DMD, total gas production 

(hereafter known as gas), total CH4 production (hereafter known as CH4), and rumen 

fermentation parameters of by-product feeds selected as potential energy sources for low energy 

hay-based diets. This experiment served as a screening tool to evaluate the feeds to assess their 

potential for inclusion in a hay based RUSITEC experiment in Chapter 6 of this thesis. The 

experiment was a randomized complete block design comparing barley and 11 by-product feeds, 

which were canola meal, hemp powder, hemp hulls, sunflower hulls, sunflower screenings, 

wheat bran, wheat screenings, flax screenings, oat pellets, oat hulls, and potato starch. Selected 

based on their commercial availability in western Canada, 10 by-products were sourced at three 

annual timepoints (hereafter known as month) from seven commercial grain processing locations 

in Manitoba (hereafter to be referred to as location) to account for potential sample variability 

(Table 4.1). Samples were obtained in August (2017), November (2017) and January (2018). 

Locations were Carberry (potato starch; Manitoba Starch Products), Portage la Prairie (flax 
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screenings; Prairie Flax Production, oat hulls and oat pellets; Can-Oat), Elie (wheat bran and 

wheat screenings; Prairie Flour Mills), St. Agathe (hemp hulls and hemp powder; Hemp Oil 

Canada), Arborg (hemp hulls; Midlake), Winkler (sunflower hulls and sunflower screenings; 

Scoular Co.), and Deloraine (sunflower hulls and sunflower screenings; Nestibo Agra). Two by-

products (barley and canola meal) were commercially sourced single samples. For the in vitro 

analysis, each by-product feed was run in triplicate for each month and location of sampling 

where applicable, with three alfalfa-hay samples and three bottles of rumen fluid/buffer mix only 

included as lab standards and blanks, respectively. Three incubation runs were conducted over a 

3- wk period for this assessment. 

 

4.3.3 In vitro batch culture incubation technique 

All samples were dried at 60°C for 48 hr and ground to 1 mm using a Wiley Mill 

(Thomas-Wiley, Philadelphia, PA) for subsequent chemical and in vitro analysis. Prior to 

incubation, a sample of each by-product feed (0.5 g-1 DM) was weighed individually into 122 

mL glass jars. On the day of incubation, rumen fluid was collected from each animal 2 hr after 

feeding (from 4 sites in the rumen) and filtered through Pecap mesh (mesh opening: 250µm; 

Sefar Nytal PA66GG-250 136cm, Heiden, Switzerland) into pre-warmed thermoses (1.8 L). 

Thermoses were filled with rumen fluid to eliminate oxygen and immediately transported to the 

laboratory. Once returned to the laboratory, rumen fluid was pooled and filtered through Pecap 

mesh for a second time to eliminate any remaining solids, transferred into a preheated 4 L glass 

jar and placed in a water-bath set at 39°C, and continually flushed with CO2 for 5 min prior to 

start of incubation. Buffered mineral solution was prepared according to procedures of Menke et 

al. (1979) and placed in a water bath set at 39°C, continuously flushed with CO2 for 
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approximately 20 min prior to start of incubation. Both rumen fluid and buffer solution were 

continually mixed and covered with parafilm while being flushed with CO2 to maintain anaerobic 

conditions. Rumen fluid and pre-warmed buffer solution were dispensed into each glass jar at a 

ratio of 15:30 mL, respectively. The glass jars were flushed with CO2 for 30 sec to eliminate 

oxygen and then immediately sealed with butyl rubber stoppers and aluminum crimp caps. The 

jars were placed into an incubator (Model 96 2020, VWR Scientific, Radnor, PA) set at 39°C on 

a rotary oscillator (TYZD-IIII, Orbital Shaker, Jiangsu Tenlin Instrument, Tiazhou, China) set at 

60 rpm, for 48 hr. Gas pressure (psi) in each jar was recorded at 3, 6, 9, 12, 18, 24, 36, 48 hr 

post-inoculation, measured by inserting a 22-gauge needle attached to a pressure transducer 

(Traceable Pressure Calibrator, Model: 33500-086, VWR Scientific, Radnor, PA). At each time-

point, 10 mL of gas was extracted from the headspace of each jar using a 25 gauge, 6-in needle 

and transferred into a 5.9 mL exetainer (Labco Ltd., Lampeter, UK). Once gas measurement and 

sampling were completed, a 22-gauge needle was used to vent any residual gas from each jar. 

After 48 hr of incubation, final gas pressure was recorded, gas samples were obtained, and 

fermentation terminated by placing the jars on ice. The pH of the fermenter liquid was recorded 

(Fisher Scientific, AB15, Ottawa, ON) with 3 mL of liquid fraction transferred into tubes 

containing 7.2 N sulphuric acid (0.6 mL) for ammonia nitrogen (NH3-N) analysis. Samples were 

stored at -20°C for subsequent analysis and the remaining fermenter liquid and residues were 

transferred from each glass jar into pre-weighed 50 mL falcon tubes. Fermenter residues of each 

sample were collected through centrifugation at 3750 rpm for 15 min at 4°C. Samples were 

thereafter decanted, rinsed for a second and third time and then centrifuged again for further 

solid recovery. Falcon tubes with remaining pellets were dried in a forced air-drying oven at 

55°C for 48 hr and weighed back to determine DMD.  
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Gas chromatography was used to analyze CH4 concentration (%) from obtained gas 

samples. The gas chromatographer (Agilent 7890B series GC, Santa Clara, CA) was a dual 

column instrument equipped with a thermal conductivity detector and a front inlet detector and 

was calibrated to a 5-point standard curve using known CH4 concentrations of 1, 5, 10, 15 and 40 

%. The inlet temperatures were set at 150°C with a constant pressure of 30 psi and total flow and 

septum purge flow of 3 mL min-1. Nitrogen was used as the carrier gas and the front inlet 

detector heater temperature was set at 250°C with an airflow rate of 450 mL min-1 and H2 flow 

rate of 70 mL min -1. Pressure measurements obtained allowed gas volumes to be calculated 

using the following equation of: Gas production (mL) = (4.7047 x gas pressure (kPa) + 0.0512 x 

gas pressure (kPa)2), as determined by Romero and Beauchemin (2018), with CH4 production 

based on volume of gas and its CH4 concentration. Gas and CH4 were determined on the basis of 

both DM incubated (mL g-1 DM) and DMD (mL g-1 DMD).  

 

4.3.4 Chemical analysis  

Energy, starch, CP, NDF and ADF analyses were completed at Central Testing 

Laboratory Ltd Winnipeg, MB. Energy analysis of samples were completed following the 

procedures defined by the Association of Official Analytical Chemists (AOAC, 1995) and 

calculations as described by Adams (1994) to determine total digestible nutrients (TDN), and 

digestible energy (DE). In brief, the starch fraction was measured with an YSI 2700 SELECT 

Biochemistry Analyser (YSI Incorporated Life Sciences, Yellow Springs, OH). The CP 

concentration was measured by following an AOAC 990.03 method (N x 6.25) on a Leco FP-

528 (LECO Corporation, St. Joseph, MI). The NDF and ADF concentrations were determined as 

described by Van Soest et al. (1991) using the ANKOM 200 automated fibre analyzer (ANKOM 
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Technology, Macedon, NY) with heat-stable α-amylase and sodium sulfite, according to 

procedures described by Komarek (1993). Fat concentration was determined using the ANKOM 

Extraction system (ANKOM Technology; Macedon, NY) following the ANKOM Technology 

Method (NDF Method 13 and ADF Method 12) and completed at the University of Manitoba in 

Winnipeg, MB. The chemical composition of all by-product feeds is reported in Table 4.2. To 

assess NH3-N, samples from fermented rumen fluid were analysed according to the Indole-

Phenol Blue Method described by Novozamsky et al. (1974) and thereafter, NH3-N 

concentrations were determined colourimetrically by measuring absorbency at 655 nm using a 

UV spectrophotometer and calculated based on the standard curve generated. 

 

4.3.5 Statistical analysis  

This experiment consisted of barley and 11 by-product treatments, with 10 sourced from 

seven processing facilities (location) at three time points (month), and barley and one additional 

by-product from single source archive samples, giving 41 treatment samples with these factor 

combinations. There were 53 missing values from block 3 due to a lab dispensing error, with 

these missing. Model 1 carried out a preliminary statistical analysis using PROC MIXED to 

assess the relative importance of month and location, where applicable, to describe variability in 

the data. Only by-product feeds sourced from multiple locations (hemp hulls, sunflower hulls 

and sunflower screenings) and multiple months (hemp powder, hemp hulls, sunflower hulls, 

sunflower screenings, wheat screenings, wheat bran, flax screenings, oat pellets, oat hulls, and 

potato starch) were used for this preliminary analysis.  Subsequent analysis was conducted using 

the month-location mean of by-product treatments.  
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Model 2 was used to compare by-product treatments in a mixed model which included 

the random effects of run, block(run), treatment x run, and month x location (treatment) on 

DMD, gas, CH4 and pH using PROC MIXED of SAS (SAS Institute Inc., Cary, NC., 2018). 

Treatment effects were considered significant using a Type 1 error of 0.05. The PROC GLM 

procedure of SAS was used to determine the partial r2 for each factor in the model. In this 

experiment data were tested for normality and homogeneity of residual variance.  

Model 3 was a regression model in which DMD, gas and CH4 production and pH were 

dependent variables, while CP, NDF, starch and fat were considered independent variables 

hypothesized to explain the difference in volume of gas and CH4 produced from the by-product 

feeds tested. The dependent variables were expressed as deviations from their respective means 

where variables were referred to by their name with D appended for deviation, e.g., FatD. The 

model also included linear, quadratic, cubic and cross-products of the independent variables 

described as well as the experimental design variables, run and block(run). A stepwise regression 

algorithm was conducted using PROC GLMSELECT. Stepwise selection began with a null 

model and added single independent variables that made the greatest contribution toward 

explaining the dependent variable, and then iterates the process. Additionally, a check was 

performed after each such step to see whether one of the variables had become insignificant 

because of its relationship to the other variables. If so, this variable was removed. Methane 

production was log transformed to equalize variance among treatments and produce a normal 

distribution in the residuals. Methane production (mL g-1 DM, mL g-1 DMD) was fitted to a 

multiple regression model using polynomials (linear, quadratic and cubic terms) and cross-

product terms of CP, NDF, starch and fat (all expressed as deviated from their means) in a 

stepwise fitting process. To demonstrate the relationships graphically, CH4 was plotted vs each 
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of the variables (CP, NDF, starch and or fat), one at a time while holding the others at their mean 

value. This was carried out using the “Effectplot” function of the PROC PLM in SAS, after the 

multiple regression model was fitted with PROC GLMSelect. The regression analysis is 

graphically presented in Figures 4.1 to 4.16 of this thesis, where variables upon which starch and 

fat had a significant effect on were included and those without a significant effect, were omitted. 

 

4.4 Results 

4.4.1 Model 1:  

Preliminary analysis – effect of by-product source 

Results from the preliminary analysis assessing the relative importance of by-product 

feed source (month and location of sampling) are reported in Table 4.3. Month had a significant 

(P<0.05) effect on DMD of wheat screenings, wheat bran and oat hulls and also on gas 

production (mL g-1 DM) for all treatments except wheat bran, flax screenings and oat pellets. 

Month also had a significant (P<0.05) effect on gas (mL g-1 DMD) produced by hemp hulls, 

potato starch, sunflower screenings, and wheat screenings, with tendencies (P≤0.075) observed 

for hemp powder and wheat bran. For CH4 production on a DM incubated basis, month had a 

significant (P<0.05) effect for flax screenings, hemp powder, hemp hulls, oat hulls, potato starch,  

sunflower hulls, and wheat screenings, as well as a significant (P<0.05) effect on CH4 on a DMD 

basis produced by hemp hulls, oat hulls, sunflower hulls, sunflower screenings, wheat 

screenings, wheat bran, and potato starch. Month had a significant (P<0.05) effect on pH of 

hemp powder, oat hulls and wheat bran as well as a significant (P<0.05) effect on NH3-N of 

hemp hulls and wheat screenings.  
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Location did not affect (P>0.05) DMD; however, it did have an effect (P<0.05) on gas 

(mL g-1 DM) produced by sunflower hulls and sunflower screenings. Location also had a 

significant (P<0.05) effect on gas produced on a DMD basis for sunflower screenings. Methane 

produced on a DM incubated basis by sunflower hulls and sunflower screenings and CH4 (mL g-1 

DMD) produced by hemp hulls, sunflower hulls, and sunflower screenings was also affected by 

location. Location had a significant (P<0.05) effect on pH of hemp hulls and NH3-N of 

sunflower screenings.  

Following analysis of the impact of source month and location, the subsequent statistical 

analyses of this study data were conducted using the location-month means for each by-product 

(except for barley and canola meal which were single source samples) and results in the 

following sections represent the output of Models 2 and 3. 

 

4.4.2 Model 2: 

4.4.2.1 Dry matter disappearance  

Dry matter disappearance post incubation ranged from 17.4% to 88.2%, with a significant 

(P<0.001) effect of by-product treatment observed (Table 4.4). Hemp hulls and hemp powder 

had the lowest (P<0.05) DMD (17.4 and 17.6%, respectively) relative to all other treatments, 

with potato starch and barley having the highest overall value (P<0.05; 88.2% and 80.9%, 

respectively).  

 

4.4.2.2 Gas and CH4 production 

Treatment had a significant effect (P<0.05) on gas production for both units of 

expression, ranging from 45.7 to 346.0 mL g-1 DM and 125.1 to 188.4 mL g-1 DMD, respectively 
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(Table 4.4). On a DM basis, hemp hulls and hemp powder had the lowest gas production 

(P<0.05; 45.7 and 45.7 mL g-1 DM, respectively), with potato starch having the highest (P<0.05; 

346.0 mL g-1 DM) overall. On a DMD basis, flax screenings (125.1 mL g-1 DMD) had the lowest 

gas production numerically, but did not differ from sunflower screenings, hemp powder, and 

canola meal (131.9, 134.9, and 150.3 mL g-1 DMD, respectively). Potato starch had numerically, 

the highest (188.4 mL g-1 DMD) gas production but did not differ from barley, wheat bran, hemp 

hulls, wheat screenings, oat pellets, sunflower hulls, oat hulls and canola meal.  

Treatment had a significant effect (P<0.05) on CH4 for both units of expression, ranging 

from 3.4 to 76.4 mL g-1 DM and 16.6 to 64.2 mL g-1 DMD, respectively. On a DM basis, hemp 

hulls produced the lowest (P<0.05) CH4 (3.4 mL g-1 of DM), relative to all other treatments, with 

the exception of hemp powder (4.1 mL g-1 DM). Conversely, potato starch had the highest 

(P<0.05) CH4 (76.4 mL g-1 DM), relative to all other treatments. On a DMD basis, flax 

screenings were numerically lowest but did not differ from canola meal, potato starch, barley, 

sunflower screenings, wheat bran, wheat screenings, and hemp powder whereas hemp hulls were 

higher (64.2 mL g-1 DMD) than all other treatments. 

 

4.4.2.3 Rumen fermentation 

By-product treatment had a significant effect on post incubation pH (P<0.001; Table 4.4) 

which ranged from 5.99 to 6.79. Potato starch had the lowest (P<0.05) pH (5.99), relative to all 

other treatments, with hemp powder (6.79) and hemp hulls (6.77) exhibiting the highest (P<0.05) 

pH, overall.   

Treatment also had a significant effect (P<0.001) on NH3-N, with concentrations ranging 

from 0.0 to 30.0 (mg dL-1; Table 4.4). Overall, potato starch produced the lowest (P<0.05) NH3-
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N concentration (0.0 mg dL-1; P<0.05) relative to all other treatments, with flax screenings 

having the highest (30.0 mg dL-1; P<0.05).  

 

4.4.3 Relative importance of various sources of variation in Model 2 

Model 2 also examined the effects of model factors on DMD, gas, CH4 and pH (Table 

4.5). This analysis indicated that the model which included treatment, run, block(run), treatment 

x run, and location x month(treatment) explained 97% of the observed response in DMD 

(r2=0.9743), with treatment alone accounting for 74% (r2=0.7429). Treatment, run, block(run), 

treatment x run, and location x month(treatment) of treatment had a significant effect on 

(P<0.05) gas (mL g-1 DM; mL g-1 DM) as well as CH4 (mL g-1 DM; mL g-1 DMD), with r2 

values of 0.9911, 0.7176, 0.9915, and 0.7382, respectively. Additionally, Model 2 indicated 

treatment, run, block(run), treatment x run, and month x location(treatment) explained 95% of 

the response observed in pH (r2=0.9542) and 79% of the response observed in NH3-N 

(r2=0.7873).  

 

4.4.4 Model 3: 

Regression model analysis 

Model 3 identified and characterized the relationship between chemical constituents (CP, 

NDF, starch and fat) of the treatments and the measured response variables (DMD, gas and CH4 

(Table 4.5). The regression model indicated that chemical constituents explained a large 

proportion (r2 ranging from 0.2341 to 0.9613) of the treatment variability shown in Model 2. Fat, 

CP, NDF, and starch concentrations had a significant effect (P<0.001) on the DMD, gas (mL g-1 

DM; mL g-1 DMD) and CH4 (mL g-1 DM; mL g-1 DMD) with r2 values of 0.9216, 0.9613, 



 43 

0.3614, 0.9497, and 0.2341, respectively. Chemical constituents explained 89% of the pH 

(r2=0.8932) and 69% of the NH3-N response observed in our study (r2=0.6860).  

The regression analysis is graphically presented in Figures 4.1 to 4.16, For the objectives 

of this chapter, only results from Figures 4.1 to 4.7 related to energy (fat and starch) are reported 

in this section, with those additional figures (4.8 to 4.16) related to protein and NDF reported in 

Appendix A. Overall, fat had a significant negative linear relationship and positive quadratic 

relationship with treatment DMD (Figure 4.1), with DMD decreasing to a plateau over the 

deviation range of -10 to +10. Above +10, DMD increased which is likely reflective of data 

limitations due to fewer observations of by-products with a varying mix of other chemical 

constituents in extreme positions. There is increased confidence around the mean (at zero), 

where a greater proportion of the data, most of the combinations of chemical constituent were 

clustered and therefore reducing bias. Fat had a negative linear, positive quadratic relationship 

with gas (mL g-1 DM; Figure 4.2), where gas production decreased as it approached the mean 

(deviation of 0) and increased over the deviation range of 0 to +30. Fat also had a positive linear 

and negative quadratic relationship with gas (mL g-1 DMD; Figure 4.3), where gas increased 

slightly and then decreased over the deviation range of 0 to +30. Fat had a positive linear and 

quadratic relationship and a negative cubic relationship with CH4 (mL g-1 DM; Figure 4.4), 

where CH4 increased over the deviation range of 0 to +30 as it approached the mean. Fat also 

had a positive linear relationship, negative quadratic relationship, and a positive cubic 

relationship with CH4 (mL g-1 DMD; Figure 4.5), where fat increased over the deviation range of 

-10 to 0 and then decreased from 0 to 30. Whereas starch had an overall positive quadratic 

relationship with DMD (Figure 4.6), where DMD increased over the deviation range 0 to +10, 
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decreased from +10 to +40 and then increased from +40 to +80 as well as had a positive linear 

relationship with CH4 (mL g-1 DM; Figure 4.7).  

 

4.5 Discussion 

4.5.1 Preliminary analysis – effect of by-product source  

It is important to consider/evaluate the impact of feed (both forage and supplementary 

ingredient) source on feed quality when supplementing forage diets to determine the consistency 

of their potential to correct nutritional deficiencies or mitigate GHG emissions. It is well 

established that factors such as stage of maturity, species etc affect forage quality but less known 

as the factors which affect by-product quality. Significant variability can occur with by-products 

depending on raw material, source location, time of year, processing method (chemical, physical, 

biological) and efficiency etc. For example, Broderick et al. (2016) reported significant 

differences in the chemical composition of Canadian canola meal due to both year and 

processing plant. However, little information currently exists for the impact of source of many 

other emerging by-product feeds. In this study, variation in the chemical composition of by-

products was observed with sunflower screenings for example ranging from 7.7 to 47.1% fat 

concentration (DM basis), highlighting the importance of feed testing and ration balancing to 

avoid under/overfeeding nutrients, and ensuring optimal efficiency for the desired level of 

output.  

For the variables of interest in this study, the effect of month of sampling was 

inconsistent across the by-products sampled at multiple annual time points, demonstrating that 

certain by-products had higher levels of variability due to time of year. Of these variables, DMD 

was least affected by month of sampling, with only the wheat products and oat hulls affected by 
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time of the year. Flax screenings and oat pellets demonstrated the greatest consistency in DMD 

across time of year, with no effect of month of sampling for any of the measured variables 

illustrating their potential value as a consistent/reliable energy source for inclusion in ruminant 

diets. Time of year of sampling will impact soil fertility and plant maturity and subsequently by-

product chemical composition and nutrient availability. Processing plant location was evaluated, 

albeit with only three by-products, to assess the importance of source, with DMD of hemp hulls 

and sunflower hulls/screenings unaffected, thus indicating higher consistency of hemp as a by-

product across regions/processing facilities. Whereas, in terms of CH4 (mL g-1 DM), only hemp 

hulls were unaffected by location thus indicating that the range in processing methods across 

region and annual variability can significantly affect the quality of the by-products that become 

available as livestock feed. Although flax screenings and oat pellets demonstrated higher 

consistency than others, all by-product feeds should be tested prior to inclusion in least cost 

ration formulation for beef cattle. 

 

4.5.2 Dry matter disappearance  

Dry matter digestibility an important indicator of feed quality, and it is well established 

that chemical composition of the diet plays a key role (Saleem et al., 2020). In the context of in 

vitro analyses, the term disappearance is more often used as the incubation vials cannot 

specifically digest feed, rather a measure of the disappearance is considered more correct. 

Nevertheless, fat concentration is one important chemical component that affects DMD and 

although its supplementation is more common in dairy systems, it has been utilized as a 

concentrated energy source for beef cattle offered high grain diets (NRC, 2016). However, 

limited information exists regarding its supplementation in high fibre, forage-based diets. 
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Notwithstanding, high dietary fat concentrations are well known to have a negative effect on 

DMD (Grainger and Beauchemin, 2011) and in the current study, fat concentration of the by-

products ranged from 0.02 to 34.4 % DM, where increasing fat had a negative effect on DMD, 

which was supported by regression analysis. The regression analysis showed chemical 

constituents explained a large proportion (r2=0.916) of treatment DMD variability. For example, 

the regression analysis illustrated in Figure 4.1, showed DMD of feed decreased as fat 

concentration increased. However, as previously mentioned, it is important to note, results 

illustrated above +10, is likely reflective of data limitations due to fewer observations of by-

products with a varying mix of other chemical constituents in extreme positions. Whereas results 

illustrated around the mean (at zero) had increased confidence, where a greater proportion of the 

data, most of the combinations of chemical constituent were clustered and therefore reducing 

bias. Fat concentration exceeding recommended maximum of 6 to 8% of total diet DM is 

reported to cause a decrease in DMD, predominantly due to the toxic effect of FA’s on fibre 

digesting bacteria and protozoa (Lovett et al., 2003; McGinn et al., 2004; Beauchemin and 

McGinn, 2006). However, it is important to remember that in the current study, by-products were 

assessed in isolation and under practical circumstances would added to a hay-based diet as a 

balanced feed ration, thus the high fat concentration of certain by-products such as flax and 

sunflower screenings (mean of month and location; 34.4 and 29.5%, respectively), would be 

diluted. Increasing the fibre concentration in feedstuffs is also well established to reduce feed 

digestibility (Sousa et al., 2014) owing to the high sensitivity of celluloytic organisms, including 

fibrolytic bacteria to dietary fat (Beauchemin et al., 2009b; Hristov et al., 2009; Patra and Yu, 

2013) and although oat hulls and oat pellets had the highest NDF concentrations of any by-

product, the lowest DMD was observed with hemp hulls and hemp powder, potentially explained 
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by the combination of their high NDF (53.9% and 62.3%, DM basis, respectively) and fat (20.0 

and 7.8%, DM basis, respectively). This is supported by a meta-analysis produced by Patra 

(2014) who reported NDF digestibility linearly decreased (P<0.01) with increased dietary fat 

concentrations (0.8 to 1.15 %, DM basis). Further explanation of the low DMD observed by 

hemp hulls and hemp powder may be due to the amino acid profile of hemp seed protein, as it 

resists degradation in the rumen (RUP 78.25 % CP), yet is very digestible in the total 

gastrointestinal tract (Mustafa et al., 1999). Conversely, non-structural storage carbohydrates 

such as starch are typically rapidly digested relative to cell-wall material leading to increased 

digestibility (Van Houtert, 1993; Allen, 1996; Hatew et al., 2015). This may explain the response 

observed in our study, where potato starch and barley had the highest DMD (88.2% and 80.9%, 

respectively) coupled with highest starch concentrations (89.4 and 64.2 %, DM basis, 

respectively), relative to all other treatments. This is further supported as the wheat products had 

the next highest DMD. Additionally, as evidenced from the regression analysis, starch had a 

significant positive linear relationship with treatment DMD, where DMD increased as starch 

concentration increased. Similarly, Beauchemin and McGinn (2005) reported increased 

(P<0.001) DMD with cattle offered high concentrate diets compared to those fed corn silage-

based diets (74.9% and 61.3%, respectively with 58.3% vs. 31.2% starch (DM basis, 

respectively). This response is likely to be a result of the increased fractional degradation rate of 

starch sources, decreasing ruminal pH and increasing ruminal rate of passage due to the level of 

inclusion and chemical composition of the substrate (Rotger et al., 2006; Hatew et al., 2015). 

However, it’s important to note that high inclusion rates of rapidly digestible feeds such as potato 

starch (without adequate adaptation) could lead to potential metabolic disorders such as SARA, 

thus sufficient long fibre in the diet is critical to minimize this risk.   
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4.5.3 Gas and CH4 production  

Dietary CH4 mitigation strategies involving strategic inclusion of novel feed ingredients 

has been an area of considerable research for high grain and TMR diets (Beauchemin et al., 

2008; Haque, 2018), however much less information is available for high-fibre, perennial forage 

diets. Thus, the evaluation of novel by-products selected as energy sources for their potential 

inclusion in perennial forage-based diets addresses a significant data gap. An important chemical 

component in CH4 mitigation to date has been fat and its supplementation has been reported as 

an effective means to mitigate CH4 emissions produced by ruminants in grain-based diets (Boadi 

et al., 2004; Beauchemin et al., 2008; Martin et al., 2008). For example, McGinn et al. 

(2009) reported that inclusion of corn DDGS in a barley silage-based diet at 35% dietary DM 

reduced CH4 emissions (g kg-1 DM intake) by 16.4% in cattle compared to the control (60% 

barley silage, 35% barley grain; 2.0% total fat, DM basis), due most likely to the high fat 

concentration of corn DDGS treatment (5.1% fat, DM basis). However, there are few studies 

evaluating the role of increasing the fat concentration in hay-based diets which are high in fibre 

and essentially starch free. Grainger and Beauchemin (2011) reported the CH4 suppressing 

effects of dietary fats were multi-faceted and dependent upon a number of factors such as type 

and source of fat, total concentration in the diet, FA profile, basal diet (for example, forage-based 

diet vs. TMR-based diet) etc. Although sunflower screenings and flax screenings had higher fat 

concentrations, on a DM basis hemp hulls produced less CH4 on a DM basis relative to all other 

treatments, which may be best explained by a combination of its high dietary fat and NDF 

concentration (20 and 53.9%, respectively). Similarly, Wang et al. (2017) found the inclusion of 

hemp seed (70 g lipids kg-1 DM basis) in a grass hay and silage-based diet to decrease (P<0.05) 

CH4 production (mL g-1 DM) by 18%, when compared to the control (grass hay silage, without 
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hemp). Fat concentration in the diet (>6% on a DM basis) has been shown to reduce CH4 

emissions by lowering ruminal fermentability, increasing the proportion of propionate produced 

and decreasing H2 accumulation through FA biohydrogenation (Grainger and Beauchemin, 2011; 

Drehmel et al., 2018. As described previously, fats exert toxic effects on protozoa and 

methanogens in the rumen which consequently depresses their number and activity (Machmuller, 

2006; Patra and Yu, 2013). As methanogens are closely metabolically associated with ciliate 

protozoa, strategies that decrease protozoal numbers will potentially decrease CH4, however 

negative effects on fibre digestion as a result of the lower protozoal activity may also be 

observed (Ivan et al., 2004; Olijhoek et al., 2016). High fat concentrations are known to also 

inhibit ruminal cellulolytic bacteria and are commonly associated with a decrease in ruminal 

fermentation, fibre digestion, H2 and energy available to methanogens for CH4 production 

(Machmuller, 2006; Patra, 2013). Decreased fibre digestion in the presence of high fat 

concentrations is often due to the fat physically coating fibre particles and or the antimicrobial 

activity of FA’s (Owens and Basalan, 2016). 

Conversely, potato starch resulted in higher CH4 production on a DM basis in this study, 

likely reflecting its high digestibility providing a readily available energy source to methanogens. 

Although the rate of fermentation was not measured in the current study, there was an increase in 

DMD with higher starch concentration as evidenced by potato starch (88.2% starch) and barley 

(80.9% starch) having significantly higher DMD than all other treatments. This was supported by 

multiple regression analysis which compared chemical constituents. This may help to explain 

results produced in our study as feeds high in rapidly fermented non-structural carbohydrates, 

such as starch, promote increased amounts of propionic acid production and decrease H2 

available to rumen methanogens (Khan et al., 2008; Nozière et al., 2014). However, it’s 
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important to note, increasing levels of starch in diets is well-established as an effective method in 

reducing CH4 emissions per unit of GEI (Martin et al., 2010) and therefore results produced by 

by-products tested as individual feed ingredients may differ when part of a balanced diet.  

On a DMD basis, inverse CH4 results were observed, with hemp hulls having the highest 

emissions. Differing responses for the different unit of expression are an important factor to 

consider when determining the efficacy of any mitigation strategy and consideration of the 

processes that can cause divergent responses is critical. In this study, the inverse results observed 

when comparing on a DM or DMD basis was likely mathematical in nature, where CH4 was 

highest in the lowest DMD by-product, thus, reflecting the importance feed digestion and of 

evaluating CH4 on a DMD basis (Beauchemin et al., 2009b). The toxic effects of fat on microbes 

and feed digestion (Hristov et al., 2009; Montes et al., 2013) combined with the reduced 

digestibility of feeds high in structural carbohydrates such as NDF (Haque, 2018), potentially 

causing a decrease in the efficiency of dietary energy utilization and increasing CH4 production 

(Storm et al., 2012). The low CH4 on a DMD basis exhibited by flax screenings may be best 

explained by its high fat concentration and moderate DMD as the toxic effects of FA’s on fibre 

digesting bacteria, protozoa and methanogens (Jenkins, 1993; McGinn et al., 2004; Beauchemin 

and McGinn, 2006) are well documented to decrease CH4 production. Similar to hemp hulls, 

inverse results were observed with flax screenings, where CH4 was lower on a DM basis.  

 

4.5.4 Rumen fermentation  

It is well established that chemical composition and fermentability of diets have 

substantial effects on rumen pH (Van Kessel and Russell, 1998; Beauchemin and Yang, 2005; 

Salfer et al., 2018), with high starch concentrations often associated with low ruminal pH 
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(Martin et al., 2010; Benchaar and Greathead, 2011). This was observed in the current study 

where potato starch had a significantly lower pH than all other treatments. Starch-rich feed 

ingredients are highly fermentable (Laarman et al., 2012; Gao and Oba, 2016); thus, increasing 

total VFA production which lowers ruminal pH (Beauchemin et al., 2003; Plaizier et al., 2017). 

Conversely, high-fibre feedstuffs are often associated with a high ruminal pH (Allen, 1996) as 

they stimulate increased chewing, rumination and saliva, thus increasing buffering capacity 

(Beauchemin et al., 2003; Beauchemin and Yang, 2005; Zebeli et al., 2007). For example, Jiang 

et al. (2017) reported an increase in dietary NDF in vivo (40% vs. 70%, DM basis) significantly 

(P<0.05) increased mean pH (5.92 and 6.18, respectively). This may help to explain results 

observed in our study, where hemp hulls (0.20% starch, 28.6% NDF) and hemp powder (0.04% 

starch, 62.3% NDF) had higher pH (6.77 and 6.79, respectively), relative to all other treatments. 

Other by-products such as sunflower hulls (6.69), and sunflower screenings (6.68) with NDF 

concentrations (% of DM) of 67.3 and 47.0, respectively, produced a numerically high pH, 

relative to other treatments. This is further supported by multiple regression analysis, which 

showed NDF (% of DM) to have a significant positive linear relationship with treatment pH.  

Flax screenings had the highest concentration of NH3-N relative to all other treatments, 

with potato starch the lowest. Our findings suggest that increasing the proportion of starch in the 

diet improved N utilized and consequently lowered concentration of ruminal NH3-N. This agrees 

with Hristov et al. (2005) and Ramirez et al. (2012) who suggest increased proportions of starch 

in the diet will decrease NH3-N production in the rumen by enhancing the capture of released 

ammonia in the rumen. The high ruminal NH3-N concentrations observed by flax screenings, 

compared to all other treatments may be due to the unbalanced composition of energy and 

protein of flax screenings tested, which contained (on a DM basis) 34.43 % fat, 25.05 % NDF, 
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21.10 % CP, 0.09 % starch and had a protein to energy ratio of 0.69. Ghorbani et al. (2018) also 

suggests that dietary N utilization is related to the supply of rumen degradable protein (RDP) and 

rumen undegradable protein (RUP), where excessive RDP will most likely be degraded to NH3-

N. Therefore, the concept of using protein rich by-products such as flax screenings in unbalanced 

rations, has the potential to negatively impact the environment as excess N will be rapidly 

hydrolyzed to NH3-N and excreted in the urine (Hünerberg et al., 2013). To minimise excretion 

of urinary N ration, formulation to meet, but not exceed, animal protein requirement is critical 

when including by-products with grass hay-based diets.  

 

4.6 Conclusions 

In this evaluation of barley and 11 by-products selected as potential energy sources, 

variability due to month and location of by-product sampling was observed, with flax screenings 

and oat pellets least variable and wheat screenings most variable. Potato starch had the highest 

DMD and on a DM basis it had the highest gas and CH4 production. Conversely, hemp hulls 

exhibited the lowest DMD, gas and CH4 production (on a DM basis), however, it was highest 

when expressed on a DMD basis which is an important indicator of feed quality. However, 

further investigation is required to evaluate those by-products with the low CH4 properties when 

included in grass hay-based diets.  
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Table 4.1 Month and location of sampling of by-product feeds used in the in vitro analysis 
Treatment Location Month 
Barley1 na na 
Canola meal1 na na 
Flax screenings Portage la Prairie, MB August 

November 
January 

Hemp hulls  St.Agathe, MB, Arborg, MB August 
November 

January 
Hemp powder  St.Agathe, MB August 

November 
January 

Oat hulls  Portage la Prairie, MB August 
November 

January 
Oat pellets  Portage la Prairie, MB August 

November 
January 

Potato starch  Carberry, MB August 
November 

January 
Sunflower hulls  Winkler, MB, Deloraine, MB August 

November 
January 

Sunflower screenings Winkler, MB, Deloraine, MB August 
November 

January 
Wheat bran Elie, MB August 

November 
January 

Wheat screenings Elie, MB August 
November 

January 
1Commercially sourced, single samples  
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Table 4.2 Chemical analysis (% DM, unless otherwise stated) of by-products feeds (means ± SE of month and location)1  
Treatment DM % Fat Starch NDF ADF CP DE TDN 

Barley 87.1 (±2.60) 1.5 (±2.81) 64.2 (±1.79) 15.4 (±4.01) 5.9 (±10.99) 12.7 (±1.17) 3.7 (±0.28) 83.9 (±7.09) 
Canola meal  92.3 (±2.60) 2.3 (± 3.07) 1.4 (±1.92) 25.9 (±4.30) 18.7(±10.99) 40.4 (±1.26) 3.2 (±0.28) 72.8 (±7.08) 
Flax screenings 93.9 (±1.50) 34.4 (±1.66) 0.1 (±1.06) 25.1 (±2.40) 18.8 (±6.34) 21.1 (±0.69) 3.3 (±0.16) 74.7 (±4.09) 
Hemp hulls 93.2 (±1.06) 20.0 (±1.15) 0.2 (±0.73) 53.9 (±1.64) 43.9 (±4.49) 28.6 (±0.48) 2.5 (±0.11) 51.8 (±2.90) 
Hemp powder 94.3 (±1.50) 7.8 (±1.63) 0.04 (±1.04) 62.3 (±2.32) 50.1 (±6.34) 18.9 (±0.68) 2.3 (±0.16) 52.4 (±4.09) 
Oat hulls 91.9 (±1.50) 0.6 (±1.66) 3.7 (±1.06) 78.8 (±2.40) 43.4 (±6.34) 4.1 (±0.69) 2.5 (±0.16) 57.2 (±4.09) 
Oat pellets 91.5 (±1.50) 0.8 (±1.66) 18.9 (±1.06) 75.3 (±2.40) 41.9 (±6.34) 3.9 (±0.69) 2.4 (±0.16) 53.9 (±4.09) 
Potato starch 84.2 (±1.50) 0.02 (±1.67) 89.4 (±1.06) 1.1 (±2.40) 0.77 (±6.34) 0.3 (±0.70) 3.6 (±0.16) 81.8 (±4.09) 
Sunflower hulls 93.8 (±1.06) 9.1 (±1.17) 0.1 (±0.74) 67.3 (±1.68) 54.6 (±3.64) 8.0 (±0.49) 2.2 (±0.11) 49.2 (±2.89) 
Sunflower screenings 94.9 (±1.06) 29.5 (±1.18) 0.2 (±0.75) 47.0 (±1.70) 33.0 (±3.64) 13.6 (±0.49) 2.8 (±0.11) 61.7 (±2.89) 
Wheat bran 92.5 (±1.50) 3.8 (±1.71) 22.8 (±1.08) 36.6 (±2.43) 12.1 (±6.34) 19.9 (±0.71) 3.5 (±0.16) 79.5 (±4.09) 
Wheat screenings 93.3 (±1.50) 2.4 (±1.71) 49.5 (±1.08) 21.9 (±2.43) 13.5 (±6.34) 13.5 (±0.71) 3.5 (±0.16) 78.5 (±4.09) 
1 Using the mean of month and location, with the exception of barley and canola meal which were commercially sourced single samples 
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Table 4.3 Significance (P<0.05) of by-product feed source in terms of time of sampling (month) and processing facility (location) on 
experimental variables (Model 1) 

Treatment 1 
DMD Gas  

(mL g-1 DM) 
Gas  

(mL g-1 DMD) 
CH4  

(mL g-1 DM) 
CH4  

(mL g-1 DMD) 
pH NH3-N 

(mL dL-1) 
Month of by-product sampling2 
 Flax screenings 0.359 0.211 0.625 0.050 0.554 0.578 0.625 
 Hemp powder 0.120 0.003 0.075 0.025 0.417 0.038 0.375 
 Hemp hulls 0.216 0.016 <0.001 0.009 0.004 0.573 0.002 
 Oat pellets 0.657 0.222 0.681 0.324 0.659 0.393 0.189 
 Oat hulls <0.001 <0.001 0.598 <0.001 0.387 0.009 0.632 
 Potato starch 0.388 0.005 0.018 0.006 0.018 0.189 0.224 
 Sunflower hulls 0.514 <0.001 0.661 <0.001 0.049 0.296 0.083 
 Sunflower screenings 0.592 0.033 <0.001 0.090 <0.001 0.086 0.200 
 Wheat screenings 0.027 0.013 0.001 0.019 0.002 0.074 0.005 
 Wheat bran 0.044 0.135 0.069 0.414 0.029 0.044 0.919 
Location of by-product sampling3 
 Hemp hulls 0.923 0.383 0.117 0.315 0.046 0.024 0.669 
 Sunflower hulls 0.345 <0.001 0.305 0.004 0.049 0.756 0.054 
 Sunflower screenings 0.070 0.010 <0.001 0.001 <0.001 0.518 <0.001 
1Barley and canola meal are not included as they were commercially sourced single samples 
2Months sampled were August (2017), November (2017) and January (2018) 
3By-products were sourced from 7 commercial feed processing locations in Manitoba (Carberry (potato starch), Portage la Prairie (flax 
screenings, oat hulls and oat pellets), Elie (wheat bran and wheat screenings), St.Agathe (hemp hulls and hemp powder), Arborg (hemp 
hulls), Winkler (sunflower hulls and sunflower screenings), and Deloraine (sunflower hulls and sunflower screenings)) 
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Table 4.4 The effects of by-product treatment on DMD, gas, CH4, pH and NH3-N in vitro1(Model 2)   

Treatment 
DMD Gas 

(mL g-1 DM) 
Gas 

(mL g-1 DMD)2 
CH4  

(mL g-1 DM)2 
CH4 

(mL g-1 DMD)2 
pH NH3-N 

(mL dL-1) 
Barley 80.9a 306.7b 184.1a 63.1b 22.9bc 6.26f 15.8de 
Canola meal  61.8c 195.1d 150.3ab 37.8d 22.7bc 6.69bc 14.3def 
Flax screenings 50.5c 127.9e 125.1b 16.9e 16.6c 6.67bc 30.0a 
Hemp hulls 17.4h 45.7h 177.9a 3.4i 64.2a 6.77a 18.9cd 
Hemp powder 17.6h 47.7h 134.9b 4.1hi 32.7bc 6.79a 23.1b 
Oat hulls 28.9ef 104.4f 175.9a 14.6ef 42.0b 6.61cd 8.4g 
Oat pellets 32.7e 114.2ef 177.2a 16.9e 40.9b 6.59d 9.6fg 
Potato starch 88.2a 346.0a 188.4a 76.4a 22.8bc 5.99g 0.0h 
Sunflower hulls 25.3fg 85.0g 176.8a 8.5gh 37.3b 6.69b 12.6ef 
Sunflower screenings 44.7d 102.0f 131.9b 11.9fg 23.3bc 6.68bc 22.0b 
Wheat bran  69.4b 250.0c 178.6a 47.4c 24.7bc 6.48e 24.5b 
Wheat screenings 68.5b 251.8c 177.2a 49.4c 24.8bc 6.45e 21.2bc 
SEM 0.02 4.80 7.30 1.42 6.10 0.053 2.06 
P-value <0.001 <0.001 0.003 <0.001 0.002 <0.001 <0.001 
Means with the same subscript within a column are not significantly different (P>0.05)       
1Mean of month and location, with the exception of barley and canola meal as they were commercially sourced single samples   
2 Non transformed means are reported; P value of the log transformed data reported  
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Table 4.5 The effect of by-product treatment (Model 2) and chemical constituents (Model 3) on DMD, gas, CH4 and pH  
   Model 21    Model 32,3 
Item Trt Run Block(run) TrtxRun LocationxMonth(Trt) r2 4    r2 
DMD 0.7429 0.0001 0.0013 0.0051 0.1351 0.9743 y=0.47 – 0.009FatD5 + 0.0004FatD2 

– 0.008CPD - 0.0005CPD2 – 
0.003StarchD – 0.0002StarchD2 + 
0.000003StarchD3 – 0.01NDFD – 
0.0001NDF2 + 0.000003NDF3 

0.9216 

Gas (mL g-1 DM) 0.8867 0.0002 0.0002 0.0048 0.0255 0.9911 y=170.5 – 1.40FatD + 0.25FatD2 – 
0.005FatD3 – 3.57CPD + 
1.66StarchD – 0.09StarchD2 + 
0.001StarchD3 – 3.57NDFD – 
0.03NDFD2 + 0.001NDFD3 – 
0.27FatD*CPD – 
0.02StarchD*NDFD 

0.9613 

Gas (mL g-1 DMD) 0.1856 0.0016 0.0077 0.0459 0.4792 0.7176 y=181.7 + 0.03FatD – 0.06FatD2 – 
1.77CPD – 0.09FatD*CPD 

0.3614 

CH4 (mL g-1 DM) 0.8999 0.0018 0.0002 0.0097 0.0151 0.9915 y=43.6 + 2.00FatD + 0.09FatD2 – 
0.002FatD3 – 0.75CPD – 0.02CPD2 
+ 1.93StarchD – 0.54NDFD – 
0.33NDFD2 + 0.0001NDFD3 – 
0.04CPD*FatD + 0.19StarchD*FatD 
– 0.03CPD*StarchD + 
0.01FatD*NDFD 

0.9497 

CH4 (mL g-1 DMD) 0.1457 0.0101 0.0018 0.0528 0.4953 0.7382 y=41.0 + 0.45FatD – 0.15FatD2 + 
0.003FatD3 + 0.45NDFD + 
0.02NDFD2 

0.2341 

pH 0.7519 0.0581 0.0027 0.0197 0.0101 0.9542 y=6.73 + 0.006FatD – 0.0002FatD2 + 
0.06CPD – 0.002StarchD + 
0.004NDFD + 
0.0004StarchD*NDFD 

0.8932 

NH3-N (mL dL-1)  0.5273 0.0205 0.0014 0.0022 0.1133 0.7873 y=20.2+ 0.15FatD + 0.04FatD2 + 
0.0001FatD3 + 0.74CPD – 0.04CPD2 
– 0.02FatD*CPD 

0.6860 

1Values reported represent partial r2 values  
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2Dependent variables were expressed as deviations from their respective means (where mean of fat is 13.4, mean of starch is 12.6, mean of NDF 
is 43.1 and mean of CP is 18.1%) where variables were referred to by their name with D appended for deviation, eg. FatD 
3Starting model included CPD, CPD2, CPD3, FatD, FatD2, FatD3, StarchD, StarchD2, StarchD3, NDFD, NDFD2, NDFD3, FatD*CPD, 
FatD*StarchD, FatD*NDFD, CPD*StarchD, CPD*NDFD, StarchD*NDFD 
4r2 = coefficient of determination 
5Terms without a power illustrate a linear relationship; terms expressed to the power of 2 illustrate a quadratic relationship; terms expressed to 
the power of 3 illustrate a cubic relationship 
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Figure 4.1 The effect of fat on DMD when starch, CP and NDF concentrations are at their mean 
values. FatD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval.  
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Figure 4.2 The effect of fat on gas (mL g-1 DM) when starch, NDF and CP concentrations are at 
their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 4.3 The effect of fat on gas (mL g-1 DMD) when starch, CP, and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.4 The effect of fat on CH4 (mL g-1 DM) when CP, fat and NDF concentrations are at 
their mean values. FatD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 4.5 The effect of fat on CH4 (mL g-1 DMD) when NDF, CP and starch concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.6 The effect of starch on DMD when fat, CP and NDF concentrations are at their mean 
values. StarchD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 4.7 The effect of starch on CH4 (mL g-1 DM) when CP, NDF and fat concentrations are at 
their mean values. StarchD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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4.7 Bridge to Chapter 5 

As suggested previously, by-products may be used to effectively supplement low quality-

forage diets where deficiencies of energy and/or protein exist. Energy and protein, which must be 

in balance for optimal animal performance, also influence the enteric CH4 potential of ruminant 

diets. Energy was firstly addressed in Chapter 4 where barley and 11 by-products selected as 

energy sources were evaluated, for their in vitro DMD, gas, CH4 and rumen fermentation 

potential. Additionally, the impact of varying by-product month and location of sampling was 

also evaluated to assess the impact of by-product source. In addition to energy, protein can be an 

important determinant of CH4 emissions, thus, evaluation of by-products for their potential as 

protein sources and their impact on the aforementioned variables was required. Protein 

deficiency is a relatively common occurrence with the use of perennial forages for feeding over 

the winter period in western Canada. Thus, the aim of Chapter 5 of this thesis was to examine 20 

by-products selected as potential protein sources for their impact on DMD, gas, CH4, and rumen 

fermentation parameters. 
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5.1 Abstract 

The objective of this experiment was to investigate the in vitro DMD, gas and CH4 

production, and rumen fermentation parameters of 20 by-products feeds selected as potential 

protein sources for low protein, grass hay-based diets. In-vitro batch culture was used to evaluate 

canola meal (high and low oleic acid), corn DDGS, red osier dogwood (ROD) extract, flax 

screenings, hemp hulls, hemp powder, pea hulls, pea screenings, quinoa screenings (50% 

dockage, clean), quinoa screenings (50% dockage, dirty), quinoa screenings (16% dockage, 

clean), quinoa screenings (16% dockage, dirty), soybean meal, soybean screenings, sunflower 

screenings, wheat bran, wheat corn DDGS, wheat DDGS, and wheat screenings. This experiment 

was a randomized complete block design with by-products (0.5 g-1 DM) weighed individually 

into jars, inoculated with buffered medium and rumen fluid, and incubated at 39˚C for 48 hrs. 

Gas samples were collected at 3, 6, 9, 12, 18, 24, 36 and 48 hr and gas and CH4 determined. Post 

incubation DMD, pH, and NH3-N concentrations were also measured. The effect of sample 

month and location of sampling was used to explain variation within by-product samples. 

Preliminary statistical analysis was carried out using PROC MIXED of SAS to assess the relative 

importance of month and location, where applicable, to describe variability in the data. 

Subsequently, data were analysed using PROC MIXED including treatment as a fixed effect and 

run, block (run), treatment x run and location x month (treatment) as random effects. 

Additionally, a stepwise regression algorithm was conducted using PROC GLMSELECT to 

regress DMD, gas, CH4, pH, and NH3-N on chemical constituents (fat, starch, CP, NDF) of 

treatments. Hemp hulls and hemp powder had the lowest (P<0.05) DMD (16.9 and 19.1%, 

respectively) relative to all other treatments, whereas pea screenings and soybean meal had the 

highest (P<0.05; 87.8 and 86.2%, respectively). On a DM basis, ROD extract, hemp hulls and 
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hemp powder produced the lowest CH4 (P<0.05; 3.1, 3.5 and 5.2, respectively), relative to all 

other treatments, whereas pea hulls produced the highest (P<0.05; 65.5). On a DMD basis, ROD 

extract had the lowest CH4 (P<0.05; 4.2) when compared to all other treatments and pea hulls 

had the highest (P<0.05) CH4 (180.6), overall. Through screening of 20 by-product feeds, this 

study showed that ROD extract, hemp hulls and hemp powder had the lowest CH4 potential, 

however, hemp hulls and hemp powder had lower DMD which indicates they are low quality 

feed ingredients which should be considered when formulating perennial forage-based rations. 

 

5.2 Introduction 

Enteric CH4 is a potent GHG primarily produced in the rumen of cattle during the normal 

process of feed digestion (Immig, 1996). Besides its potency as a GHG, CH4 also represents a 

loss of productive energy for the animal (Johnson and Johnson, 1995), where up to 12% of GEI 

can be lost as CH4, depending on the chemical composition of the diet (Beauchemin and 

McGinn, 2005; Ominski et al., 2006). The diets of the cow-calf and backgrounding sectors of the 

beef industry are primarily forage, consisting of grasses and legumes. However, as previously 

mentioned, forages are not always sufficient in meeting nutritional requirements of these classes 

of cattle and may lower rumen metabolic efficiency because of insufficient protein for rumen 

microbes to function optimally (Saskatchewan Government, 2013). The loss of productive 

energy as CH4 has broad implications as it negatively affects the public’s perception of the 

industry, decreases animal production efficiency, and contributes to the GHG inventory both in 

Canada and globally (Patra, 2012). Dietary manipulation has been proposed as a means of 

reducing CH4 from beef cattle and has been an area of considerable research in recent years 

(Drehmel et al., 2018; Beauchemin et al., 2020). 
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Recently, Manitoba has seen an increase in commodity processing capacity, with greater 

availability of potentially inexpensive by-product feeds. By-product feeds are typically waste 

products from commodity processing facilities and vary in nutritive value, cost and availability. 

There has been increased interest in their inclusion in beef cattle (cow/calf and backgrounding) 

diets to meet nutrient requirements and improve animal performance when protein is limited in 

forage (Van Zanten et al., 2014). Contrary to grain-based diets in confined feedlot systems, it is 

logistically more difficult for cow-calf producers to include supplements as forage is the primary 

diet ingredient, however, with extreme weather conditions in many parts of western Canada in 

the past number of years limiting quantity and quality of forages, interest in by-product 

supplementation has grown.  

Although there is limited literature on the use of by-product feeds in hay-based diets for 

GHG reduction, they may offer potential means for enteric CH4 mitigation in cow-calf 

production through protein supplementation. Decreased CH4 emissions have been observed with 

increased dietary CP concentrations in TMR-based diets (Broderick et al., 2003) and forage-

based diets (Blair, 2015). Increased CP concentrations increases CP availability as well as rate of 

feed passage, bacterial CP synthesis, digestion, and dietary and microbial protein available to the 

animal (Bernier, 2011). Conversely, low dietary CP concentrations have shown to decrease rate 

of passage, limit microbial activity and increase CH4 emissions (Bernier, 2011). However, 

limited literature exists on the role of by-product supplementation of CP as a potential mitigation 

option in hay-based diets. Thus, this experiment evaluated the effects of 20 by-products feed 

ingredients selected as potential protein sources on in vitro DMD, gas and CH4 production, and 

rumen fermentation parameters.  
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5.3 Materials and methods 

5.3.1 Animal ethics and management 

All management and care of animals used in this study were in accordance with the 

guidelines of the Canadian Council on Animal Care (CCAC, 2009). Three ruminally cannulated 

Aberdeen Angus – cross beef heifers were group housed at the Glenlea Research Station, 

University of Manitoba. Heifers were fed once daily and offered ad libitum access to a grass hay 

(6.6 % CP, 59.2 % TDN on DM basis) diet for 14 d prior to rumen sampling. Animals had ad 

libitum access to clean and fresh water throughout.  

 

5.3.2 Experimental design and treatments  

The objective of this experiment was to determine in vitro DMD, gas and CH4 production 

and rumen fermentation parameters of 20 by-product feeds selected as potential dietary protein 

sources. This experiment served as a screening tool to evaluate the feeds to assess their potential 

for inclusion with a low protein hay in a hay based RUSITEC experiment in Chapter 4 of this 

thesis. The experiment was a randomized complete block design comparing 20 by-product feeds, 

which were low oleic (59.0 %) canola meal, high oleic (69.6%) canola meal, corn DDGS, red 

osier dogwood (ROD) extract, flax screenings, hemp hulls, hemp powder, pea hulls, pea 

screenings, quinoa screenings (50% dockage, dirty), quinoa screenings (50% dockage, clean), 

quinoa screenings (16% dockage, dirty), quinoa screenings (16% dockage, clean), sunflower 

screenings, soybean meal, soybean screenings, wheat bran, wheat screenings, wheat corn DDGS 

and wheat DDGS. Although not a protein source, ROD extract was included as a feed additive 

with phenolic and antioxidant properties that could potentially alter protein digestion (Wei et al., 

2017). By-products were selected based on their commercial availability in western Canada with 
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10 of the by-products sourced at three annual timepoints (hereafter known as month) from 10 

commercial grain processing plants in Manitoba and Saskatchewan (hereafter to be referred to as 

location) to account for potential sample variability (Table 5.1).  Samples were obtained from 

each location in August (2017), November (2017) and January (2018). Note, not all by-products 

were sourced from the same facilities, with processing plant locations in Winkler (sunflower 

screenings; Scoular Co.), Deloraine (sunflower screenings; Nestibo Agra), Portage la Prairie 

(flax screenings; Prairie Flax Products Inc., pea hulls and pea screenings; Best Pulses), 

Minnedosa (wheat DDGS; Husky Grain), Roland (soybean meal and soybean screenings; Jordan 

Mills-Delmar), St. Agathe (hemp hulls and hemp powder; Hemp Oil Canada), Arborg (hemp 

hulls; Midlake), Elie (wheat bran and wheat screenings; Prairie Flour Mills), Melville (SK; 

quinoa screenings; Northern Quinoa Production) and Lloydminster (SK; wheat DDGS; Husky 

Grain). Ten of the by-products (low oleic acid canola meal, high oleic acid canola meal, corn 

DDGS, ROD extract, quinoa screenings (50% dockage, dirty), quinoa screenings (50% dockage, 

clean), quinoa screenings (16% dockage, dirty), quinoa screenings (16% dockage, clean), 

soybean meal, wheat corn DDGS) were commercially sourced single samples. Dockage was 

defined as the material removed when the grain was cleaned and may have included chaff, other 

grain, weeds, inseparable seeds, cleavers, etc.  For the in vitro analysis, each by-product was run 

in triplicate for each month and location of sampling where applicable, with three alfalfa-hay 

samples and three rumen fluid/buffer mix only included as lab standards and blanks, 

respectively. Three incubation runs were conducted over a consecutive 3-wk period in this 

experiment. 
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5.3.3 In vitro batch culture incubation technique and chemical analysis 

In vitro batch culture methodology, including measurement of DMD and rumen 

fermentation parameters and analysis of chemical composition, liquids and gases were as 

described in Chapter 4. Chemical analyses of the by-product feeds are reported in Table 5.2.  

 

5.3.4 Statistical analysis  

This experiment consisted of 20 by-product treatments, with 10 by-products sourced at 

three annual timepoints (month) from 10 processing facilities (location), and 10 commercially 

sourced single samples, resulting in 43 treatments. Preliminary statistical analysis was carried out 

using PROC MIXED to assess the relative importance of month and location, where applicable, 

to describe variability in the data (Table 5.3). Only by-product feeds sourced from multiple 

locations (hemp hulls, sunflower screenings and wheat DDGS) and or multiple months (flax 

screenings, hemp hulls, hemp powder, pea hulls, pea screenings, soybean screenings, sunflower 

screenings, wheat bran, and wheat screenings) were used for this preliminary analysis. 

Subsequent analysis was conducted using the mean of month and location of by-product 

treatments.  

Model 2 was used to compare by-product treatments in a mixed model which included 

the random effects of run, block(run), treatment x run, and month x location (treatment) on 

DMD, gas, CH4 and pH using PROC MIXED of SAS (SAS Institute Inc., Cary, NC., 2018). 

Treatment effects were considered significant using a Type 1 error of 0.05. The PROC GLM of 

SAS was used to determine the partial r2 for each factor in the model. In this experiment, data 

was tested for normality and homogeneity of variance.  
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Model 3 was a regression model in which DMD, gas and CH4 production and pH were 

dependent variables, while CP, NDF, starch and fat were considered independent variables 

hypothesized to explain the difference in amount of gas and CH4 produced from the different 

feeds tested. The independent variables were expressed as deviations from their respective means 

where variables were referred to by their name with D appended for deviation, eg. FatD. The 

model also included linear, quadratic, cubic and cross-products of the independent variables just 

described as well as the experimental design variables, run and block(run). A stepwise regression 

algorithm was conducted using PROC GLMSELECT. Stepwise selection began with a full 

model and removed non-significant effects in an iterative process. Additionally, a check was 

performed after each such step to see whether any of the variables had become insignificant 

because of its relationship to other variables. If so, this variable was removed. Methane gas was 

log transformed to equalize variance among treatments and produce a normal distribution in the 

residuals. Methane production (mL g-1 DM, mL g-1 DMD) was fitted to a multiple regression 

model using polynomials (linear, quadratic and cubic terms) and cross-product terms of CP, 

NDF, starch and fat (all expressed as deviated from their means) in a stepwise fitting process. To 

demonstrate the relationships graphically, CH4 was plotted vs each of the variables (CP, NDF, 

starch and or fat), one at a time while holding the others at their mean value. This was carried out 

using the “Effectplot” function of the PROC PLM in SAS, after the multiple regression model 

was fitted with PROC GLMSelect. The regression analysis is graphically presented in Figures 

5.1 to 5.15 of this thesis, where variables which were significantly impacted by starch and fat 

were included and those without a significant effect, were omitted. 
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5.4 Results 

5.4.1 Model 1: 

Preliminary analysis –effect of by-product source 

Results from the preliminary analysis assessing the relative importance of by-product 

feed source (month and location of sampling) are reported in Table 5.3. Month had a significant 

effect (P<0.05) on DMD for all by-products, with the exception of pea hulls and pea screenings. 

Month also affected (P<0.05) gas produced on a DM basis for all treatments with the exception 

of flax screenings. Gas production expressed as a volume relative to mass of DMD was also 

affected (P<0.05) by month for all treatments, with the exception of flax screenings, hemp hulls, 

sunflower screenings, pea hulls and wheat bran. Month had an effect (P<0.05) on CH4 (mL g-1 

DM) produced by all treatments with the exception of flax screenings and wheat bran and a 

significant effect (P<0.05) on CH4 (mL g-1 DMD) of hemp hulls, pea screenings and wheat 

screenings. Month affected (P<0.05) pH of soybean screenings, pea hulls, pea screenings wheat 

screenings as well NH3-N concentration of hemp powder, pea screenings and wheat screenings.  

Location of sampling had a significant effect on DMD of hemp hulls, sunflower 

screenings and wheat DDGS. Location did not affect (P>0.05) gas produced on a DM basis; 

however, on a DMD basis it did affect (P<0.05) production for sunflower screenings. Location 

also affected (P<0.05) CH4 produced by sunflower screenings and wheat DDGS on a DM 

incubated basis as well as CH4 produced by hemp hulls, sunflower screenings, and wheat DDGS 

on a DMD basis. Location did not have an effect (P>0.05) on pH; however, it did affect (P<0.05) 

NH3-N for sunflower screenings.  
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The subsequent statistical analyses of this study data were conducted using the location-

month means for each by-product and the single sourced samples, with results in the following 

sections representing the output of Models 2 and 3. 

 

5.4.2 Model 2: 

5.4.2.1 Dry matter disappearance  

Dry matter disappearance during incubation ranged from 16.9% to 87.8%, with a 

significant (P<0.001) effect of by-product treatment observed (Table 5.4). Hemp hulls had the 

lowest (P<0.05) DMD (16.9%) compared to all other treatments, with the exception of hemp 

powder (19.4%). Pea screenings had significantly higher (P<0.05) DMD (87.8%) relative to all 

other treatments, with exception of soybean meal (86.2%).  

 

5.4.2.2 Gas and CH4 production  

By-product treatment had a significant effect (P<0.05) on gas production, ranging from 

26.5 to 260.9 (mL g-1 DM) and 113 to 299 (mL g-1 DMD), respectively (Table 5.4).  On a DM 

basis, hemp hulls and hemp powder (26.5 and 30.5 mL g-1 DM) had significantly lower gas 

production than all other treatments. Conversely, pea hulls had higher gas production (260.9 mL 

g-1 DM; P<0.05) than the other treatments, with the exception of quinoa 50% dockage (247.5 mL 

g-1 DM). On a DMD basis, quinoa 50% dockage had higher (322 mL g-1 DMD; P<0.05) gas 

production than the other treatments, with exception of quinoa 16% dockage, pea hulls, wheat 

screenings, pea screenings, and wheat bran (301, 299, 291 277 and 273 mL g-1 DMD, 

respectively). Conversely, ROD extract had lower (113 mL g-1 DMD; P<0.05) gas production 

than other treatments, with exception of sunflower screenings, hemp powder, flax screenings, 
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low oleic canola meal and high oleic canola meal (140, 167, 177, 189 and 200 mL g-1 DMD, 

respectively).  

By-product treatment also had a significant effect (P<0.05) on CH4 produced (mL g-1 

DM; mL g-1 DMD). On a DM basis, CH4 produced ranged from 2.5 to 36.7 mL g-1 DM, with 

ROD extract lower (P<0.05; 2.5 mL g-1 DM) than all other treatments, with the exception of 

hemp hulls and hemp powder (3.3 and 4.9 mL g-1 DM, respectively). Conversely, pea hulls 

exhibited the highest (P<0.05) CH4 (36.7 mL g-1 DM), relative to all other treatments. On a 

DMD basis, CH4 ranged from 3.3 to 42.0 mL g-1 DMD, with ROD extract producing the lowest 

CH4 (3.3 mL g-1 DMD; P<0.05) overall, whereas pea hulls produced the highest volume of CH4 

(42.0 mL g -1 DMD; P<0.05) than the other treatments, with exception of pea screenings, wheat 

screenings, quinoa 50% dockage, wheat bran and soybean screenings (39.1, 37.5, 36.1, 35.9 and 

35.4 mL g -1 DMD, respectively).  

 

5.4.2.3 Rumen fermentation 

By-product treatment affected (P<0.001) post incubation pH which ranged from 6.1l to 

6.82 (Table 5.4). Pea hulls (6.11) had the lowest (P<0.05) pH relative to all other treatments, 

whereas hemp hulls (6.81) and hemp powder (6.82) were highest (P<0.05) overall.  

By-product treatment also affected (P<0.001) NH3-N concentration, ranging from 0.30 to 

48.7 (mg dL-1; Table 5.4). Overall, ROD extract produced the lowest (P<0.05) NH3-N 

concentration (0.30 mg dL-1) relative to the other treatments, with the exception of quinoa 

screenings (50% dockage; 9.0 mg dL-1), pea hulls (9.2 mg dL-1), quinoa screenings (16% 

dockage; 10.2 mg dL-1) and hemp hulls (16.3 mg dL-1).  
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5.4.2.4 Relative importance of various sources of variation in Model 2 

Model 2 also examined the effects of model factors (treatment, run, block(run), treatment 

x run, and location x month (treatment)) of treatments on DMD, gas, CH4 and pH (Table 5.5). 

This analysis indicated that the model which included treatment, run, block(run), treatment x run, 

and location x month (treatment) explained 99% of the observed response in DMD (r2=0.9857), 

with treatment accounting for 85% (r2=0.8494). Treatment, run, block(run), treatment x run, and 

location x month (treatment) had a significant effect (P<0.05) on gas (mL g-1 DM; mL g-1 DM) 

as well as CH4 (mL g-1 DM; mL g-1 DMD), with r2 values of 0.9794, 0.6164, 0.9806 and 0.6268, 

respectively. Additionally, Model 2 indicated treatment, run, block(run), treatment x run, and 

location x month (treatment) explained 93% of the observed response in rumen fluid pH 

(r2=0.9301), with 91% accounted for by treatment (r2=0.9060) and 73% of the observed response 

in NH3-N (r2=0.7341), with 47% accounted for by treatment (r2=0.4676).  

 

5.4.3 Model 3: 

Regression model analysis 

Model 3 identified and characterized the relationship between chemical constituents (fat, 

CP, NDF, and starch) of the by-product treatments and the measured response variables (DMD, 

gas and CH4, pH and NH3-N; Table 5.5). The regression model indicated that chemical 

constituents explained a large proportion (r2 ranging from 0.3072 to 0.9138) of the treatment 

variability shown in Model 2. Fat, CP, NDF and starch concentrations had a significant effect 

(P<0.001) on the treatment response observed by DMD, gas and CH4, (mL g-1 DM, mL g-1 

DMD) with r2 values of 0.8493, 0.8571, 0.3072, 0.9138, and 0.3143, respectively. Chemical 
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constituents explained 63% of the pH (r2=0.6323) and 33% of the NH3-N (r2=0.3328) response 

observed in our study.  

The regression analysis is graphically presented in Figures 5.1 to 5.15. For the objectives 

of this chapter, only results from Figures 5.1 to 5.4 related to protein are reported in this section, 

with those additional figures (5.5 to 5.15) related to energy reported in Appendix B. Overall, 

protein had a significant negative linear effect on DMD (Figure 5.1) and CH4 (mL g-1 DM, mL g-

1 DMD; Figure 5.3 and 5.4, respectively), where DMD and CH4 decreased over the deviation 

range of -20 to +30. As per the similar analysis in Chapter 4, data limitations exist due to fewer 

observations of by-products with a varying mix of other chemical constituents in extreme 

positions. There was increased confidence around the mean, where we believe more data was 

clustered and therefore, most of the combinations of chemical constituents, reducing bias.  

 

5.5 Discussion 

5.5.1 Preliminary analysis – effect of by-product source  

As previously suggested, it is important to consider/evaluate the impact of by-product 

source on their nutritive value as substantial variability in chemical composition can occur 

depending on source location, time of year, crop variety, methods/efficiency of processing, etc. 

Similar to Chapter 4, chemical composition of by-products was observed to vary widely among 

protein-based by-products, with sunflower screenings, for example, ranging from 7.0 to 20.6% 

CP (DM basis). In terms of the variables of interest in this study, the analysis indicated that by-

products were highly variable depending on the month and location of which the sample is 

sourced, however, the responses were inconsistent across the by-products sampled. Overall, flax 

screenings demonstrated the greatest consistency across time of year, with no effect of month of 
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sampling for any of the measured variables, showing its potential to be a consistent/reliable 

protein source in ruminant diets. Conversely, wheat screenings demonstrated the lowest 

consistency across time of year, where month of sampling affected all measured variables. The 

effect of processing plant location was evaluated with three by-products, and showed hemp hulls 

to be the least affected overall, whereas sunflower screenings showed to be the most affected, 

overall, showing lower consistency of sunflower screenings as a by-product across 

regions/processing facilities. Thus, indicating the range in processing methods across region and 

annual variability can significantly affect the quality of by-products that become available as 

livestock feed. As described previously, by-product variability is important to consider as it may 

impact their reliability as consistent feed ingredients for inclusion in forage-based diets. 

Notwithstanding, chemical analysis should be conducted on any by-product prior to formulation 

of a ration to determine the appropriate inclusion levels for the targeted animal performance. 

 

5.5.2 Dry matter disappearance  

Feed ingredients provide essential substrates for microbial fermentation and digestion and 

therefore differences in feed chemical composition will result in differences in feed fermentation 

and digestibility (Knapp et al., 2014). Sufficient supply and utilization of protein for rumen 

microbes is reported to increase the digestibility of carbohydrates (Nocek and Russell, 1988) and 

therefore, although quinoa screenings (16 and 50% dockage) had higher starch concentrations, 

the high DMD observed by pea screenings may be best explained by a combination of its high 

dietary starch and CP concentration (22.1 and 23.4%, DM basis, respectively). Whereas, the high 

DMD observed for soybean meal is likely, in part, explained by differences in protein sources 

with respect to rumen degradability, as well as its high CP (52.4%, DM basis) concentration, 
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which was more than the threshold concentration (7.0% CP, DM basis) required for optimum 

activity of rumen microorganisms in beef cows and can be used as an indicator of good feed 

quality (NRC, 2016). For example, Van Soest (1982) found that offering dairy cows CP at 6.9% 

(DM basis) limited microbial digestion, consequently decreasing DMD and rate of passage. 

However, protein in excess of animal requirements is converted to NH3-N and lost to the 

environment as fecal, urinary or gaseous N (Agle et al., 2010; Hünerberg et al., 2013). Similarly, 

non-structural storage carbohydrates such as starch are often associated with an increase in feed 

digestibility relative to cell-wall material (Hatew et al., 2015) as they provide energy in the form 

of readily fermentable carbohydrates (Yang et al., 2013). This is supported by Zhao et al. (2016) 

who reported feeds with a higher soluble fraction of starch to have increased DMD.   

Conversely, the lowest DMD observed for hemp hulls and hemp powder may be best 

explained by the combination of their high NDF (53.9% and 62.3%, DM basis, respectively) and 

fat concentrations (20.0 and 7.8% DM basis, respectively). High NDF concentration (> 50% 

NDF) in feeds is also well known to decrease feed digestibility (Sousa et al., 2014) as the 

structural complexity of plant cell walls contained by fibrous feed ingredients results in increased 

rumen retention time, limiting the extent of rumen fermentation (Valentine et al., 2019). In the 

rumen. This is supported by Martin et al. (2008) who observed a decrease in DMD when 5.7% 

linseed oil was added to a forage-based diet. Fat is proven to inhibit cellulolytic bacteria, 

proteolytic bacteria and interfere with fibre digestion, and therefore, feed ingredients high in both 

NDF and fat, are expected to have an increased negative effect on DMD (Fernando et al., 

2010; Belanche et al., 2012). However, as mentioned previously, it is important to remember that 

in the current study, by-products were assessed in isolation and under practical circumstances 
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would be part of a balanced feed ration, thus the high fat concentration of certain by-products 

such as flax and sunflower screenings, would be diluted.   

 

5.5.3 Gas and CH4 production  

Protein supplementation to low quality pasture and forage-based diets has been reported 

as an effective means to decrease enteric CH4 production (Bernier et al., 2012; Blair, 2015). 

Supplementation of protein may also be achieved through the inclusion of by-product feeds, 

although there is limited literature evaluating this practise. However, Schreck et al., (2021) found 

that supplementation of DDGS to British-cross steers (43.2% CP, DM basis) decreased (P<0.05) 

CH4 (% GEI) by 23.9%, when compared to the basal diet of blue stem hay and cottonseed hull, 

with no supplemental protein (5.0% CP, DM basis). In the current study, evaluating 20 by-

products as potential protein sources, gas patterns were similar to CH4 patterns where by-

products high in gas production (for example, pea hulls, pea screenings, quinoa (16 and 50%) 

dockage, wheat bran and wheat DDGS) were also high in CH4 production and the observed 

responses depended on unit of expression (mL g-1 DM; mL g-1 DMD). Improved feeding 

practices through protein supplementation has the potential to reduce enteric CH4 emissions 

produced by beef cattle by improving microbial efficiency (Bernier et al., 2012) as protein 

deficient diets are suggested to compromise microbial function, reducing fermentation 

efficiency, and increasing enteric CH4 emissions (Gilbery et al., 2006). This is in agreement with 

the current study, where pea hulls, although above the minimum concentrations for adequate 

rumen metabolic function, had relatively low CP (9.61 % CP) and produced the highest CH4 (mL 

g-1 DM; mL g-1 DMD), overall. It is reported the extent of rumen methanogenesis will depend on 

whether metabolism and growth are limited by the amount of NH3N available (Hungate, 1975; 
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Ghorbani et al., 2018). This is supported by Bernier et al. (2012) who reported that enteric CH4 

emissions from beef cows were decreased by 18.5% (GEI) when forage CP concentration 

increased from a lower critical level of 6.0% to 11.6% CP. Additionally, reductions in CH4 may 

also be due to an increase in animal efficiency and productivity from increased protein intake 

(Leng,1991; Johnson and Johnson, 1995; Gilbery et al., 2006). Therefore, the supplementation of 

CP to low-quality diets may serve as an effective tool in mitigating CH4 emissions while 

improving nutrient utilization and rumen fermentation by cattle (Bodine et al., 2001; Gilbery et 

al., 2006) and may be attributed to an increased in N available for microbial activity, increased 

rate of passage and decreased time available for OM to be fermented into enteric CH4 emissions 

(Blair, 2015).  

In this study, ROD had the lowest CH4 emissions on both a DM (statistically) and DMD 

(numerically) basis. A study by Gomaa et al., (2021) found ROD extract had no effect on CH4 

emissions when supplemented to a basal diet of 10% barley silage, 87% dry-rolled barley grain, 

and 3% vitamin and mineral supplement (DM basis). Although it is not a protein source, ROD is 

recognized for its highly bioactive phenolic compounds such as quercetin, kaempferol, ellagic 

acid, gallic acid, tannins and cyanidin, (Isaak et al. 2013). It has been reported that feeding ROD 

to beef cattle can decrease rumen protein degradability and thus increase rumen by-pass protein 

(Wei et al., 2017). These authors suggested that the increase in rumen by-pass protein may be 

due to the protein-binding capacity of ROD phenols, and will improve protein efficiency in 

cattle, however little information exists of the role of ROD in forage-based diets. Tannins have 

been documented to reduce CH4 emissions by direct inhibitory activity towards methanogens 

(Jayanegara et al., 2011) and flavonoids have been suggested to both indirectly reduce ruminal 

methanogenesis by serving as an alternative H2 sink (Becker et al., 2013) as well as directly by 
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inhibiting methanogens (Seradj et al., 2014). The inclusion of high (69.6%) and low (59.0%) 

oleic canola meal, a commonly utilized high protein by-product in livestock diets, was intended 

to evaluate the difference in FA profile it (medium-chain FA’s; for example, C12:0 and C14:0) 

has been previously found to have a negative effect on CH4 production (Jouany et al., 2008; 

Martin et al., 2008). Ramirez-Bribiesca et al. (2017) compared solvent-extracted CM from B. 

napus, B. juncea and cold press-extracted CM from B. napus (0.5 g-1 DM) incubated in a batch 

culture and found solvent-extracted CM from B. juncea to produce higher (P<0.05) CH4 (38.86 

mL g-1 DM) relative to solvent and cold press-extracted CM from B. napus (32.61 and 29.1 mL 

g-1 DM, respectively). However, similar to Cerilli-Stankevicius (2019), who supplemented high 

and low oleic canola meal to a forage-based diet (alfalfa and meadow bromegrass mixture), no 

difference in CH4 production was observed among the two treatments in this study.  

 

5.5.4 Rumen fermentation  

In the current study, by-product treatment had a significant effect on rumen fluid pH and 

although quinoa screenings had the highest starch concentration of any by-product, the lowest 

pH was observed with pea screenings, however it is not clear why. Feedstuffs higher in non-

structural carbohydrates, such as starch, are often rapidly fermented, consequently increasing 

VFA’s and decreasing ruminal pH (Sniffen et al., 1992; Aschenbach et al., 2011). Conversely, 

hemp powder and hemp hulls had the highest pH which may be explained by their low starch 

and high NDF concentrations (0.04 and 0.20% starch and 61.5 and 53.2% NDF), respectively. It 

is well established feedstuffs high in NDF favour high ruminal pH as a result of decreased 

fermentation rate and increased production of butyric acid (Sousa et al., 2017). Additionally, 

protein concentration can affect pH through decreased amino acid production, which is 
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supported by Agle et al. (2010) who reported that high CP diets (15.4 % of ration, DM basis) 

increased (P=0.024) pH, relative to diets with low CP (12.9% of ration, DM basis) diets. This 

corresponds to our study where hemp powder (24.7 %, DM basis) and hemp hulls (21.2 %, DM 

basis), contained a higher CP concentration, relative to other treatments, and had the highest pH.   

In this study, the high oleic canola meal produced the highest numerical NH3-N and may 

be in part explained by its high CP concentration (48.7%) as an unbalanced supply of energy and 

protein in the diet to be associated with higher ruminal NH3-N concentrations (Patra, 2015; 

Ghorbani et al., 2018). When CP is fed in excess of requirements, its efficiency of utilization for 

production decreases where much of the degraded protein is converted to NH3-N and lost to the 

environment as fecal, urinary or gaseous N (Agle et al., 2010; Hünerberg et al., 2013). For this 

reason, using protein rich by-products in unbalanced rations has the potential to negatively 

impact the environment (Hünerberg et al., 2013). Similarly, Ramirez-Bribiesca et al. (2017) 

found canola meal (solvent extracted canola meal from B.napus and B.Juncea; 0.5 g-1 DM) 

incubated in a batch culture had higher (P<0.05) NH3-N concentrations (mmol L-1). Furthermore, 

Cerilli- Stankevicius (2019), found canola meal included a forage-based diet (alfalfa and 

meadow bromegrass mixture) to have a significant effect on NH3-N concentrations, where 

increasing rate of supplementation had a significant and positive relationship on the NH3-N 

concentration in the fermented fluid. However, the high NH3-N observed by high oleic canola 

meal may also in part be explained by the relatively high oleic concentration, as the efficiency of 

microbial synthesis will depend on the nature of FA’s (Doreau and Ferlay, 1995), and tends to 

improve when OM digestibility is depressed, which may be related to the adverse effects of oleic 

acid on ciliate protozoa (Dohme et al., 2000). The low NH3-N concentrations observed by ROD 

extract, compared to all other treatments may be best explained by the phenolic compounds 
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present in ROD, as phenolic compounds influence protein degradation and NH3-N 

concentrations (Wallace, 2004; Balcells et al., 2012). This agrees with Wei et al. (2019) who 

reported ruminal NH3-N concentration to linearly (P<0.01) decrease with increasing 

concentration of ROD extract. Although literature on the effects of ROD phenols with 

antioxidant properties on rumen fermentation and microbial activity are limited (Makkar et al., 

2007), studies have investigated the effect of phenolic compounds on rumen NH3-N and found 

the antimicrobial characteristics of phenolic compounds reduce NH3-N concentrations by 

inhibiting protein deamination and depressing growth rate of amino acid fermenting bacteria 

(Ozturk et al., 2010; Gomaa et al., 2021). However, Wei et al. (2019) reported reductions in 

ruminal NH3-N concentrations to be a consequence of enhanced N metabolism caused by 

phenolic compounds. This is further supported by Vázquez-Añón and Jenkins (2007) who found 

supplementation of phenols (0.2 to 7.5 g kg-1) to improve microbial protein efficiency. As we did 

not measure ROD phenolic concentration in our study, it is difficult to be certain of the mode of 

action which produced the results observed. 

  

5.6 Conclusions 

In this evaluation of 20 by-products selected as potential protein sources (or in the case of 

ROD, an ingredient that may affect protein degradability), variability due to month and location 

of by-product sampling was observed, with flax screenings being the least and wheat screenings 

most variable. This study showed ROD extract had the lowest gas and CH4 production, whereas 

hemp hulls and hemp powder exhibited low gas and CH4 production, however, they also had the 

lowest DMD which is an important indicator of feed quality. Additionally, sunflower, and flax 

screenings exhibited low gas and CH4 production with moderate DMD. As ROD is not 
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considered a protein supplement, its role to address dietary deficiency may be limited. Further 

research is required to evaluate those by-products with the low CH4 properties when 

supplemented to a hay-based diet on DMD, gas and CH4 production and rumen fermentation 

parameters.  
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Table 5.1 Month and location of sampling of by-product feeds used in the in vitro analysis 
Treatment Location Month 
Low oleic canola meal1 na na 
High oleic canola meal1 na na 
Corn DDGS1,3 na na 
Red osier dogwood extract1 Swan River  na 
Flax screenings Portage la Prairie, MB Aug 

Nov 
Jan 

Hemp hulls  St. Agathe, MB, Arborg, MB Aug 
Nov 
Jan 

Hemp powder St. Agathe, MB 
 

Aug 
Nov 
Jan 

Pea hulls Portage la Prairie, MB Aug 
Nov 
Jan 

Pea screenings Portage la Prairie, MB Aug 
Nov 
Jan 

Quinoa screenings (50% dockage, dirty)1,2 Melville, SK na 
Quinoa screenings (50% dockage, clean)1,2 Melville, SK na 
Quinoa screenings (16% dockage, dirty)1,2 Melville, SK na 
Quinoa screenings (16% dockage, clean)1,2 Melville, SK na 
Soybean screenings Roland, MB Aug 
  Nov 
  Jan 
Soybean meal1 Roland, MB na 
Sunflower screenings Winkler, MB, Deloraine, MB Aug 

Nov 
Jan 

 

Wheat bran Elie, MB Aug 
Nov 
Jan 

Wheat corn DDGS1,3 na na 
Wheat DDGS1,3 Minnedosa, MB, 

Lloydminster,SK 
na 

Wheat screenings Elie, MB Aug 
Nov 
Jan 

1Commercially sourced, single samples  
2Dockage is defined as weeds and chaff from production  
3Dried distiller’s grains with solubles  
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Table 5.2 Chemical analysis (% DM, unless otherwise stated) of by-products feeds (means ± SE of month and location)1 
Treatment DM % Fat Starch NDF ADF CP DE TDN 
Low oleic canola meal2 92.3 (±2.60) 2.3 (±3.07) 1.4 (±1.92) 25.9 (±4.30) 18.7 (±4.30) 40.4 (±1.26) 3.2 (±0.35) 72.9 (±8.17) 
High oleic canola meal2 93.4 (±2.60) 3.1 (±1.69) 1.4 (±1.92) 25.6 (±3.30) 19.5 (±3.30) 44.5 (±1.05) 3.2 (±0.35) 72.5 (±8.17) 
Corn DDGS3 90.4 (±1.69) 4.4 (±1.69) 3.3 (±1.17) 41.7 (±3.30) 21.8 (±7.14) 30.7 (± 1.05) 3.0 (±0.36) 67.3 (±8.17) 
Red osier dogwood extract 95.4 (±1.69) 0.0 (±1.69) 1.6 (±1.17) 0.8 (±3.30) 0.3 (±7.14) 2.3 (±1.05) 3.6 (±0.35) 82.1 (±8.17) 
Flax screenings 93.9 (±1.50) 34.4 (±1.66) 0.1 (±1.06) 25.1 (±2.40) 18.8 (±6.34) 21.1 (±0.69) 3.3 (±0.20) 76.7 (±4.71) 
Hemp hulls 93.2 (±1.06) 20.0 (±1.15) 0.2 (±0.73) 53.9 (±1.64) 43.9 (±4.49) 28.6 (±0.48) 2.5 (±0.14) 51.8 (±3.34) 
Hemp powder 94.3 (±1.50) 7.8 (±1.63) 0.04 (±1.04) 62.3 (±2.32) 50.1 (±6.34) 18.9 (±0.68) 2.3 (±0.20) 52.4 (±4.71) 
Pea hulls  91.4 (±0.98) 0.5 (±0.98) 7.8 (±0.68) 60.4 (±1.91) 51.9 (±4.16) 9.6 (±0.60) 2.3 (±0.20) 51.1 (±4.71) 
Pea screenings 93.0 (±0.98) 1.3 (±0.98) 22.1 (±0.68) 22.3 (±1.91) 27.3 (±4.16) 23.4 (±0.60) 3.0 (±0.20) 68.7 (±4.71) 
Quinoa screenings  
(16% dockage) 

89.5 (±1.20) 4.6 (±1.20) 45.9 (±0.83) 4.9 (±2.34) 2.9 (±5.09) 14.6 (±0.74) 3.8 (±0.25) 86.0 (±5.77) 

Quinoa screenings 
(50% dockage)  

88.3 (±1.20) 6.5 (±1.20) 56.9 (±0.83) 10.9 (±2.34) 7.0 (±5.09) 14.2 (±0.74) 3.7 (±0.25) 83.1 (±5.77) 

Soybean screenings 92.1 (±0.98) 10.1 (±0.98) 6.1 (±0.68) 40.9 (±1.91) 24.8 (±4.12) 13.6 (±0.60) 3.1 (±0.20) 69.8 (±4.71) 
Soybean meal composite 90.1 (±1.69) 0.2 (±1.69) 1.3 (±1.18) 7.5 (±3.31) 5.3 (±7.14) 52.4 (±1.05) 3.5 (±0.35) 79.6 (±8.17) 
Sunflower screenings 94.9 (±1.06) 29.5 (±1.18) 0.2 (±0.75) 47.0 (±1.70) 33.0 (±3.64) 13.6 (±0.49) 2.4 (±0.10) 55.5 (±2.36) 
Wheat bran 92.5 (±1.50) 3.8 (±1.71) 22.8 (±1.08) 36.6 (±2.43) 12.1 (±6.34) 19.9 (±0.71) 3.5 (±0.20) 79.5 (±4.71) 
Wheat corn DDGS3 89.4 (±1.69) 2.1 (±1.69) 4.4 (±1.17) 35.5 (±3.30) 20.3 (±7.14) 32.8 (±1.05) 2.9 (±0.36) 68.1 (±8.17) 
Wheat DDGS3 91.5 (±1.20) 4.1 (±1.20) 2.9 (±0.83) 27.5 (±2.34) 16.1 (±5.05) 39.1 (±0.74) 3.3 (±0.25) 74.2 (±5.78) 
Wheat screenings 93.3 (±1.50) 2.4 (±1.71) 49.5 (±1.08) 21.9 (±2.43) 13.5 (±6.34) 13.5 (±0.71) 3.5 (±0.20) 78.5 (±4.72) 
1Mean of month and location, with the exception of low oleic canola meal, high oleic canola meal, corn DDGS, ROD extract, quinoa screenings (16% 
dockage), quinoa screenings (50% dockage), soybean meal, and wheat corn DDGS as they were commercially sourced single samples 
2High oleic canola meal: 69.6% oleic acid, low oleic canola meal: 59.0% oleic acid  
3Dried distiller’s grains with solubles 
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Table 5.3 Significance (P<0.05) of by-product source in terms of time of sampling (month) and processing facility (location) on experimental variables 
(Model 1) 

Treatment  
DMD Gas  

(mL g-1 DM) 
Gas 

(mL g-1  DMD) 
CH4  

(mL g-1  DM) 
CH4  

(mL g-1  DMD) 
pH NH3-N 

(mL dL-1) 
Month of by-product sampling 1        

 Flax screenings 0.032 0.532 0.589 0.307 0.971 0.797 0.792 
 Hemp hulls  <0.001 0.002 0.1800 <0.001 0.004 0.552 0.215 
 Hemp powder  <0.001 <0.001 0.046 <0.001 0.581 0.079 0.002 
 Soybean screenings <0.001 <0.001 0.002 <0.001 0.221 0.047 0.535 
 Sunflower screenings 0.007 <0.001 0.109 <0.001 0.109 0.221 0.128 
 Pea hulls 0.784 0.009 0.470 0.016 0.429 0.008 0.214 
 Pea screenings 0.291 0.013 0.008 0.001 0.001 <0.001 <0.001 
 Wheat bran <0.001 0.009 0.517 0.101 0.618 0.731 0.201 
 Wheat screenings <0.001 <0.001 0.003 <0.001 0.031 0.029 0.001 
         
Location of by-product sampling 2        

 Hemp hulls 0.008 0.198 0.086 0.765 0.036 0.823 0.470 
 Sunflower screenings <0.001 0.290 <0.001 0.037 0.002 0.354 <0.001 
 Wheat DDGS3 0.004 0.064 0.973 0.001 0.016 0.252 0.073 
1Months sampled were August (2017), November (2017) and January (2018) 
2By-products were sourced from 10 commercial feed processing facilities in Winkler (sunflower screenings), Deloraine (sunflower screenings), Portage la 
Prairie (flax screenings, pea hulls and pea screenings), Minnedosa (wheat DDGS), Roland (soybean meal and soybean screenings), St. Agathe (hemp hulls 
and hemp powder), Arborg (hemp hulls), Elie (wheat bran and wheat screenings), Melville (SK; quinoa screenings) and Lloydminster (SK; wheat DDGS). 
3Dried distiller’s grains with solubles 
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Table 5.4 The effects of by-product treatment on DMD, gas, CH4, pH and NH3-N in vitro1 (Model 2)   

Treatment 
DMD Gas  

(mL g-1 DM) 
Gas  

(mL g-1 DMD) 
CH4  

(mL g-1 of DM)2 
CH4  

(mL g-1 DMD)2 
pH NH3-N 

 (mL dL-1) 
Low oleic canola meal 69.2cdef 130.1ef 189fghi 21.8ef 31.8bc 6.68b 45.3a 
High oleic canola meal 67.9def 134.8f 200efghi 20.9f 31.1bc 6.69b 48.7a 
Corn DDGS3 69.0cdef 154.6ef 226bcdefg 21.9ef 32.2bc 6.48de 36.2abc 
Red osier dogwood extract 75.2bc 84.4g 113i 2.5h 3.3f 6.55cd 0.3f 
Flax screenings 54.0h 96.6g 177ghi 11.3g 21.3de 6.67b 41.5ab 
Hemp hulls 16.9i 26.5h 223cdef 3.3h 27.9cd 6.81a 16.3def 
Hemp powder 19.1i 30.5h 167ghi 4.9h 27.0cd 6.82a 30.2abcd 
Pea hulls 67.9ef 260.9a 299ab 36.7a 42.0a 6.21g 9.2ef 
Pea screenings 87.8a 243.1b 277abcd 34.0b 39.1ab 6.11h 34.1abcd 
Quinoa (16% dockage) 73.9bc 222.0bc 301ab 24.6d 33.4bc 6.42f 10.2ef 
Quinoa (50% dockage) 77.3b 247.5ab 322a 27.7c 36.1ab 6.29g 9.0ef 
Soybean screenings 65.9f 167.4ef 257bcdef 23.1e 35.4ab 6.57c 39.5ab 
Soybean meal  86.2a 177.9de 207defgh 26.6cd 30.9bc 6.70b 29.3abcde 
Sunflower screenings 60.0g 80.9g 140.9hi 10.6g 19.0e 6.70b 36.7abc 
Wheat bran  72.7cd 197.0cd 273abcde 25.8d 35.9ab 6.46ef 34.2abc 
Wheat corn DDGS 71.2cde 154.4ef 218cdefg 22.1ef 31.2ab 6.56c 41.5ab 
Wheat DDGS 69.1cdef 152.9ef 224cdefg 22.8ef 33.3bc 6.59c 40.2abc 
Wheat screenings 72.6cd 207.2c 291abc 26.5cd 37.5ab 6.42f 20.5cde 
SEM 0.02 8.15 22.1 1.42 8.45 0.020 2.43 
P value  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Means with the same subscript within a column are not significantly different (P>0.05)  

1Mean of month and location, with the exception of low oleic canola meal, high oleic canola meal, corn DDGS, ROD extract, quinoa screenings (16% 
dockage), quinoa screenings (50% dockage), soybean meal, and wheat corn DDGS as they were commercially sourced single samples 
2Non transformed means are reported; P value of the log transformed data reported 
3Dried distiller’s grains solubles 
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Table 5.5 The effect of by-product treatment on experimental variables (Model 2) and chemical constituents (Model 3) on DMD, gas, CH4 and pH  

   Model 21                        Model 3 2,3 
Item Trt Run Block (run) TrtxRun LocationxMonth(Trt) r2 4    r2 
DMD 0.8494 0.0081 0.0004 0.0693 0.0524 0.9857 y=0.55 – 0.02FatD5 + 0.0005FatD2 – 

0.01CPD – 0.007NDFD – 
0.0002NDFD2 –0.0009FatD*CPD  

0.8493 

Gas (mL g-1 DM) 0.9392 0.0097 0.0007 0.0070 0.0119 0.9794 y=352.4 – 0.65FatD + 0.81FatD2 – 
0.02FatD3 + 11.7StarchD – 
0.85StarchD2 + 0.02StarchD3 + 
0.41FatD*StarchD 

0.8571 

Gas (mL g-1 DMD) 0.4050 0.0002 0.0092 0.1686 0.0329 0.6164 y=485.2 – 11.5FatD – 23.1CPD + 
5.2NDFD – 0.14NDFD2 – 0.01 
NDFD3 – 0.43FatD*NDFD – 
1.03CPD*NDFD 

0.3072 

CH4 (mL g-1 DM) 0.9471 0.0036 0.0017 0.0076 0.0113 0.9806 y=37.34 – 1.24FatD + 0.03FatD2 – 
1.36CPD – 0.10StarchD – 
0.08StarchD2 + 0.001StarchD3 – 
0.51NDFD – 0.02NDFD2 – 
0.05CPD*StarchD – 
0.03StarchD*NDFD – 
0.01FatD*NDFD – 0.05CPD*NDFD 

0.9138 

CH4 (mL g-1 DMD) 0.3941 0.0006 0.0035 0.1236 0.0022 0.6268 y=55.88 – 1.47FatD – 2.60CPD + 
0.87NDFD – 0.02NDFD2 – 
0.002NDFD3 – 0.06FatD*NDFD – 
0.14CPD*NDFD 

0.3143 

pH 0.9060 0.0002 0.0065 0.0074 0.0209 0.9301 y=6.72 + 0.05CPD – 0.00045CPD2 + 
0.000013CPD3 + 0.02StarchD + 
0.000096StarchD2 – 
0.0000091StarchD3 + 
0.0012CPD*StarchD 

0.6323 

NH3-N (mL dL-1) 0.4676 0.0444 0.0011 0.1370 0.0470 0.7341 y=21.9 + 0.86CPD – 0.03CPD2 0.3328 
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1Numbers reported represent partial r2 values 
2Dependent variables were expressed as deviations from their respective means (where mean of fat is 11.7, mean of starch is 14.9, mean of NDF is 34.8 
and mean of CP is 22.2%) where variables were referred to by their name with D appended for deviation, eg. FatD  
3Starting model included CP, CP2, CP3, Fat, Fat2, Fat3, Starch, Starch2, Starch3, NDF, NDF2, NDF3, Fat*CP, Fat*Starch, Fat*NDF, CP*Starch, CP*NDF, 
Starch*NDF 
4r2 = coefficient of determination 
5Terms without a power illustrate a linear relationship; terms expressed to the power of 2 illustrate a quadratic relationship; terms expressed to the power 
of 3 illustrate a cubic relationship  
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Figure 5.1 The effect of CP on DMD (%) when starch, fat and NDF concentrations are at their 
mean values. CPD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, NDFD=0 and FatD=0 with a 95% 
confidence interval. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 95 

 
Figure 5.2 The effect of CP on gas (mL g-1 DMD) when starch, fat and NDF concentrations are at 
their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and FatD=0 with a 95% 
confidence interval. 
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Figure 5.3 The effect of CP on CH4 (mL g-1 DM) when starch, fat and NDF concentrations are at 
their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 5.4 The effect of CP on CH4 (mL g-1 DMD) when starch, fat and NDF concentrations are 
at their mean values. CPD is expressed as a deviation from its respective mean and referred to with 
a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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5.7 Bridge to Chapter 6 
 

Initial screening of energy (Chapter 4) and protein (Chapter 5) by-products, in isolation, 

was used to determine their individual DMD, gas, CH4 and rumen fermentation (pH and NH3-N) 

potential. In these studies, ROD extract, hemp hulls and hemp powder were found to have the 

lowest CH4 potential on both a DM and DMD basis. However, it is only when by-products are 

included in a balanced ration that their impact as part of a complete diet may be assessed. 

Although ROD extract showed the lowest CH4 from these earlier studies, it is not a protein 

source and its fine, powdery nature may pose logistical challenges for inclusion in a dry, 

perennial hay-based diet without moisture to prevent separation. Similarly, hemp hulls and hemp 

powder showed low CH4 production in these earlier studies, however, they also showed the 

lowest DMD and relatively high variability (DMD, gas and CH4 production), demonstrating their 

relatively low consistency as a by-product and low DMD might be expected to limit animal 

performance.  

Additionally, in Chapters 4 and 5, evaluating the impact of location and source, it was 

observed that flax screenings had a relatively high fat concentration and showed the least 

variability suggesting the highest reliability as a feed ingredient source in terms of the variables 

of interest to this study. Further, sunflower screenings had a relatively high fat concentration, a 

chemical constituent that was shown to promote lower enteric CH4 production, thus was also 

included as a by-product for the RUSITEC evaluation. Quinoa was included as a particularly 

novel feed ingredient for ruminant feeding nutritional studies. 

 

  

  



 99 

6.0 Manuscript 

Effect of by-product feed supplementation to a grass hay-based diet on nutrient 

disappearance, total gas and CH4 production, rumen fermentation and protozoal 

population in an artificial rumen (RUSITEC). 

 

 

 

 

 

S. Robinson1, A. Saleem2,3, K. Ominksi1, K. Wittenberg1, T. McAllister3, and E.J. McGeough1 

 

1Department of Animal Science, Faculty of Agricultural and Food Sciences, University 
of Manitoba, Winnipeg, Manitoba, Canada, R3T 2N2 

2Animal and Poultry Production Department, Faculty of Agriculture, South Valley 
University, Qena, Egypt 

3Agriculture and Agri-Food Canada, Lethbridge Research and Development Centre, 
Lethbridge, Alberta, Canada 

 
 

 

 

 

 

 

 

 

 

 



 100 

6.1 Abstract 

An artificial rumen system (RUSITEC) was used to assess the effects of including quinoa 

screenings, flax screenings, and sunflower screenings in a grass hay-based diet on DMD, gas and 

CH4 production, ruminal fermentation, and protozoal population. The experiment was a RCBD 

with 4 treatments assigned to 16 fermentation vessels (n=4/treatment) in 2 RUSITEC 

apparatuses. The Control diet was 100% grass (Timothy) hay, with by-product treatments 

consisting of grass hay plus quinoa screenings (Quinoa), flax screenings (Flax), or sunflower 

screenings (Sunflower) at inclusion rates of 21.4, 11.2, and 12.3%, respectively. The study 

period was 15 d, with an 8 d adaptation and 7 d measurement period.  Data were analyzed using 

PROC MIXED of SAS with fixed effects of treatment, day of sampling (repeated measure) and 

their interaction and random effects of RUSITEC unit and fermenter. Compared to the Control, 

the inclusion of Quinoa and Flax had no effect (P>0.05) on DMD, however it was 14.5% lower 

with Sunflower. By-product treatment did not affect gas production in this study. On a DM basis, 

compared to the Control, Quinoa and Flax did not affect CH4 production, whereas Sunflower 

reduced (P=0.009) CH4 by 42%. On a DMD basis, compared to the Control, Quinoa and Flax 

had no effect on CH4 production, with the inclusion of Sunflower resulting in 31% less CH4 

(P<0.05;7.8 mg g-1 DMD). Sunflower and Quinoa did not affect molar proportions of propionate 

or butyrate compared to the Control; however, they were decreased (P<0.05) with Flax. 

Sunflower and Flax had lower (P<0.05) protozoa numbers (1000 and 10700 vs. 22000 mL-1, 

respectively) when compared to the Control. This study suggested sunflower screenings have the 

potential to decrease CH4 when included in a grass hay-based diet, however, this was 

accompanied by a reduction in diet DMD, therefore animal performance may be negatively 

impacted. Although other treatments such as quinoa and flax screenings did not reduce CH4 
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production in this study, they demonstrated potential to be used as supplements for hay-based 

diets without decreasing DMD.   

 

6.2 Introduction 

Beef production is a significant source of GHG from livestock, with the cow-calf phase 

accounting for approximately 80% of total GHG emissions (Beauchemin et al., 2010) and enteric 

CH4 accounting for 73 to 84% of total emissions (Beauchemin et al., 2010; Legesse et al., 2015). 

Dietary manipulation is the most important means of reducing CH4 emissions produced by cattle 

(Beauchemin et al., 2008; Moreira et al., 2016). However, CH4 mitigation through dietary 

manipulation in beef production systems where forages are the main component of the diet is 

challenging leaving fewer options for inclusion of novel feed ingredients relative to feeding 

TMR or high grain diets in confinement. Waste products from commodity processing facilities, 

otherwise known as by-products, have become a more viable, and more readily available 

resource for supplementing cattle diets in Western Canada owing to increased grain/oilseed/pulse 

processing capacity across the prairie provinces (Broderick et al., 2016). By-products may be 

used as an alternative to traditional supplements including cereal grains during adverse weather 

and or market conditions negatively affect forage availability, such as drought-induced feed 

shortages (Hall and Chase, 2014) or increased feed ingredient costs (Griffin et al., 2012). 

However, to date, there has been little evaluation on the enteric CH4 mitigation potential of by-

products when supplemented to perennial forage-based diets. The evaluation of by-products in a 

RUSITEC system offers the ability to measure additional parameters (for example, protozoa 

count) and provides valuable information on the CH4 mitigation potential of by-products when 

supplemented to a forage-based diet in a semi-continuous apparatus. Screenings from oilseeds 
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such as sunflower and flax have the potential to supplement dietary fat concentration at relatively 

low cost for producers, with the latter demonstrating reasonably low variation in chemical 

composition in a previous evaluation by this author. Additionally, quinoa is a new and emerging 

product in Manitoba, thus screenings from this crop offer a novel by-product for ruminant 

feeding. Thus, the objective of this experiment was to determine the effects of including quinoa 

screenings, flax screenings, and sunflower screenings in a grass hay-based diet on DMD, gas and 

CH4 production, and ruminal fermentation parameters in a RUSITEC system.  

 

6.3 Materials and Methods 

6.3.1 Animal management  

All management and care of animals used in this study were in accordance with the 

guidelines of the Canadian Council on Animal Care (CCAC, 2009), and protocols were reviewed 

and approved by the Animal Care Committee of the Agriculture and Agri-Food Canada, 

Lethbridge Research and Development Centre. Three ruminally cannulated Aberdeen Angus - 

cross beef heifers were offered ad libitum access to a basal diet of 100% timothy grass hay (10% 

CP, 59% TDN on DM basis) for 14 d prior to rumen sampling. Animals had ad libitum access to 

clean and fresh water throughout. 

 

6.3.2 Experimental design and treatments  

This experiment was a RCBD with 4 treatments randomly assigned to 16 fermenters (n=4 

per treatment) in 2 RUSITEC apparatuses.  The study period was 15 d in duration, including an 8 

d adaptation, followed by a 7 d sample collection period. By-product treatments consisted of 1) 

Hay + quinoa screenings (50% dockage; 21.4%, DM basis; Quinoa), 2) Hay + flax screenings 



 103 

(11.2%, DM basis; Flax), 3) Hay + sunflower screenings (12.3%, DM basis; Sunflower), with 

the Control treatment consisting of 100% timothy hay (10% CP, 59% TDN). By-products were 

sourced from Melville, SK (Norquin Quinoa; quinoa screenings), Portage LaPrairie, MB (Prairie 

Flax Products Inc.; flax screenings) and Deloraine, MB (Nestibo Agra Inc.; sunflower 

screenings). Diets were formulated to be isonitrogenous and include a range of fat (from low to 

high fat at the previously reported 6-7% upper threshold for fat concentration) using Cowbytes 

for backgrounding cattle (294 kg steers with a target ADG of 0.77 kg d-1 (NRC, 2000), with 

ingredient composition of the experimental treatments reported in Table 6.1. Diets were 

formulated to be isonitrogenous to prevent the confounding issue of CP and fat together.  

 

6.3.3 Rumen fluid source and RUSITEC methodology   

Prior to the start of experimental period, all ingredients were dried at 55°C for 48 hr and 

ground through a 4 mm screen using a Wiley mill (Arthur Thomas Co., Philadelphia, PA). 

Treatments were weighed (10 g total DM) into nylon bags (10 × 20 cm; pore size of 50 μm, 

Ankom Technology Corp., Macedon, NY) and manually mixed. Rumen fluid was collected (4 L) 

from each animal 2 hr after morning feeding (from 4 sites within the rumen), strained through 4 

layers of cheese cloth and pooled. Once returned to the laboratory, rumen fluid was maintained 

in a water bath at 39 °C and pH was recorded. The solid rumen contents (approximately 1 kg) 

were pooled after sampling, squeezed to remove excess liquid, placed in a plastic bag and 

immediately transported to the laboratory. Two RUSITEC apparatuses, each equipped with 8 

anaerobic fermenters (920 mL) were used. Each fermenter was outfitted with an input port to 

allow the infusion of buffer and an outlet port to collect effluent. On the first day, each fermenter 

was filled with 200 mL of artificial saliva, 700 mL of strained rumen inoculum, and 1 bag 
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containing 20 g of mixed wet solid rumen digesta to inoculate the system with feed particle-

associated rumen bacteria. Fermenters were maintained in a circulating water bath at 39°C, with 

bags within the fermenters agitated (moved up and down) at 8 cycles min-1. The nylon bags 

containing solid rumen contents were replaced after 24 hr with bags containing the respective 

treatment. Thereafter, 1 bag was replaced daily at 9 am, allowing each bag to remain in each 

fermenter for 48 hr. Each fermenter was flushed with CO2 during feed bag exchange to maintain 

anaerobic conditions. Artificial saliva (McDougall, 1948) was adjusted to pH of 8.2, and infused 

daily at 26 mL hr-1 and mixed using a peristaltic pump set to achieve a dilution rate of 2.9% h-1, 

replacing 70% of the fermenter volume daily. Effluent was collected daily from each fermenter 

into 2 L Erlenmeyer flasks and fermentation gases collected using reusable 2 L gas-tight 

collection bags (CurityR; Covidien Ltd., Mansfield, MA). 

 

6.3.4 Nutrient disappearance and chemical analysis   

Disappearance of DM (DMD), CP (CPDg), NDF (NDFDg) and ADF (ADFDg) were 

determined using the 48 hr treatment bags from d 9 to 15. Treatment bags were removed from 

each fermenter and washed under cold tap water until the water was clear. Bags were dried at 

55°C for 48 hr (AOAC, 1995; method 930.15) to determine DMD. Neutral detergent fibre 

disappearance, ADFDg, and CPDg were calculated as the difference between the concentration 

of these components in the substrate before incubation and that remaining in the residue after 

incubation. Residues were pooled over 5 d, ground through a 1 mm screen using a Wiley Mill 

(standard model 4; Arthur Thomas Co., Swedesboro, NJ) and analyzed for CP, NDF, and ADF. 

Ash concentration was determined by combustion at 550°C for 5 hr, and OM concentration was 

calculated as 100 minus the proportion of ash (AOAC, 1995; method 942.05).The NDF and ADF 
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concentrations were determined using the sequential method with an ANKOM200 Fibre 

Analyzer (Ankom Technology Corp., Macedon, NY) using reagents as described by Van Soest et 

al. (1991), with heat-stable α-amylase (Termamyl 120 L, Novo Nordisk Biochem, Franklinton, 

NC) and sodium sulfite included in the NDF analysis. Total N was determined using a 

combustion analyzer (NA 2100, Carlo Erba Instruments, Milan, Italy), with CP calculated as N × 

6.25.  

 

6.3.5 Gas and CH4 production 

Daily total gas production (hereafter known as gas) was measured during feed bag 

exchange using a gas meter (Model DM3A, Alexander-Wright, London, UK). Duplicate 

subsamples of gas (20 mL) were collected from each gas bag using a syringe and injected into 

evacuated 6.8 mL exetainers (Labco Ltd., Wycombe, UK). Methane concentration in the gas (% 

of gas) was determined using a Varian 4900 gas chromatograph equipped with GS-CarbonPLOT 

30 m × 0.32 mm × 3 μm column and thermal conductivity detector (Agilent Technologies 

Canada Inc., Mississauga, ON) at an isothermal oven temperature of 35°C with helium as the 

carrier gas (27 cm s-1). Methane production (expressed as % of gas produced, mg d-1, mg g-1 DM 

incubated, and mg g-1 DMD) was calculated using gas production and feed DM as described by 

Saleem et al. (2018).  

 

6.3.6 Ruminal fermentation parameters and protozoa count  

Fermenter fluid pH was recorded daily (Orion model 260A, Fisher Scientific, Toronto, 

ON) and effluent volume from each fermenter was also recorded daily at the time of bag 

exchange. Effluent (5 mL) was sampled for analysis of VFA’s and preserved with 1 mL of 25% 
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(wt wt-1) metaphosphoric acid, and frozen at −20°C until analyzed. An additional 5 mL of 

effluent was collected and preserved with 1 mL of H2SO4 (1% vol vol-1) for determination of 

ammonia nitrogen (NH3-N) as described by Rhine et al. (1998). The VFAs were quantified using 

a gas chromatograph (model 5890, Hewlett-Packard Lab, Palo Alto, CA) equipped with a 

capillary column (30 m × 0.32 mm i.d., 1-μm phase thickness, Zebron ZB-FAAP, Phenomenex, 

Torrance, CA), and flame ionization detector and crotonic acid (trans-2-butenoic acid) as an 

internal standard. The concentration of VFA was multiplied by daily effluent production (L d-1) 

to determine VFA production (mmol d-1). 

Samples for enumeration of protozoa were collected from d 9 to 13. At the time of bag 

exchange, 5 mL of liquid was gently squeezed from the 48 hr bags and preserved in 5.0 mL (1:1 

v v-1) of methyl green formalin-saline solution. The samples were stored in the dark at room 

temperature until counted by light microscopy using a Levy-Hausser counting chamber (Hausser 

Scientific, Horsham, PA).  

 

6.3.7 Statistical analysis  

Data were analyzed using the PROC MIXED procedure of SAS (Inst. Inc., Cary, NC). 

The model included the fixed effects of treatment, day of sampling and treatment x day 

interactions, with the random effects of RUSITEC apparatus and fermenter vessel. Unless 

significant, treatment x day interactions were not included in results. Gas production, CH4, 

protozoa counts and VFA concentrations were analyzed as repeated measures (day of sampling). 

Orthogonal polynomial contrasts were performed to compare treatments to the control. 

Differences among treatments were tested using the PDIFF option and significance was declared 
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at P<0.05 unless otherwise stated.  Data were tested for normality using the PROC 

UNIVARIATE procedure of SAS. 

 

6.4 Results 

6.4.1 Nutrient disappearance  

By-product treatment had a significant effect on DMD (P<0.001), with Sunflower 

(57.8%) being 14.5% lower than the Control (Table 6.2). Quinoa and Flax (65.5%) in turn did 

not differ from the Control or each other. By-product inclusion did not affect CPDg (P=0.664) or 

NDFDg (P=0.722), however, for ADFDg, the Control was lowest, Sunflower (37.3%) highest 

(P<0.05) and Quinoa and Flax intermediate.  

 

6.4.2 Gas and CH4 production  

Treatment did not affect (P=0.188) gas production (L d-1) in this study (Table 6.3). On a 

percent of gas basis, Sunflower produced 31% less (P<0.05) CH4 compared to the Control, with 

Quinoa and Flax not different from Control. Similarly, when expressed as output per day and 

milligram per gram of feed DM, Sunflower produced 42 and 41 % less (P<0.05) CH4, 

respectively (45.2 mg d-1 and 4.5 mg g-1 DM) compared to the Control, with Quinoa and Flax not 

different from Control. On a DMD basis, Sunflower produced 31% less (P<0.05) CH4 (7.8 mg g-

1 DMD) compared to the Control, with Quinoa and Flax not different from Control.  

 

6.4.3 Ruminal fermentation parameters and protozoa count  

For rumen pH, Sunflower and Flax (6.8) had higher (P<0.001) ruminal fluid pH than the 

Control and Quinoa (6.7; Table 6.4). In terms of total VFA production (mmol d-1), compared to 
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the Control, there was no effect of Quinoa or Flax compared to the Control, however Sunflower 

was 23% lower (P<0.05). Furthermore, treatment had a significant effect (P=0.044) on 

proportion of acetate produced, with Sunflower being 4.1-6.4% lower (P<0.05) than all other 

treatments, which in turn did not differ. By-product supplementation also affected (P=0.014) 

propionate production, with Flax (10.8 mmol d-1) having 16-18% higher (P<0.05) propionate 

production, relative to all other treatments, which in turn did not differ from each other. 

Treatment had a significant effect (P=0.003) on proportion of butyrate produced, with Flax (3.6 

mmol d-1) being 10-23% lower (P<0.05) than all other treatments which in turn did not differ. 

Additionally, the acetate to propionate ratio of Sunflower and Flax was 23% lower than the 

Control and 13% lower than Quinoa (P<0.05). For NH3-N production (mmol d-1), Sunflower was 

53% higher than the Control and 23 and 30% higher than Quinoa and Flax, respectively, which 

did not differ. Furthermore, Sunflower had 75% fewer (P<0.05) protozoa (x 104 mL-1) than the 

Control, and 77 and 72% fewer protozoa than Flax and Quinoa, respectively, which in turn did 

not differ. 

 

6.5 Discussion 

This study evaluated grass hay, a common feed ingredient in cow-calf and backgrounding 

operations, in western Canada. Unlike grain-based diets, grass hay diets can often be limited in 

terms of energy concentration, particularly under conditions where forage growth may be limited 

or extreme cold whilst feeding. For example, a Saskatchewan Government (2013) report found 

only 38% of all forages sampled (alfalfa, grass, alfalfa grass, and cereal greenfeed hay) to meet 

the energy requirements of cows six months pregnant in 25 °C. In this study, treatment (Control, 

Quinoa, Flax and Sunflower) protein to energy ratios (0.19, 0.17, 0.18 and 0.17, respectively) 
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were calculated based on the CP and energy of the starting feed. Additionally, limited studies 

exist evaluating the use of fat for supplementation of hay-based diets using regionally available 

by-products and its impact on CH4 mitigation. As there is growing availability of by-product feed 

ingredients in Manitoba, sunflower, quinoa and flax screenings were incorporated in hay-based 

diets to evaluate the impact of a range of fat concentrations in high fibre, low starch-based hay 

diets.  

 

6.5.1 Nutrient disappearance 

In this study, quinoa, flax, and sunflower screenings were evaluated as by-product 

ingredients included with grass hay to increase dietary energy and provide a range of fat 

concentrations. Although the optimal dietary concentration of fat varies between studies, it 

should be restricted to 6-8% of total dietary DM to avoid adverse side effects on ruminal 

digestion and fermentation (Khorasani et al., 1992; Machmüller et al., 2000; NRC, 2016). Above 

this upper concentration, negative effects such as reduced DMI and DMD have been observed 

(McGinn et al., 2004; Yuangklang et al., 2005; Beauchemin and McGinn, 2006). This agrees 

with the current study where Sunflower (6.7 % dietary fat, DM basis) had reduced DMD relative 

to the Control and Quinoa and Flax, which in turn had fat concentrations of 3.9 and 5.3% 

respectively. As previously described, it is suggested that reductions in DMD observed at a 

higher fat concentration may be a consequence of direct antimicrobial activity, which was 

supported by the decreased number in protozoa observed (Jenkins, 1993; Rodrigues et al., 2017). 

Several studies have reported negative effects of fat on fibre degradation in the rumen (Hess et 

al., 2008; Gorka et al., 2015) as fibrolytic bacteria are among the most sensitive to inhibition by 

dietary fats (Palmquist and Jenkins, 1980). However, in the literature, the interactions between 
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basal diet and fat supplementation with regard to ruminal NDFDg are inconsistent. In this study, 

there was no difference in NDFDg between by-product treatments, which is agrees with findings 

by Messana et al. (2013) who evaluated the effect of soybean meal on ruminal NDFDg when 

supplemented to basal diet (500 g kg-1 DM of corn silage) and found no effect (P=0.864) 

regardless of level of fat supplementation (2, 4 and 6 %, DM basis). The degree to which fibre 

degradation is influenced is suggested to depend upon the nature of the fat (Giger-Reverdin et 

al., 2003). For example, saturated FAs or rumen-protected forms of fat are believed to have 

fewer depressive effects on ruminal fermentation (Palmquist and Jenkins, 1980) as they are 

considered insoluble and protected from microbial fermentation and biohydrogenation (Behan et 

al., 2019). Whereas unsaturated or free FA’s are not protected from microbial fermentation or 

biohydrogenation and exert toxic effects on ruminal bacteria as they undergo fermentation 

(Hristov et al., 2009). Sunflower oil contains approximately 15% saturated and 85% unsaturated 

FA’s (Akkaya, 2018), whereas flax is composed of approximately 40-64% unsaturated FA’s 

(Kaplan et al., 2015). However, without measuring the FA profile of treatments in our study, it is 

difficult to predict the degree to which it may have influenced NDFDg and ADFDg. Treatment 

had a significant effect on ADFDg, where Quinoa and Flax were higher than the control and 

Sunflower was higher than all other treatments, suggesting increasing fat results in a linear 

increase in ADFDg. Although an increase in ADFDg by fat is uncommon, our results are 

consistent with findings by Ueda et al. (2003) who reported an increase ADFD when feeding a 

TMR diet (forage to concentrate (F:C) = 65:32) with 3% linseed oil compared to TMR diet (F:C 

= 65:32, DM basis) without linseed oil. Although the mechanism behind this response is unclear, 

Palmquist and Jenkins (1980) suggest the dietary F:C ratio is important in modulating the 

response to fat supplementation on ruminal digestibility. Similarly, Chung et al. (2011) reported 
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that supplementing fat from ground linseed (5.5% added fat) to barley silage-based diets 

decreased fibre digestibility, whereas only minor effects were observed when linseed fat was 

added to hay-based diets. Although we did not measure FA profile in this study, similar results 

observed by Chung et al. (2011) may be explained by a similar unsaturated FA profile in flax 

screenings and linseed.  

 

6.5.2 Gas and CH4 production 

It is well established that enteric CH4 production is influenced by the chemical 

composition of ruminant diets (McGinn and Beauchemin, 2012; Brask et al., 2013), with studies 

suggesting that increasing the fat/starch concentration of high-grain and TMR-based diets 

through the use of by-products or feed additives decreases CH4 from rumen fermentation (Brask 

et al., 2013; Rossi et al., 2017). However, limited data exists with forage-based diets, hence this 

study addresses an important gap in the literature. As discussed previously, this is achieved via 

decreasing acetate production, protozoa population, methanogen concentration, and H2 

availability associated with fat supplementation (Martin et al., 2016). In the current study, by-

product treatments were formulated to be isonitrogenous, eliminating the impact of protein on 

the results observed. Sunflower, the treatment with the highest fat content, produced significantly 

lower CH4 production across all units of measurement, which may be explained from 

biohydrogenation of unsaturated FA’s and protozoal inhibition (Johnson and Johnson, 1995; 

Segers et al., 2015; Lins et al., 2019). Biohydrogenation occurs as protective mechanism of 

rumen bacteria converting unsaturated FA to saturated FA, as unsaturated FA are toxic to 

specific rumen bacteria such as protozoa and methanogens (Maia et al., 2007). Similarly, 

Beauchemin et al. (2009b) compared a barley-based TMR (5.0% fat, DM basis) to a TMR with 
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crushed sunflower seed included at 10.55% (7.3% total dietary fat, DM basis) and found that 

CH4 (g kg-1 of DMI) numerically decreased by 10%. As previously mentioned, sunflower oil is 

primarily (85%) composed of unsaturated FA’s (Akkaya, 2018), with flax being composed of 

approximately 40-64% unsaturated FA’s (Kaplan et al., 2015). However, by-products are known 

to vary in FA concentration, depending on source, processing, and growing conditions (Boufaied 

et al., 2003) and therefore, the extent and occurrence of biohydrogenation will vary. As we did 

not measure the FA profile of the by-products in our study, it is difficult to be certain this caused 

the observed response. Dietary fats present in by-products are potent modifiers of ruminal 

fermentation and may offer defaunation potential (Brask et al., 2013). Methanogens within the 

rumen can exist in a free-living form or in association with protozoa, which play a key role in the 

interspecies H2 transfer and CH4 production within the rumen (Morgavi et al., 2010). Protozoa-

associated methanogens have been reported to account for up to 37% of the CH4 emitted by 

ruminants (Hook et al., 2010) and therefore the elimination of protozoa is suggested to be an 

effective method in mitigating emissions (Hegarty, 1999; Boadi et al., 2004). This theory is 

supported by the observations in our study, where Sunflower had lower protozoa coupled with 

significantly lower CH4 across all units of expression. In the study by Beauchemin et al. (2009b) 

described above, these authors also observed reduced protozoa population when fat content of 

the diet increased from 5.0 to 7.3% with the inclusion of sunflower seed. Similarly, both in vitro 

and in vivo studies have observed a decrease in CH4 production in the absence of protozoa, with 

an average reduction of about 12% (g animal-1 d-1; Hegarty, 1999; Morgavi et al., 2010). 

However, the elimination of protozoa can be detrimental to animal performance as they play a 

key role in fibre digestion and are involved in symbiotic relationships with other microorganisms 

(Li et al., 2018).   
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Methane production will also depend on the digestibility of the diet offered to cattle 

(Jentsch et al., 2007; Ramin and Huhtanen, 2013). In this study, Quinoa and Flax did not affect 

DMD or CH4 whereas, Sunflower had the lowest DMD whilst also having the lowest CH4 

(irrespective of unit) compared to all other treatments. Similarly, Ebeid et al. (2022) found 

replacing 30% of clover hay in a basal diet (50% clover hay, 16% corn grain, 12.4% barley 

grain, 12.4% soybean meal, and 8% wheat bran) with Chenopodium quinoa hay (18.6% CP and 

46.4% NDF, DM basis) increased (P<0.05) CH4 produced (mL g-1 DM and mL g-1 DMD), with 

all diets formulated to be iso-nitrogenous and iso-energetic.  Results observed by Ebeid et al. 

(2022) may be explained by degradation of cellulose and hemicellulose as CH4 produced 

significantly increased when expressed as mL per gram of degraded NDF and ADF. Fat is 

reported to interfere with rumen microbial digestion as it is not completely fermented in the 

rumen, consequently reducing the energy and H2 available for methanogenesis (McGinn et al., 

2004; Beauchemin and McGinn, 2006; Beauchemin et al., 2008). Additionally, fat 

supplementation has shown to reduce CH4 production by decreasing acetate production, 

decreasing the amount of H2 available to methanogens for the production of CH4 (Hatew et al., 

2015; Martin et al., 2016). This was evident in our study, where Sunflower has significantly 

lower acetate relative to all other treatments. Although Quinoa and Flax screenings did not 

reduce CH4 production in this study, they showed potential to be utilized as supplements for 

grass hay-based diets without negatively affecting DMD.  

 

6.5.3 Ruminal fermentation parameters and protozoa counts  

It has been reported that ruminal pH is influenced by total VFA production, with 

increases in VFA concentration resulting in decreased ruminal pH (Dijkstra et al., 2013) which 
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may explain the pH response in the current study. Total VFA concentrations in the rumen of beef 

cattle is normally between 70 and 130 mM, but can range from 30 to 200 mM (NRC, 2016). 

Total VFA concentrations observed by treatments in this study (Control; 63.04 mM, Quinoa; 

57.81 mM, Flax 55.98 mM; Sunflower; 48.81 mM) were considered normal, with no negative 

effect on pH observed. The pH of treatments observed were in the normal range (5.9 to 7.0) as 

acidosis occurs when rumen pH is between 5.5 and 5.8 and is considered when between 5.0 and 

5.2 or below (NRC, 2016). However, it is important to note the system was buffered with 

continually infused saliva which may impact the effect of treatment on pH. It is also well 

established that diet composition, including fat concentration, influences total and molar 

proportions of VFA’s produced (Chaucheyras-Durand et al., 2008; Wang et al., 2012). Bayat et 

al. (2017) found adding sunflower oil (5%, DM basis) to a grass silage-based diet (35 % grass 

silage, 39% ground wheat, 13% rolled barley and 10% rapeseed expeller, DM basis) decreased 

total rumen VFA concentration (P<0.05) when compared to a grass silage-based control (no oil). 

This is partially in agreement with this study, where by-product treatment had a significant effect 

on total VFA production, where Sunflower was lower than the Control and Quinoa. This may be 

due to the high total dietary fat concentration of Sunflower (6.7%, DM basis), as high fat 

concentration can depress rumen DMD through an inhibitory effect of FA on feed particulate 

matter, decreasing the amount of energy available to bacteria and consequently reducing total 

VFA production (Khorasani et al., 1992; Jiao et al., 2017). The mechanism by which this may 

occur is the decline in feed degradation caused by the coating of feed and the toxicity of fat on 

rumen microorganisms (Oldick and Firkins, 2000; Castilleios et al., 2006). The efficiency of 

VFA utilization in ruminants depends not only on the total VFA produced but also on their molar 

proportions (Dijkstra, 2005; Bannink et al., 2006). By-products which supplement energy to the 
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diet can influence VFA production, where increased proportions of propionate are produced with 

increased fat (Li et al., 2018). Although Sunflower had higher dietary fat, Flax produced 

significantly higher proportions of propionate. Similarly, Valkeners et al. (2006) reported an 

imbalance in energy and N in the diet to prevent rumen microbes from effectively degrading feed 

and consequently, effect VFA concentrations.  

Dietary CP concentration is often the principal factor affecting N efficiency and 

utilization and consequent ruminal NH3-N concentrations (Colmenero and Broderick, 2006; 

Huhtanen and Hristov, 2009). However, this is likely not the case in the current study as all 

treatments, with the exception of the Control, were isonitrogenous. Another factor reported to 

influence N efficiency and ruminal NH3-N concentrations is dietary energy (Broderick, 2003). In 

beef cattle, ruminal NH3-N concentrations normally range between 2 and 10 mM and therefore 

NH3-N concentrations observed by all treatments in this study (Control; 2.70 mM, Quinoa; 3.94 

mM, Flax; 3.54, Sunflower; 4.98 mM) were considered normal. In vitro studies (Russell et al., 

1992; Heldt et al., 1999) have demonstrated that ruminal NH3-N concentrations are inversely 

related to carbohydrate availability. This may explain the results observed in the current study as 

Sunflower had significantly lower DMD relative to all other treatments, thus decreasing 

available energy. This is likely due to the high fat (6.7%, DM basis) of Sunflower, as high fat is 

reported to interfere with rumen microbial digestion and decrease the amount of nutrients and 

energy available to the host (Wanapat et al., 2011). A decrease in available energy will inhibit 

NH3-N uptake by ruminal microorganisms as energy and carbohydrate availability are the 

primary factors regulating protein utilization in the rumen (Strobel and Russell, 1986; Hristov 

and Ropp, 2003).   
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By-product treatment also influenced protozoa count, where Sunflower supplementation 

resulted in a lower number of protozoa relative to all other treatments. This likely is reflective of 

the  total dietary fat composition of the Sunflower treatment with high dietary fat reported to 

have a negative effect on rumen function, including observations of decreased protozoal 

populations (Jenkins, 1993; Machmüller et al., 2000) due to the toxic effects of fat on protozoa 

(Patra and Yu, 2013). This is supported by Martin et al. (2016), who found rumen protozoa 

concentration (mL-1) to decrease (P<0.001) linearly with increased inclusion rates of linseed oil 

(5, 10, and 15%). Similarly, Onetti et al. (2001) found fat supplementation to lower ruminal 

protozoal population (P<0.01), with reductions being most severe at the highest level of fat 

supplementation. The physical association of methanogens with the rumen protozoa establishes a 

symbiotic relationship, allowing protozoa to degrade and ferment the plant material while 

methanogens utilize the H2 produced in these processes (Ohene-Adjej et al., 2007; Mizrahi, 

2013). Therefore, a decrease in protozoa population may reduce DMD, methanogens population 

and CH4 produced (Cobellis et al., 2015). This is evident in the current study, where Sunflower 

has significantly lower DMD and CH4 production compared to all other treatments.  

 

6.6 Conclusions 

This study demonstrated that sunflower screenings had the potential to decrease CH4 

when included in a grass hay-based diet. However, significant reductions in DMD were observed 

with their inclusion at 12.3% of the diet, therefore suggesting potentially negative effects on 

animal performance at the rate of inclusion used. Although other by-products such as quinoa and 

flax screenings did not reduce CH4 production in this study, they showed potential to be utilized 
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as supplements for hay-based diets without negatively affecting dietary DMD, pH, VFA and/or 

NH3-N.  
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Table 6.1. Ingredient and diet chemical composition (% DM unless otherwise stated)  

Item Timothy hay Quinoa screenings Flax screenings Sunflower screenings 
DM, % 96.9 90.6 93.1 93.7 
  CP 10.1 15.1 19.3 18.5 
  Fat 1 14.4 39.2 48.7 
  NDF 60.6 17.1 23.9 23.3 
  ADF 37.2 11.4 14.8 15.3 
  OM 93.5 94.2 94.3 94.4 
  TDN 58.9 80.0 77.6 77.2 

Ingredient composition (% of diet DM) 
Control1 100 78.6 88.8 87.7 
Quinoa2 - 21.4 - - 
Flax3 - - 11.2 - 
Sunflower4 - - - 12.3 

Diet chemical composition  
  CP 10.1 11.2 11.1 11.1 
  Fat  1.0 3.9 5.3 6.7 
  NDF 60.6 51.3 56.5 56.0 
  ADF 37.2 31.7 34.7 34.5 
  OM 93.5 93.6 93.6 93.5 
  TDN 58.9 63.4 70.0 61.1 

1Control; hay only 
2Quinoa; quinoa screenings and hay 
3Flax; flax screenings and hay 
4Sunflower; sunflower screenings and hay  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 119 

Table 6.2 Effect of by-product inclusion in a grass hay-based diet on nutrient disappearance 
in RUSITEC 
                                    Treatment1   
Item Control Quinoa  Flax  Sunflower  SEM P value 
Nutrient disappearance, (%) 
  DM 67.6a 65.5a 65.5a 57.8b 0.87 <0.001 
  CPDg 93.3 93.1 93.6 93.4 0.27 0.664 
  NDFDg 67.7 68.9 68.0 70.4 1.82 0.722 
  ADFDg 30.2a 35.1b 35.2b 37.3c 1.21 0.009 
Means with the same superscript within a row are not significantly different (P>0.05) 
1Treatments: Control- 100% hay; Quinoa- 78.6% hay + 21.4% quinoa screenings; Flax- 88.8% 
hay + 11.2% flax screenings; Sunflower- 87.7% hay + 12.3% sunflower screenings 
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Table 6.3 Effect of by-product inclusion in a grass hay-based diet on gas and CH4 production in 
RUSITEC   

                            Treatment1                                
Item Control Quinoa Flax Sunflower SEM P value 

Gas production, L d-1 1.7 1.6 1.7 1.4 0.12 0.188 
CH4, % of gas 7.0a 6.7a 6.5a 4.8b 0.37 0.007 
CH4, mg d-1 77.7a 75.2a 75.0a 45.2b 6.73 0.018 
CH4, mg g-1 DM 7.7a 7.5a 7.5a 4.5b 0.65 0.018 
CH4, mg g-1 DMD 11.4a 11.3a 11.3a 7.8b 1.18 0.007 
Means with the same superscript within a row are not significantly different (P>0.05) 
1Treatments: Control- 100% hay; Quinoa- 78.6% hay + 21.4% quinoa screenings; Flax- 88.8% hay 
+11.2% flax screenings; Sunflower- 87.7% hay + 12.3% sunflower screenings 
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Table 6.4 Effect of by-product inclusion in a grass hay-based diet on fermentation parameters and 
protozoa population in RUSITEC  

                                 Treatment1                                  
Item Control Quinoa  Flax  Sunflower  SEM P value 
pH 6.7a 6.7a 6.8b 6.8b 0.01 <0.001 
VFA production, mmol d-1  
   Total VFA,  45.4a 41.6a 40.0ab 35.1bc 1.43 0.002 

   Acetate (A) 30.7a 28.9a 28.4a 24.3b 1.41 0.044 
   Propionate (P) 8.8a 8.9a 10.8b 9.1a 0.56 0.014 
   Butyrate 4.2a 4.7a 3.6b 4.0a 0.16 0.003 
   A: P2 3.5a 3.1b 2.7c 2.7c 0.12 <0.001 
NH3-N, mmol d-1 1.9a 3.1b 2.8b 4.0c 0.15 <0.001 
Protozoa3, mL-1 2.0a 1.8a 2.2a 0.5b 0.12 <0.001 
Means with the same superscript within a row are not significantly different (P>0.05) 
1Treatments: Control- 100% hay; Quinoa- 78.6% hay +21.4% quinoa screenings; Flax- 88.8% hay + 
11.2% flax screenings; Sunflower- 87.7% hay + 12.3% sunflower screenings  

2Acetate to propionate ratio  
3 x104/mL 
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7.0 General Discussion 

To improve competitiveness and meet the growing demand for sustainable animal 

production, beef producers look to decrease production costs and CH4 production (considered ab 

energetic loss) with improved feeding systems while ensuring adequate nutrition for the animals 

to promote desired body condition, growth, development, and reproductive performance (Kelln 

et al., 2011, NRC, 2016).  In recent years, drought conditions in western Canada, with low 

precipitation during the growing season (Government Canada, 2021) have resulted in substantial 

challenges in forage quantity/quality. Forage quantity/quality is variable and will depend on 

weather, variety, stage of maturity and storage. This is important as forage is a primary 

component in the diets of cow-calf and backgrounding sectors in western Canada and may 

impact the ability to meet animal energy requirements. Thus, there has been increased interest in 

the use of by-product feeds as ingredients in beef cattle diets where forages are an important 

component to help alleviate nutrient deficiencies, in particular energy and protein (Van Zanten et 

al., 2014). The increased interest in use of novel by-products in beef cattle diets has also been 

due to their increased regional availability. In western Canada, the agriculture sector has seen an 

increase in grain processing capacity, thus increasing the availability of potentially inexpensive 

by-product feeds. Manitoba has had approximately $1.2 billion in investments towards the food 

and agriculture product processing sector, with projections of approximately $1.1 billion in 

investments in the next several years (Manitoba Government, 2020). Recent food processing 

investments in Manitoba include J.R. Simplot’s $460 million potato processing expansion and 

Roquette’s $400 million pea processing plant in Portage La Prairie with the potential for use 

such of by-products for livestock products (Manitoba Government, 2020). Notwithstanding, it 

may be expected that considerable variability exists within by-products owing to differences in 
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growing conditions, plant varieties, location, timing and methods of processing etc. However, 

little literature exists regarding the inclusion of by-products in forage-based diets and their 

impact on enteric CH4 and associated parameters. Thus, this thesis addressed a knowledge gap in 

terms of characterization of the methanogenic potential of locally and regionally available by-

products from the processing of cereal grains, oilseeds, pulses and other products e.g. barley, 

ROD, alone or in combination with grass hay.  

Two in vitro batch culture experiments evaluated the effect of a range of individual by-

products selected as energy (Chapter 4) or protein (Chapter 5) sources on DMD, gas, CH4 and 

rumen fermentation parameters. These experiments also evaluated the impact of by-product 

source (month and location of sampling) on the measured parameters. Firstly, a wide range in 

chemical composition existed for by-products sourced depending on timing and location of 

sampling, for example fat concentration of sunflower screenings ranged from 7 to 47% (DM 

basis) and CP ranged from 7 to 20% (DM basis) depending on month and location of sampling, 

demonstrating notable inconsistency as a feed source, demonstrating the need for rapid on-farm 

analysis. For the measured parameters in this study e.g. DMD, gas and CH4 production, in terms 

of timing of sampling, oat pellets and flax screenings were the least variable whereas wheat 

screenings were showed the most monthly variation. In terms of location of sampling, sunflower 

screenings showed the most regional variation and hemp hulls the least when samples were taken 

from multiple sites. Overall, these findings demonstrate the significant effect of growing year, 

harvest conditions and range in processing methods on potential for variability of nutrient 

profiles of by-product feedstuffs. Thus, it is important to encourage feed testing and proper diet 

formulation when using by-products in cattle rations.  
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In terms of the impact of individual by-products on the variables of interest, it was 

observed that responses in DMD reflected the varying chemical composition of by-products. For 

example, diets high in fat (> 6%, DM basis) and high in fibre (>50%, DM basis) are well 

documented to negatively affect DMD, a concept which was supported in the current study 

where lower DMD was commonly observed with by-products high in fat and fibre (e.g., hemp 

hulls, hemp powder). It is also important to note, by-products have a wide range of ash 

concentration as it will influence the OM available for digestion. Although not measured in the 

current study, reduced DMD is undesirable from an animal performance perspective (e.g., 

liveweight gain, milk production etc.), however this reduction may be mitigated when by-

products are included as part of a balanced ration as they would not be fed in isolation. The 

influence of chemical composition was further observed where by-products high in CP, such as 

soybean meal (52.4%, DM basis), also had high DMD. This may be explained by the high CP 

concentration (>8.0 %, DM basis), resulting in optimum activity of rumen microorganisms 

(>8.0%, DM basis; Martin et al., 2016) as sufficient supply and utilization of CP is reported to 

increase the digestibility of carbohydrates (Teranishi, 2020). Although not measured, results 

observed may also be explained by differences in mineral or ash content. Additionally, by-

products high in starch (e.g., potato starch and barley) also exhibited high DMD which was 

further supported by multiple regression analysis, where starch had a significant positive linear 

relationship with DMD. This may be best explained by the rapid digestion of non-structural 

storage carbohydrates relative to cell-wall material (Hatew et al., 2015).  

By-products may offer the potential to mitigate enteric CH4 associated with beef cattle 

feeding systems (Haque, 2018) through the mechanism previously described in this thesis, 

however, literature is limited for their use in forage-based diets. This thesis provides valuable 
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information on the methanogenic potential of by-product feed ingredients. The supplementation 

of energy (fat and/or starch) and CP have been previously shown to decrease CH4 emissions 

while improving beef cattle performance (Bernier, 2011; Gidlund et al., 2015; Teranishi, 2020). 

Fat supplementation is commonly used to increase dietary energy in high grain and TMR-based 

diets for beef and dairy cattle and has been widely reported to mitigate CH4 emissions, however 

limited literature exists for supplementation in high forage, grain-free diets such as those offered 

to beef cows/replacement heifers in western Canada. Fat supplementation may reduce enteric 

CH4 as described previously through its toxic effects on growth of cellulolytic bacteria and 

protozoa which reduce fibre digestibility and inhibit rumen methanogens (Grainger and 

Beauchemin, 2011). Further reductions may occur due to dehydrogenation of unsaturated FA’s, 

creating an alternative H2 sink to methanogenesis (Hook et al., 2010). In Chapters 4 and 5 of this 

study, gas and CH4 patterns were similar where by-products with high gas production also had 

high CH4 production (e.g., potato starch and pea hulls). However, the observed responses in gas 

and CH4 production depended on unit of expression (mL g-1 DM; mL g-1 DMD) and inverse 

responses were observed when comparing on a DM or DMD basis, where gas and CH4 

production were higher when expressed on a DMD basis (e.g. hemp hulls, hemp powder, and 

potato starch). These inverse results are likely mathematical in nature reflecting the difference in 

DMD between the feeds (Beauchemin et al., 2009b), demonstrating the negative correlation 

between CH4 emissions and feed disappearance in ruminants (Storm et al., 2012). This is an 

important consideration when evaluating and recommending potential mitigation strategies for 

the cattle industry. Animal performance is driven by many factors but of critical importance is 

diet digestibility, therefore by-products that have a high DMD may produce more CH4 due to 

increased energy available for methanogens, however, this may be accompanied by increased 
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animal performance and reduction in emissions per unit of animal output (e.g. liveweight, 

carcass weight, milk yield). For example, energy supplementation via starch also has been well 

established to reduce CH4 as starch rich feeds/diets favour propionic acid production, lower 

rumen pH, decrease rumen protozoal numbers and inhibit the growth of methanogens (Haque, 

2018). However, high starch diets are readily fermentable and low in structural fibre, and 

therefore can negatively impact the rumen environment leading to metabolic disorders such as 

acidosis, thus appropriate dietary adaptation is required. Conversely, by-products with lower 

DMD and subsequently lower CH4 may result in decreased animal performance which is 

undesirable from an economics perspective. As a result, evaluation of their potential with 

consideration of the unit on which CH4 is expressed will affect the direction of the response. 

 Additionally, previous research has suggested that protein-deficient diets (<7% CP) may 

compromise microbial function leading to reduced fermentation efficiency and higher enteric 

CH4 emissions (Gilbery et al., 2006). Therefore, inclusion of high protein by-products may 

effectively correct deficiencies and consequently, reduce enteric CH4 emissions by improving 

microbial efficiency, fermentation and reducing rumen retention time (Bernier et al., 2012). 

Proteolytic enzymes are produced by rumen microbes (bacteria, protozoa, and fungi) to degrade 

dietary CP (Bach et al., 2005). Extracellular proteases hydrolyze proteins and then release 

oligopeptides which are further degraded into smaller peptides and free AA, with the majority of 

feed N taken up microbial cells as NH3 (NRC, 2016). Peptides are then hydrolyzed into free AA 

and extracellular free AAs are either used for protein synthesis or catabolized into NH3 and 

carbon skeletons with the resulting skeletons fermented into VFAs (NRC, 2016). Ammonia is 

used to resynthesize AA or is diffused out of the bacterial cell wall and transported to the liver, 

where it is synthesized into urea and subsequently excreted in urine or returned to the rumen via 
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saliva and/or blood (NRC, 2016). Although it is not a protein source, ROD is recognized for its 

highly bioactive phenolic compounds such as quercetin, kaempferol, ellagic acid, gallic acid, 

tannins and cyanidin, which have been shown to display both antioxidant and antimicrobial 

compounds (Isaak et al., 2013). Wei et al. (2017) found that DMD linearly (P<0.04) increased 

with increasing rate of ROD inclusion (3, 7 and 10%, DM basis). Cattani et al. (2012) suggested 

phenols altered digestion where energy use was channeled towards microbial protein synthesis. 

Similarly, Vazquez-Anon and Jenkins (2007) also reported that supplementation of phenols (not 

in the form of ROD) from 0.02 to 0.75% (DM basis) improved feed digestion and microbial 

protein efficiency. These results illustrate the potential for ROD (which contains phenols) to 

improve protein digestion.  

In terms of rumen parameters, the observed pH and NH3-N varied significantly and 

followed patterns in chemical composition. For example, in Chapter 4 and 5, feeds relatively 

higher in starch (22 to 89%, DM basis) such as potato starch, barley, wheat screenings, and 

wheat bran exhibited lower rumen pH compared to by-products high (50 to 80%, DM basis) in 

NDF, which is similar to previous reports of Martin et al. (2010) and Benchaar and Greathead. 

(2011) where high starch levels were often associated with a decline in ruminal pH. Considering 

NH3-N, by-products high in CP (>16%, DM basis; canola meal, flax screenings, and wheat 

DDGS) were often associated with significantly higher NH3-N concentration. Offering dietary 

CP in excess of animal requirements, which for beef cows/replacements heifers typically ranges 

from 7.0-12.0% (DM basis) and for steers, typically ranges from 7.7-15.4% (DM basis; NRC, 

2016), may however lead to excessive concentrations of NH3-N, and consequently will be 

transformed into urea by the liver and excreted via the urine to prevent toxicity in the animal 

(Reynolds and Kristensen, 2008). As previously mentioned, the protein to energy ratio in cattle 
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diets are important in optimal ruminal efficiency by affecting rumen microbial function and 

metabolic efficiency (NRC, 2016) and therefore the inclusion of by-products with forages in a 

balanced ration formulated to meet requirements is essential to minimize emissions of NH3-N 

and N2O. 

Following the evaluation of energy and protein by-products in Chapters 4 and 5, a 

continuous culture RUSITEC experiment (Chapter 6) was designed to evaluate a reduced 

number of by-products included with a grass hay-based diet formulated for requirements of 

growing steers targeting ADG of 0.77 kg d-1 in late fall/early winter. The by-product diets were 

formulated to evaluate a range of fat (low to high) and to be isonitrogenous to avoid any 

confounding effects. A number of considerations were taken including CH4 mitigation potential, 

by-product variability, physical form, novelty and chemical composition. From the in vitro 

analysis, hemp hulls and hemp powder showed the lowest CH4 from these earlier studies, 

however they also showed the lowest DMD. This highlights the importance of unit of expression 

in interpretation of the results. Also, the nutrient profiles suggested that these by-products have 

limited ability to correct nutritional deficiencies but when used to supplement low quality 

forages. There was a significant variability in the chemical composition of hemp hulls between 

the various locations and times of sampling suggesting high variability as a feed ingredient. In 

that regard, flax products exhibited low levels of variability and coupled with their high fat 

concentration, flax screenings were chosen for the RUSITEC analysis. Similarly, sunflower 

screenings were observed to have the highest fat concentration of all by-products tested. The 

regression analysis conducted supported the theory that high dietary fat can lower enteric CH4 

production, thus this by-product was also included in the RUSITEC analysis. In Chapter 5, ROD 

extract was shown to have the numerically lowest CH4 production and its potential to be utilized 
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in livestock feeding systems for its perceived animal health and performance benefits. However, 

the physical nature of the ROD and its powdery consistency may be envisaged to be problematic 

from a mixing perspective with grass hay under commercial circumstances thus it was not 

included for further analysis in this thesis. The final by-product selected for the RUSITEC 

analysis was quinoa screenings, a particularly novel feed ingredient with limited information 

currently in the literature. Whereas Quinoa, in addition to being a moderate fat and protein 

source, it was also chosen due to its novelty as a potential ruminant feed with relatively new 

local availability, relatively high nutrient value, and no history of use as a feed ingredient for 

beef cattle.  

The chosen by-products were included with grass (Timothy) hay and compared to a grass 

hay only control. Diet DMD was lowest for the sunflower screenings compared to the other 

diets, likely a reflection of its high fat concentration (6.7 %, DM basis) and its negative effects as 

described previously. The low number of protozoa observed by Sunflower suggests the 

reductions in DMD observed at a higher fat concentration may be a consequence of direct 

antimicrobial activity and coating of feed particles (Jenkins, 1993; Rodrigues et al., 

2017). However, no difference between the Control, Flax and Quinoa treatments were observed 

indicating that depressions in feed disappearance did not occur at 5.3% fat (DM basis) or lower. 

Gas and CH4 patterns were similar to those observed in Chapter 4 and 5, where chemical 

composition of by-products influenced their production. Sunflower screenings produced lower 

CH4 across all units of measurement, suggesting the total dietary fat composition had a negative 

effect on rumen function. This is supported by the rumen fermentation parameters as significant 

reductions in acetate production (Jenkins, 1993; Machmüller et al., 2000) due to the toxic effects 

of fat on protozoa (Patra and Yu, 2013) were also observed. Additionally, similar gas and CH4 
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results were observed compared to the batch culture experiments, where results differed 

depending on unit of expression. Ruminal NH3-N concentrations observed in Chapter 4 were 

inversely related to carbohydrate availability and may be explained by dietary energy, as all 

treatments with the exception of the Control, were formulated to be isonitrogenous and 

Sunflower had significantly lower DMD relative to all other treatments, thus decreasing 

available energy. 

The inclusion of by-products in beef cattle diets is still a relatively novel practice due to 

the logistics of incorporating non-forage ingredients in the typically extensive environments that 

beef cows/heifers are managed in. However, existing studies support the potential of by-products 

to provide as additional dietary protein and energy (Thornton, 2010; Ominski et al., 2021) and 

improve nutrient efficiency (Smith et al., 2008). The current interest in using by-products in the 

diets of livestock is influenced by a combination of their nutritional value, cost, and 

environmental motives (Van Zanten et al., 2014). A review by Beauchemin et al. (2020) reported 

many proposed CH4 mitigation strategies such as the supplementation of fat and or starch as 

difficult to implement on farm for grazing ruminants. These authors also stated disadvantages of 

dietary mitigation strategies such as the cost of fat supplements and the limited global capacity to 

increase production of concentrate feedstuffs. Based on the current study, chemical composition 

of by-products is significantly variable and may depend on location, time of year, and 

processing. Notwithstanding, all by-product feeds should be tested for feed quality prior to 

dietary inclusion to ensure balanced rations are provided to avoid under/overfeeding nutrients 

and ensuring optimal efficiency for the desired level of output. Additionally, method of delivery 

may be a challenge to including by-products in ruminant diets on pasture, though the need to 
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overcome the economic impact of nutritional deficiencies of energy and/or protein in the diet 

may necessitate strategies to overcome potential logistical issues.  

In terms of future research, evaluation of by-products in vivo for a range of cattle types 

would be important. Although in vitro batch culture methodology offered as a valuable screening 

tool to evaluate many by-products alone, additional screening for by-products such as ROD 

using a RUSITEC to evaluate the CH4 mitigation of by-products in a mixed ration would be 

valuable. Further evaluation of these by-products in feeding trials with replacement heifers and 

backgrounding steers in particular would be important. These classes of cattle have high 

nutritional demands for a number of processes including growth and reproduction and thus may 

benefit significantly from by-product utilization to supplement energy and/or protein where 

dietary deficiencies exist with the feeding of perennial forages. Additionally, consideration of the 

whole system carbon footprint would be necessary to determine the net emissions associated 

with the utilization of by-products. Although the most significant reductions in GHG emissions 

may achieved when mitigation practices target reducing enteric CH4 from the breeding herd, 

evaluation of by-product mitigation potential must also be accompanied by the evaluation of 

other gases and associated with their production to estimate whole-farm GHG emissions to 

determine total emissions produced by beef production systems. Sources of GHG emissions 

important to consider include CH4 emissions from cattle and manure; N2O emissions from 

manure, soils, growing crops, N leaching, runoff and volatilization; and CO2 emissions from soil 

management (Beauchemin et al., 2010).  For example, a LCA by Beauchemin et al. (2010) found 

feeding canola seed to decrease enteric and manure CH4, with small effects on total N2O and 

CO2 emissions. Despite the increased use of synthetic N fertilizer use to grow canola, the overall 

reductions in GHG make dietary supplementation with oilseeds an attractive GHG mitigation 
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strategy. A significant reduction in GHG intensity has been observed over the past three decades, 

however, further studies are necessary to examine the impact of beef production on all 

sustainability metrics, including all whole-farm GHG emissions, water use, air quality, 

biodiversity, and provision of ecosystem services (Legesse et al., 2015).   
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8.0 Thesis conclusions 
 

Chapter 4: Effect of barley and 11 individual by-product feeds selected as potential energy 

sources on in vitro DMD, total gas and CH4 production and rumen fermentation 

parameters using in vitro batch culture 

In the evaluation of barley and 11 by-products selected as potential energy sources, variability 

due to month and location of by-product sampling was observed, with flax screenings and oat 

pellets the least variable and wheat screenings most variable. Potato starch had the highest DMD 

and on a DM basis it had the highest gas and CH4 production. Conversely, hemp powder and 

hulls were the least digestible, with the latter having the highest CH4 when expressed on a DMD 

basis.  

 

Chapter 5: Effect of 20 individual by-product feeds selected as potential protein sources on 

in vitro DMD, total gas and CH4 production and rumen fermentation parameters using in 

vitro batch culture 

In this evaluation of 20 by-products selected as potential protein sources, variability due to 

month and location of by-product sampling was observed, with flax screenings the least and 

wheat screenings most variable. This study showed ROD extract had the lowest gas and CH4 

production, whereas hemp hulls and hemp powder exhibited low gas and CH4 production, 

however, they also had the lowest DMD which is an important indicator of feed quality. 

However, as ROD is not considered a protein supplement, its role to address dietary deficiency 

may be limited.  
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Chapter 6: Effect of inclusion of 3 by-products in a grass hay-based diet on total gas, CH4 

production, nutrient disappearance, rumen fermentation and protozoa count in a 

RUSITEC system 

In a hay-based diet, CH4 was significantly reduced with the inclusion of sunflower screenings 

indicating high fat has the potential to decrease CH4 in high fibre diets. However, significant 

reductions in DMD were observed. By-product inclusion on DMD may have implications on 

animal performance and therefore should be taken into consideration. The inclusion of quinoa 

and flax screenings did not reduce CH4 produced (mg g-1 of DMD).  
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Appendix A 
 

Figure 4.8 The effect of NDF on DMD when starch, fat and CP concentrations are at their mean 
values. NDFD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 4.9 The effect of NDF on gas (mL g-1 DM) when starch, CP and fat concentrations are at 
their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.10 The effect of NDF on CH4 (mL g-1 DM) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.11 The effect of NDF on CH4 (mL g-1 DMD) when CP, fat and starch concentrations 
are at their mean values. NDFD is expressed as a deviation from its respective mean and referred 
to with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.12 The effect of CP on DMD when starch, fat and NDF concentrations are at their 
mean values. CPD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 95% 
confidence interval. 
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Figure 4.13 The effect of CP on gas (mL g-1 DM) when starch, NDF and fat concentrations are 
at their mean values. CPD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 
95% confidence interval. 
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Figure 4.14 The effect of CP on gas (mL g-1 DMD) when starch, fat and NDF concentrations are 
at their mean values. CPD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and StarchD=0 with a 
95% confidence interval. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 165 

Figure 4.15 The effect of NDF on CH4 (mL g-1 DM) when CP, fat and starch concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 4.16 The effect of NDF on CH4 (mL g-1 DMD) when CP, fat and starch concentrations 
are at their mean values. NDFD is expressed as a deviation from its respective mean and referred 
to with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Appendix B 
 

 
Figure 5.5 The effect of NDF on DMD when starch, CP and fat concentrations are at their mean 
values. NDFD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, FatD=0 and CPD=0 with a 95% 
confidence interval. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 168 

 

 
Figure 5.6 The effect of NDF on gas (mL g-1 DMD) when starch, CP and fat concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 5.7 The effect of NDF on CH4 (mL g-1 DM) when starch, CP and fat concentrations are at 
their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 5.8 The effect of NDF on CH4 (mL g-1 DMD) when starch, CP and fat concentrations are 
at their mean values. NDFD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, StarchD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 5.9 The effect of fat on DMD (%) when starch, CP and NDF concentrations are at their 
mean values. FatD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 5.10 The effect of fat on gas (mL g-1 DM) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 5.11 The effect of fat on gas (mL g-1 DMD) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 
95% confidence interval. 
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Figure 5.12 The effect of fat on CH4 (mL g-1 DM) when starch, CP and NDF concentrations are 
at their mean values. FatD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with a 
95% confidence interval. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 175 

 
Figure 5.13 The effect of fat on CH4 (mL g-1 DMD) when starch, CP and NDF concentrations 
are at their mean values. FatD is expressed as a deviation from its respective mean and referred 
to with a D appended for deviation. Fit was computed at StarchD=0, NDFD=0 and CPD=0 with 
a 95% confidence interval. 
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Figure 5.14 The effect of starch on gas (mL g-1 DM) when NDF, CP and fat concentrations are 
at their mean values. StarchD is expressed as a deviation from its respective mean and referred to 
with a D appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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Figure 5.15 The effect of starch on CH4 (mL g-1 DM) when fat, NDF and CP are at their mean 
values. StarchD is expressed as a deviation from its respective mean and referred to with a D 
appended for deviation. Fit was computed at FatD=0, NDFD=0 and CPD=0 with a 95% 
confidence interval. 
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