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Abstract

Reducing greenhouse gas (GHG) emissions and other detrimental environmental effects
of agriculture is a goal paramount to societal stability and prosperity. Understanding the
advantages and constraints of beneficial management practices (BMPs) to the fullest extent in
varying conditions is imperative for effectively selecting the right interventions tailored to
specific farming scenarios. Modelling agricultural management practices and scenarios enables
comprehensive testing of simulation experiments to be conducted efficiently, conveniently and at
low cost while yielding accurate, representative results. The objectives of this research include:
1) Identify and review existing BMPs for mitigation of GHG emissions within farming systems
relevant to the Canadian Prairies, 2) to implement the Holos model software to run simulations
of selected farming scenarios and management practices, and 3) to inform future research
recommendations in agricultural sustainability and identify existing knowledge gaps. The
scenarios modelled focused on the Canadian Prairies, and hence the modelled replicates were
evenly distributed across locations within Alberta, Saskatchewan, and Manitoba. A set of
beneficial management practices was modelled using the Holos model software. The greatest
reduction in farm GHG emissions occurred when nitrogen and phosphorus fertilizer inputs were
reduced. The average reduction in emissions from a regime of high inputs to conservative inputs
was 26% Kg CO2e. Across a variety of soil types and fertilizer regimes, the average reduction by
switching to no-till or reduced tillage from intensive tillage was 24.9% Kg CO2e and 17.6% Kg
CO2e respectively. This great reduction was attributed to increased soil carbon sequestration and
reduced fossil fuel emissions from farm equipment operations. Livestock dietary changes also
resulted in emissions reductions. A high protein diet for beef cattle caused a reduction of 33%

Kg CO2e when compared with a low protein diet. High protein diets can increase efficiency of
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feed utilization (EFU). Fat supplementation and use of ionophores were also found to reduce
emissions. Earlier studies have shown that both fat and ionophore supplements directly reduce
methane emissions from digestion for beef cattle. The GHG emissions estimates from the Holos
model suggest that implementation of beneficial management practices can play a large and
important role in reducing emissions in agriculture. These results contribute to a comprehensive,
valuable synthesis of the current knowledge base in BMPs for agricultural sustainability and

provide deployable insights to guide BMPs implementation
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the lead scientists and technicians working on the Holos model. These collaborators include
Roland Kroebel, Sarah Pogue, Aaron McPherson, and Aklilu Alemu. The model scenarios were
designed by me, with the contribution of these collaborators. They assisted in creation of the
model farming scenarios and troubleshooting while conducting the modelling. The data analysis
in chapter 2 and 3 and concluding analysis in chapter 4 are my original work, as well as the

literature review in chapter 1.

v



Dedication
I dedicate this study to my family, closest friends, my kitty Stella, and Karl Kormos; without

their love and support I could not have come this far.



Acknowledgements

I would like to acknowledge the funding from Environmental Farm Plan (EFP) and ARECA that
made this research possible. I would like to acknowledge the help I received from Roland
Kroebel, Sarah Pogue, Aaron McPherson, and Aklilu Alemu in developing and carrying out this
project. Finally, I would like to recognize my supervisors Dr. Guillermo Hernandez-Ramirez and
Dr. Linda Gorim for the excellent guidance and counsel through this endeavour and time in my

life; I appreciate your help, patience, and understanding more than you know.

Vi



Table of Contents

/2 23 1 o SN ii
= ool iv
[0 1= | ol [ Lo 1 RN v
Yol ¢ Lo VT =0 [ T=T 1 LT 1 3 vi
LISt Of TABIES .....ccveeeneeereeeniiireeniiiinieniiiessenesiissseessissssenssssssnssssssssssssssssssssssssnsssssssnssssssssnssassns ix
LISt Of FIQUIES c...eeeeeeeeeeieeneiiirrenniiieseeiniissssnnsisssssnsssssssssssssssssnsssssssnssssssssnssssssssnsssssssnnsssssssnnsaes X

T 4o Yo [T 4T o TN 1

CHAPTER 1: Literature Review of BMP’s for GHG Reduction Management and Agricultural

Sustainability in the Canadian Prairi€s.............cc.ceveerireeenireenioieesisiensissnsisseesossmssossosssssssossnsssnes 3
1.1 QYo T T o o 4
1.2 Cropping System Management Practices for GHG’S ......cccceereuiieecreeiiinncienecerencereeerenseeenserenscnes 6

0 Yo | Y =T =TT o =T | SRS 6
1.2 2 THHAEE ettt et ettt s bt e e bt e st e e b e s bt e bt e e b et e bt e e b et e he e e b et e bt e e b et ebee e beeeneesares 10
e Yo T 1Y Lo 1y {0 S = i = ot S 14
1.2.4 Crop ManaBEMENT ...coiiiiiiiiiii ettt s e st e e e ettt e e s r et e e e s anes 16
R 6 o] o I (o - | o o SRR PPPPPPPPPPPRPPPIRE 18
1.2.6 COVEE CrOPS cetieteiirtrtrtittttetettteteeetereterereteeeeereeetetereteteeeseseteeeseeeeeeeeetetete............................................ 19
O ANY=Y=To [T Y= =Tol Yo Vo [ -4 VAU 20
1.2.8 Harvest Technology
1.2.9 Transportation/FUEl EffICIENCY ....ccueicviiiierieete ettt ettt ettt ettt e e te e te e beebesaesaeesbeebeenbeearessaenseens 22
1.3 Livestock Management Practices for GHGS.........cciiieuiiriiemnieiiiennierieennierrennseessennssessennsseseennsenes 23
1.3.1 FEEING TECNNOIOY ...eeuiiieiiiiiiieeiie sttt sttt sttt st e et e st e s bt e s b e e e bt e sbaeebeesabeeenseesanes 24
1.3.2 Manure ManagemMENT ... ...ttt e e st e e s a e e e s e e 35
1.3.3 Productive and EffiCiENt HEIG .....ccueiiiiiiiiiiiieniee ettt st e e e st e eteesabaesnbaesnnes 43
iR N Y olo] s To] 11 (o1 OO PP TR PPPUPPPPPROE 45
000 T ol [T To Ty 45
3= =T =T Vo = 47

CHAPTER 2: Cropping Systems Scenarios and Considerations................ccceceeveeeervenieeeencrnnnnnnn. 64
8 1o o ¥ ot ' 65
87 2 V=1 T L3 67

2 A o Fo] T 1 \Y e To =] O RSO PP POTUUUPPOTPPRINS 67
2.2.2 MOAEI SCENAIIOS ..cutiiitieeiet ettt ettt ettt e e st e st e s b e s beesabeesabeesabeesabeesabeesabeesabeesaseesabeesaseesabaesaseesns 68
A o< o A1 12 =Y o I 11 - =TSSR 69
N @ o o I (o) - 4 o] o WP 71
RN ©e 1= o O o] o S U PP P PP 72
2.2.6 Output ANalysis @aNd StAtiSTICS ....uuriiiieei ittt e e e e e e e e e e e tba e e e e e e e seaarabeeeeesseenanraeneas 72
70 (= U | 73
D T B T e A1 [Tl 2 OO SO PO P PO RTUUPPTPPPRINE 73
2.3.2 Fertilizer ApPlication TIMING .occcuuiii et e e eree e e s ae e e e sata e e s naaeeesntaeeeeneeeessnseeessnsseenanns 74



. 75 T I 11 =TSRSS 74

e T oY1 Y 1RSSR 74

P BN @ o] o J 1 (o) - A o] o E- 3OO PP T PP PPPTRUPPR 75

P N N 6o )V <] 61 o] o LT PP P PP PPPT PP 75
2.8 DISCUSSION ..itruuuiiiirueiiiirueiiiirasisirsusssirnssisirssssestessssstressssssmesssssssesssssssessssssssssssssssasssssssassssssnns 76
o R T o 4| [T ol 2 PR UPPTPPPR 76
2.4.2 Fertilizer APPlICation TIMING ...coveiiiiiiiiieie ettt sttt ettt s bt e bt e sbeesareesabeesaneenas 77
0 11 - =TSRSS 77
Y o Y] I Yo 1RSSR 80
2.4.5 Crop ROTATIONS oeeeeeeeeeecee e e e e e e e 80
B SN 0NV =T gl 01 oo 3PP PP P PPRPOTPT 83
283 0o T ol [T 1o o 84
Land Management REfEIENCES .........civieeeiiiirenieiiiiecerienncerrennseeseennsseseennssssesnsssssesnsssssennsssssennnsssnes 85
Chapter 3: Livestock Systems Scenarios and Considerations ..............c.eeeeeueeeeeeeeveneeeeenerennnanne 99
20 1 1411 o T (¥ Lot { T 1o ROt 100
0 211, 114 s Vo T -3t 102
I A & To] [ T Yol =] o - ¢ (o LU URPR PP 102
3.2.2 SamMPliNG POPUIGLION ...eeiiiiiieiee ettt sttt s e st e et e st e e e beesabeeebee s beeeneesares 103
3.2.2 Mathematics aNd FOIMUIAE ....cccviiiiiiiiieiieere sttt sttt e st e s be e s ba e ebeesabeeesbeesabaeebeesanes 103
3.2.3 OULPUL ANGIYSIS c.utiiieieiiie e cciee e ettt e ettt e ette e e e tte e e eetae e e s baeeeeattaeesessaaeeassseseasssesaanssaeessseeaeansaeseasseesssranans 104
R 0 U 1 104
3.1 BEET COWS.eiitiiiiieeiit ettt ettt ettt s et e sttt e st e e sa e e saae e sateesabeesabeesabeesabeesabeesabeesabeesabeeaabee s baeenbae s be e e beeenbaeebaeeares 104
34,2 DAITY COWS..ueeeiiiiiiieeeiitee ettt e e ettt e st e st e s e bttt e s sb et e e s b et e e e s b et et mbe e e e s ba e e e e anb et e s e ana e e e snb e e e e aareeesanneeesnaeeeas 105

R IR T 1T« TP PO OO PP O PR PR OPPRPRTON 106
3.5, DISCUSSION ...iieuiiieeiiiieiiieeirteiitnertneieresssteesersnsssenssssnsssrsnsssessessnssssnssssssssssnssssnssssnssssnssssnasssnnss 107
TN B o o (=1 TR PP PP PP UPPRROTII 108

S T A 1 o 1= SRR 110
SR T0C JA 1= T=Te I oY1 0] o To 1Y 11 o o PO UPP 111
R T B =Y Ve o [ 4 VU UPP 112
ST T Lo Y o] o] o Yo {IAVo o 11 1Y U URP 113
3.5.6. ManUIre ManagemMENT ... cooeeeiieieieeeeeee e e e e e e e e e e e e e e e e e aaaaeaeas 114
T A o (10T [ oV < o - T Lol TP PPPPPP 116
T oo Ty Vol [V 1Y To Y o TSROt 118
Livestock Management RefErenCes......cccccciiieeeciiiececiiieeeieeiieieeesreanneesrenssesssenssesssenssesseensssssennnes 120
(0 I+ ] o1 (=1 gt IEN 6o 1ol [V K [ ] BN 131
Conclusion and Recommendations........ccccuciieeiiiieiiiiiiiiieiiieiiieiereeietnieteeserenssseasessnssssnssssnesssenss 132
1Y o] e 1T e | G PON 164

viii



List of Tables

Table 2.1 Input variables and options used to model scenarios in Holos and the values used.

Table 2.2 Fertilizer rates (Kg N ha-1) used in Fertilizer rate and tillage scenarios. (Alberta
Agriculture, Food and Rural Development, 2004)

Table 2.3 Yield of crops at the three different fertilizer rates and in two different soils according
to AFFIRM.

Table 2.4 Results of the two-way ANOVA of tillage and fertilizer rate HOLOS total GHG
emissions output.

Table 2.5 Emissions significance for ANOVA statistical analysis separated by treatment levels
of tillage and fertilizer rate.

Table 2.6 Results of the two-way ANOVA of tillage and fertilizer rate HOLOS total GHG
emissions output.

Table 2.7 Average GHG emissions (Kg CO,e) by multiple factors.

Table 2.8 The average emissions from crops across the Canadian Prairies modelled with sample
size of 30 replicates each on Black soil zones using the Holos model.

Table 2.9 Fertilizer recommendations used for the crop rotation scenarios, based on The Alberta
Fertilizer Guide

Table 2.10 Two of the ecoregions GHG emissions for cover crop inclusion. All cover crops
showed the same emissions. — depicts any cover crop that we tested including Sweet Clover,

Hairy Vetch, Oat, Radish, and a control with no cover crop.

Table 3.1. GHG emissions and emission reduction (%) for feed type and feed additives for Beef
and Dairy Cattle.

Table 3.2. GHG emissions and emissions reduction (%) for housing and manure management
options for beef and dairy cattle.

Table 3.3. GHG emissions and emissions reduction (%) for housing and manure management
options for sheep.

Table 3.4. Diet coefficients for beef cattle.
Table 3.5. (*Taken from the Holos Algorithm document). Additive reduction factors for beef

cattle and dairy cattle.

iX



List of Figures

Figure 2.1 A boxplot comparing the GHG emissions (kg CO,e) for each fertilizer rate
(conservative, moderate, and high) and for each tillage type (intensive, no-till, and reduced). The
diagram shows that within each fertilizer rate, no-till has the lowest emissions followed by
reduced, and intensive tillage has the highest emissions. The high fertilizer rate has the highest
GHG emissions in each of the fertilizer ranges and the emissions decrease as the fertilizer rates

decrease.

Figure 2.2 A boxplot comparing the GHG emissions intensity (kg CO,e/bu) for each fertilizer
rate (conservative, moderate, and high) and for each tillage type (intensive, no-till, and reduced).
The diagram shows that within each fertilizer rate, no-till has the lowest emissions intensity
followed by reduced, and intensive tillage has the highest emissions intensity. The high fertilizer
rate has the highest GHG emissions intensity in each of the fertilizer ranges and the emissions

intensity decreases as the fertilizer rates decrease.

Figure 3.1 GHG emissions as a function of best management practices.

Figure 3.2 Emissions of Beef Cattle as a function of food additives.



Introduction

Agriculture is an extremely important industry as it serves to feed and sustain the human
population. The products of agriculture also contribute to fibers, energy, and medicine.
Furthermore, agriculture is a key source of employment and income for the global population.

From an environmental perspective, the agriculture industry contributes a considerable
amount of greenhouse gas (GHG) emissions; 24% of all anthropogenic emission worldwide are
sourced from agriculture (EPA, 2010). In Canada, agriculture accounts for 8% of the emissions
(Government of Canada, 2021). These assessments of agricultural emissions do not include fossil
fuel use or energy put into creating inputs for farming. When fuels and input energy are included,
agricultural emissions increase by almost one third (National Farmers Union, 2022).

The use of beneficial management practices (BMP) is a valuable tool to implement on
farms to reduce GHG emissions from agriculture (Yanni et al., 2021). BMPs can work in two
ways: they aim to use less or produce more. ‘Using less’ directly contributes to less emissions.
On the other hand, ‘produce more’ helps to reduce the emissions intensity while also indirectly
reducing emissions. BMPs can include but are not limited to strategies such as fertilizer
management, crop choice and rotation, livestock feeding and housing strategies, and manure
handling.

In Canada, farm numbers are declining, the land available for farming is increasing and
corresponding farm sizes are getting bigger (Statistics Canada, 2021b). This means that each
producer that decides to implement a beneficial management practice has a larger impact on the
environment, emissions reduction, and production.

Emissions within the agriculture sector come in large part from the soil due to cycling of

nitrogen and other nutrients. These emissions are greatly increased by the use of synthetic



fertilizers and the addition of fertilizers in general. GHG emissions also come from use of fossil
fuel to run farming equipment, and largely from ruminant livestock who emit methane when
digestion occurs. Modelling scenarios can efficiently help in comparing many different practices
quickly while holding other farming variables constant, and hence, this approach enables
acquiring data that otherwise would require years of field research. Modelling is also a strategy
that requires much less time, energy, and funding relative to carrying out biophysical
experiments.
The goals and objectives of this project were to:
¢ identify existing BMPs aligned with GHG mitigation aims within farming
systems relevant to the Canadian Prairies
¢ to implement the Holos model software to run simulations of farming scenarios
and management practices in typical cropping and livestock systems
e identify knowledge gaps of BMP and GHG mitigation as well as future
recommendation in agricultural sustainability.
It is hypothesized that both reduced fertilizer application, and reduced tillage will reduce GHG
emissions. It is also hypothesized that altering livestock diets with macronutrients and additives
and adjusting manure management to reduce anaerobic conditions will reduce GHG emissions.
Lastly, it is hypothesized that housing management that allows for manure removal and spread to

happen often will result in the least emissions.



CHAPTER 1: Literature Review of BMP’s for GHG Reduction Management
and Agricultural Sustainability in the Canadian Prairies



1.1 Introduction

Crop and livestock production accounts for 8% of Canada’s greenhouse gas (GHG)
emissions. When energy use is accounted for including fossil fuel use consumption in fertilizer
manufacturing and livestock production accounts for 10% of national GHG emissions
(Government of Canada, 2020). More specifically, agriculture accounts for 31% of CHy4
emissions within the country and 76% of N,O emissions within the country (Environment and
Climate Change Canada, 2018). This information provides a clear notion of the impact of
agricultural practices on GHG emissions. The three main greenhouse gases emitted by the
agriculture sector include carbon dioxide (CO,), methane (CHy), and nitrous oxide(N,O) with
increasing ability to trap heat in the order of: 1, 28, and 265 times, respectively
(Intergovernmental Panel on Climate Change IPCC, 2021). CO; is mainly attributed to soil
cultivation and management, CH,4 associated with ruminant livestock, most prominently cattle,
and manure decomposition, and N,O is attributed to fertilizer and manure use (Government of
Canada, 2019).

Beneficial management practices (BMP) are agricultural practices that improve the
sustainability of a farm operation while maintaining economic success (Asgedom, & Kebraeb,
2011). The management of greenhouse gases and BMP development are imperative when
striving for sustainability in cropping and livestock systems and can make significant impact
(Alemu et al., 2016). Beneficial practices vary widely and are always evolving.

The latest census shows that the number of farm operations in Canada continues to decline
(Statistics Canada, 2017) despite the increasing demand for farm output such as food and fiber.
Demand continues to increase due to the increasing populations of Canada and the world (The

World Bank, 2019). Each farming operation has expanded immensely over the years as field



equipment for large scale production became available and production practices intensified. As
farms continue to grow and intensify, addressing areas of improvement for environmental
sustainability and economics can make an increasingly large impact per operation.

Precision agriculture can be discussed in almost every aspect of farming as it refers to the
basic objective of enhancing yield of products while decreasing inputs and reducing
environmental pollution or externalities (Narmilan & Puvanitha, 2020). This topic will be
discussed often indirectly.

When it comes to focusing on BMPs for improved crop production, widely recognized
strategies of soil management include nutrient plans and precise application of fertilizer. This is
in part because preventing excess N fertilizer application typically contributes to mitigation of
GHG emissions. Likewise, the adoption of a zero-till farming strategy in order to enable greater
carbon sequestration can make a substantial impact as well. Compaction of soil can increase
GHG emissions intensity. Similarly, irrigation as well as soil moisture conditions have a part to
play in GHG production and mitigation (Trost et al. (2013). Other aspects of crop management
are also important. Choosing an appropriate crop species and variety, rotating crops in a mindful
manner and utilizing new technologies for applying inputs variably where needed or mapping
harvest yield can be impactful (Koch et al., 2004; Guenette & Hernandez, 2018). Livestock
BMPs can include improvements in feeding strategies, manure management, and housing
options which can substantially contribute to emissions reduction in the agricultural sector.

Computer modelling has projected that if no action is taken, there will be a significant
increase in atmospheric CH4 and N,O emissions by 2070 (Frank et al., 2019). Incremental

changes in cropping systems can add up and make a substantial difference in this outcome.



Understanding current research, implications of management practices and the barriers to

implications or negative side effects is important for GHG emission reduction.

1.2 Cropping System Management Practices for GHG’s

1.2.1 Soil Management

Soil management is extremely important when it comes to mitigating farm GHG
emissions. CH4 exchange from croplands is often negligible, whereas CO, and N,O emissions
are more profound and important to understand land management (Ellert and Janzen, 2008). The
addition of balanced fertilization to soil enables plants to grow better by satisfying nutrient
requirements and increases crop yield. However, fertilizer application is a massive contributor to
GHG emissions from soils (Snyder et al., 2009). The 4R nutrient stewardship model is a useful
framework to describe and discuss field agronomy when focusing on fertilizer application
options; this refers to right source, right rate, right time, and right place (Foundation for
Agronomic Research, 2017). Each point has a significant effect on how effective the fertilizer
application will be (Bruulsema, 2019).

Fertilizer

Generally, the addition of nitrogen fertilizer is used to improve nitrogen availability in the
soil and increase crop yield (Rochette et al. 2008). Nitrogen being a highly mobile nutrient is
very susceptible to transformations such as mineralization, nitrification, immobilization,
leaching, volatilization, and denitrification; there is potential of loss as N,O emissions (Rochette
et al. 2008). Optimization of source, timing, and method of application are therefore of interest in
order to minimize losses and increase fertilizer use efficiency, especially nitrogen. Studies have

found that nitrogen is often applied in excess and more closely matching its application with the



needs of a crop can help reduce emissions and improve profit margins (Ribaudo et al., 2011).
When fertilizer is used efficiently, the increase in yield and biomass can reduce the net GHG
emissions (Asgedom, & Kebraeb, 2011). However, the decision for farmers on what fertilizer
management options to implement is mostly based on economic considerations instead of
environmental aspects.

Fertilizer Sources

There are many formulations of nitrogen fertilizer. Inorganic N fertilizer formulations
include: urea, anhydrous ammonia, urea ammonium nitrate, ammonium sulphate, potassium
nitrate, ammonium nitrate, and monoammonium phosphate. Each formulation has its place when
a farmer considers results, cost, and access and every form can have the ability to improve crop
yield.

A variety of enhanced efficiency fertilizers have been developed as a way to increase
nitrogen efficiency. Environmentally smart nitrogen (ESN) is a controlled release nitrogen
fertilizer consisting of urea coated with a polymer. It helps control release of nitrogen to increase
fertilizer efficiency and reduce losses as emissions or run-off. The effects of this product on
GHG emissions can be inconsistent (Li et al., 2012). One study found that GHG emissions were
generally lower when compared to a default value from the IPCC; however, they also observed
that the reduction in emissions is dependent on the amount of precipitation which can help to
explain some of the inconsistencies (Li et al., 2012). In their study with canola, Li et al. (2012)
also observed that the resultant GHG emissions were dependent on N uptake of the canola. A
reduced N uptake in canola corresponded with increasing GHG emissions. Controlled release
fertilizer has been found to be most effective in conditions where nitrate leaching is likely such

as in sandy soils that are irrigated (Liegel, and Walsh L. M., 1976). However, a meta-analysis



found that on average general polymer coated fertilizers (PCF) were effective in reducing N,O
emissions by an average of 35% when compared to conventional fertilizer emissions (Akiyama
et al., 2010). In this study though results varied over land use and soil type, there was evidence
that supported more effectiveness in imperfectly drained soil and less to no effectiveness in well
drained areas. It was concluded that more research was needed to evaluate their effectiveness
(Akiyama et al., 2010).

Nitrification Inhibitors (NI) are compounds that work to slow bacterial nitrifiers in the
soil by slowing down the oxidations of NH4" by soil bacteria (Akiyama et al., 2010). The results
of a meta-analysis revealed that NI use significantly helps to reduce N,O emissions by an
average of 38% when compared with conventional fertilizer use (Ruser and Schultz, 2015).
Findings also showed that results were fairly consistent when land use and the type of NI varied
(Akiyama et al., 2010).

Urease Inhibitors (UI) are compounds that work to slow the hydrolysis of urea and reduce
ammonia volatilization (Grant et al., 2014). A meta-analysis found that UI’s conversely did not
significantly reduce N,O emissions generally when compared to conventional fertilizer use. One
specific type of UI did have some significant effects on N,O emission reduction and that was
hydroquinone by an average of only 5% (Akiyama et al., 2010).

Variable Rate Nutrient Application

Fertilizer application is the largest contributor to GHG emissions from croplands.
Application of nitrogen fertilizer in excess would cause more GHG emissions while not
contributing to yield increase and detracting a farmer’s profits. Too little nitrogen application
could also result in economic loss and perhaps soil degradation because of nutrient depletion in

the long term. Variable rate nitrogen application (VRNA) can significantly reduce GHG



emissions by limiting excess application and potentially reducing overall input cost (Balafoutis et
al., 2017).

Timing of Fertilizer Addition

Nutrient uptake for crops is timing dependent, the nutrients have to be available when
plants need them. Matching the timing of application of nutrients to a crops’ nutrient uptake
pattern has been put forth as a BMP to improve nutrient efficiency (Zebarth et al., 2009). If the
timing of fertilizer application is not aligned, then N or other nutrients in highly mobile forms
may move through the soil and out of reach of the plant. Addition of nutrients to a soil when the
plants are not able to utilize them contributes to pollution of the environment in the form of run-
off or deep leaching into groundwater that becomes detrimental to the environment. Timing can
vary as widely as seasons. Fall and spring fertilizer applications do occur in croplands. However,
nitrogen losses can occur over the winter and early spring when fertilizer is applied in the fall
(Malhi et al., 2008). This causes the crop to have less nutrients available when the growing
season comes and also unnecessary N to pollute the environment (Malhi et al., 2008). Winter
nitrogen losses can be reduced if the system employs a no-till strategy and if the fertilizer has
been applied by banding (Malhi and Nyborg, 1991). Application of N fertilizer has been found to
be most efficient in wheat crops when applied right before the period of most rapid nutrient
uptake (Howard et al.; Zebarth et al., 2009). Split application of fertilizer instead of applying the
fertilizer necessary for an entire growing season at one time can be useful for certain crops that
have a continual uptake over the season. One study found that in season with high soil moisture
conditions a split application of N fertilizer on potato crops effectively reduced N,O emissions
(Burton et al., 2008). Split application of fertilizer does not consistently affect crop yield except

in scenarios where early high moisture conditions occurs and loss of fertilizers occurs at a higher



rate (Zebarth et al., 2009). In addition, a study showed that if the split application is delayed,
specifically past stem elongation, there could be detrimental effects on yield (Zebarth et al.,
2009). Counterproductive effects on yield are important when considering emissions due to the
associated decrease in fertilizer efficiency.
Other Soil Additions

Biochar is an alternative amendment made from heating wood or organic material under
anaerobic conditions, which may contribute to reducing GHG emissions (Karhu et al., 2011).
One study showed that biochar application to agricultural soils can reduce CH4 emissions while
CO; and N,O emissions remained unchanged (Karhu et al., 2011). Another study demonstrated a
reduction in N,O efflux from the soil, and it is suggested that the differences in results may be
due to significant differences in pre-existing organic C and nutrient status across study soils
(Zheng, Stewart, and Cotrufo, 2012). More research is needed to confirm biochar effects on
GHG emissions and to identify the scenarios in which it could become useful.

Soil Testing

Soil sampling and analyses to assess soil nutrient availability can be a powerful tool when
addressing and designing fertilizer application plans. However, one study explored the
psychology of the farmers in relation to the tests being carried out and the intent to act based on
their results. The results of the study demonstrated that the two are not in fact one and the same.
Some farmers were found to still do “what has always been done” regardless of the test results
(Daxini et al., 2018).
1.2.2 Tillage

Tillage has a profound effect on soil properties and thus has great influence on soil

conditions (Mangalassery et al., 2014). Studies show that overall, zero tillage has the highest
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cumulative reduction of GHG emissions when one considers each important GHG and their
respective greenhouse potency (Mangalassery et al., 2014). When practiced in the long term,
reduced tillage lowers GHG emissions compared to conventional tillage, and if any tillage is
applied to a field, it is recommended it be done during cold and dry conditions (Krauss, 2017). In
one study in Alberta, Canada, zero tillage was shown to have less total N,O emissions than
intensive tillage particularly during spring thaw; it was concluded that zero-till could be an
effective strategy in reducing soil emissions (Lemke et al., 1999). During early stages of
implementation reduced and zero tillage systems can increase N,O emissions; however,
reductions in CH4 and CO; emissions are enough to compensate in the long term (Kong et al.,
2009). One study that took into consideration direct and indirect energy expenses compared no-
till to minimum till, and conventional tillage found that the average total energy savings were
11% and 14% for minimum till and no-till respectively (Hernanz et al., 2014). The study also
compared average productivity of the crop yields in each category and found no significant
differences. When they used the productivity data to create a pooled average energy productivity,
they found that no-till and minimum till were 19% and 15% higher respectively than that of the
conventional tillage systems. However, there are a few studies that have had contrasting results:
a study in Belgium over 7 years showed reduced tillage had CO, emissions that were twice as
large and N,O emissions were ten times larger than the emission they measured for conventional
tillage (Lognoul et al., 2017); these results were thought to be attributed to increased SOC and
total N in the soil, and more soil bacteria presence in the topsoil because of the reduced mixing
of soil residues when reduced tillage was employed.

When evaluating GHG mitigation, changes in emissions intensity are important to

consider. Some studies have shown that tillage practices can have a significant effect on

11



production and yield. In some geographic regions and under certain conditions where soil water
availability is a key driver of yield potential, no-till practices can help reduce evaporation from
the soil, conserve water, and increase water storage in the soil, and therefore increase WUE by
crops (Baumhardt et al., 2017). Relative to fallow in rotations managed under no-till practices,
stubble-mulch tillage, was found to increase available soil water at planting by 20 mm for wheat
and 30 mm for sorghum (Baumhardt et al., 2017). Runoff was also measured in this study and
was found to be consistently lower in the tilled fields(3.9% of precipitation) than under no-till
(6.1% of precipitation), and concurrently drainage was much higher for tilled land (~14 mm yr")
than no-till (~2 mm yr'") (Baumhardt et al., 2017). When precipitation was corrected for runoff
and drainage, WUE were calculated based on evapotranspiration (ET) measurements and this
estimation showed that ET did not largely affect wheat, but for sorghum ET was 20 mm greater
(Baumhardt et al., 2017). The results also showed that growth and grain yield for wheat did not
differ significantly however, sorghum had significant increases in both measures (Baumhardt et
al., 2017). The study concluded that no-till practices could contribute significantly to
sustainability in semiarid dryland crop systems.

Lafond et al. (2006) found conservation tillage (zero tillage or minimum tillage) resulted in yield
increases of 7%, 12.5% and 7.4% for field pea, flax, and spring wheat grown after a cereal crop,
respectively. Interestingly, the study found that tillage type had no effect when the preceding
crop was fallow or field peas. This difference in yield effect was found to be due to a lack of
difference in spring soil water content for field pea and fallow. Conversely, S. Liu et al., 2022
found that no-till reduced yield of maize by an average of 26% when compared to conventional
tillage. Kutcher and Malhi (2010) found that barley and canola yields were most often higher by

11-57% or 9-44% respectively under no-till than conservative tillage. It was noted that the no-till
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treatment increased yields especially in years where precipitation was below normal and so the
practice was thought to help preserve soil moisture and in turn increase yield. Observation of a
variety of crop types is important as well and effects can vary; Majrashi et al. (2022) found that
on average sorghum grain yield was 6% higher under no-till than under reduced tillage or
conventional tillage.

Sharma et al. (2011) also found that conventional tillage resulted in the highest yield for
maize but minimum tillage resulted in the highest yields for wheat. In addition, the most
economic benefits could be obtained by minimum tillage followed by a raised bed tillage option,
then no tillage, and then last was conventional tillage (Sharma et al., 2011). This study also
measured soil water content which was found to be higher in no-till especially at planting time
and in the fall and especially at the soil surface. Porosity, however, was higher in conventionally
tilled soils and lower in no-till.

More research is needed to help define tillage effects on crop yields of varying species
and under varying conditions.

Soil Compaction

Soil conditions such as soil temperature, moisture, organic matter and mineral N content
have a direct effect on microbial activity (Skiba & Ball, 2002).

Compaction can cause increased N,O emissions. One study demonstrated that increased N,O

emissions in a compacted soil were due to an increase of denitrification correlated with increased
water filled pore space in the soil which creates an anoxic microenvironment (Ruser et al., 1998).
As compaction reduces the pore space and can in particular damage large vertical drainage pores,

the soil cannot drain as quickly, it stays wet longer and anoxic conditions takes place for longer
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periods of time (Tullberg et al., 2018). In addition, there is reduced plant uptake of N in areas of
soil compaction further contributing to higher N,O emission rates (Ruser et al., 1998).
Controlled Traffic Farming

Controlled traffic farming (CTF) is one of the most effective methods to alleviate soil
compaction directly (Tullberg et al., 2018). Since crop zone and machine tracks are permanently
separated the overall compaction of a field is reduced. CTF reduces the trafficked area compared
with random traffic farming (RTF) from 80% of the total field if tillage practices are being
employed, or from 30-60% with no tillage, down to 10-20% of the total field area (Gasso et al,
2013). Conventional traffic practice is likely to cause a trafficked area up to 80% of the total
field with intensive tillage practices, and conservation tillage practices such as reduced and zero
tillage practices still caused 30-60% traffic on the field (Gasso et al, 2013).
1.2.3 Soil Moisture Effects

The effects of soil moisture on N,O production are significant (Lin & Hernandez-
Ramirez, 2022). One study showed that N fertilized soils that had higher moisture following N
application increased N,O emissions (Ruser et al. 2006). The examination of many studies
showed that the results of field research are inconsistent for the N,O and CO, emission effects.
In contrast, there is consensus in CH4 data from field research indicating that a reduction of the
amount of irrigation, and avoiding use of the flood irrigation strategy reduced CH4 emissions
(Sapkota et al., 2020).

Irrigation

The effects of irrigation on GHG emissions are substantial. Irrigation is one of the land

management practices that is expanding the most in order to reach food production goals with a

growing population in particular in regions where moisture limits production (FAO, 2010).
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Irrigation can have a direct impact on crop yield and emissions of CO; and N,O. An important
factor in what effects will occur in a given scenario is what the climate, specifically the moisture
conditions, are like prior to irrigation implementation. Trost et al. (2013) in a review found that
irrigation had the largest impact on land that was in a dry climate and less as the climate was
more humid. Irrigation was found to increase soil organic carbon in dry areas dramatically and
less so as climate was more humid. In the review by Trost et al. (2013), it was also found that in
the majority of cases, irrigation increased reactive nitrogen compounds in the soil and thus led to
an increased N,O emissions, ranging from a 50 — 140% increase.
Variable Rate Irrigation

Variable rate irrigation (VRI) can work to reduce GHG emissions by reducing the
amount of water being applied to the land and therefore the amount of energy needed to transport
and disperse the water. In addition, scheduling irrigation to occur at the optimum time can help
reduce GHG emissions from the soil (Balafoutis et al., 2017). Hedley and Yule (2009) studied
the difference between VRI and fixed rate irrigation (FRI) by comparing scenarios on 53ha of
maize and 156ha of pasture for three years in New Zealand. On average they found a 23-26%
irrigation water saving when using VRI (Hedley and Yule, 2009). Hedley et al, 2009 also
compared scenarios of VRI and FRI on pasture, maize, and potato sites and found an average
annual water use reduction of 9-19% under VRI.

Fertigation

Fertigation describes the process of applying fertilizer periodically admixed with water
using irrigation equipment rather than all at once directly into the soil in the spring. The practice
has shown to be helpful in reducing N,O emissions. In one study 32% overall decrease in

emissions during the growing season was observed using fertigation practices on wheat and
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canola crops in southern Alberta (Chai et al., 2020). There was more of an impact in wheat crops
as N,O EF yield was 56 = 6 vs. 82 £ 5 g N20-N Mg—1 DM grain in wheat compared to 49 + 9
vs. 58 £ 10 g N20O-N Mg—1 DM grain in canola. It is important to note that most of the
improvements occurred when a low (60 kg N ha 1) or intermediate (90 kg N ha™') rate of N

application was used (Chai et al., 2020).

1.2.4 Crop Management
Plant genetics

Historically, genetic advancements have enabled major increases in crop yield potential
without increasing the area of land farmed. The green revolution was sparked by such advances
when wheat cultivars were altered to be shorter, allowing more energy use to be allocated to
head growth and grain yield.

Biological nitrification inhibition (BNI) refers to certain plant’s ability to produce and
release nitrification inhibitors into the soil system, which suppress the first step in the
nitrification process mediated by microorganisms. Some wheat cultivars and other plant varieties
inherently have this ability, and hence the idea of breeding a competitive cultivar with this ability
is not that far-fetched. As nitrification inhibitors tend to conserve N (Lin et al, 2017), BNI would
allow application of less nitrogen fertilizer and would slow the nitrogen cycling processes which
lead to less N,O production. Although this mitigation strategy has not been realized yet, plants
bred to have BNI could become very useful in mitigating GHG emissions (Subbarao et al.,
2017).

Legumes
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Including legumes in crop rotations can help reduce GHG emissions by reducing the use
of fertilizers as they are able to fix their own nitrogen from the atmosphere. They reduce use of
nitrogen fertilizers in the year they are grown, and in the year after as they also leave residual
nitrogen in the soil for the next crop. Reckling et al. (2015) found that fertilizer efficiency was
higher in crop rotations that include a legume due to the nitrogen fixed by the legume crop, the
legume crop also had the lowest N,O emissions and nitrate leaching when compared with non-
legume crops. Specifically, N,O emissions were reduced by 16% and nitrate leaching was
reduced by 11% in the crop rotations that included a legume crop.

Perennial Crops

Perennial forage crops have shown to be substantially greater carbon sinks than annual
crops. In an experiment measuring GHG emissions comparing perennial and annual crops, the
perennial was found to be a net sink of 8470 kg CO»-eq ha ' and the annual was significantly
less and was actually a net source of 3760 kg CO,-eq ha ' emitted to the atmosphere (Maas et al.
2013). These results show the impacts of forage crops with legumes requiring much less nitrogen
fertilizer as well as having the ability to store much more carbon below ground (Maas et al.
2013).

Competitive perennial grains are not as of yet a realized concept. However, there are some
reasonable arguments that suggest they could be a successful crop. Perennial crops have longer
growing seasons and it could be deduced that they would perhaps have a longer period of time to
capture nutrients and carbon which could translate into a high yielding grain crop and being
larger sinks for carbon (Turner et al., 2018). In addition, as perennials have more robust and
deeper root systems, they could fair better in period of drought resulting in less risk for a

potential producer. Finally, perennial crops have the potential to be more stress-tolerant, often
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perennial relatives of crops that are wild are sources of genes for resistance to plant stressors
(Turner et al., 2018). A very large study across 4 continents sought to inform perennial grain
breeding and their results identified the importance of tillering for productivity, and showed that
a primary obstacle is longevity, that after the first-year sterility of hybrids and therefore
productivity is a problem (Hayes et al., 2018).
1.2.5 Crop Rotations

Interactions with crop sequences can impact productivity and the environment. Some of
these factors include GHG emissions, nutrient availability, nitrogen mineralization, nitrate
leaching, prevalence of pests, weeds and diseases, and inevitably crop yield (Reckling et al.
2015; Bachinger & Zander, 2007). In their study which developed a cropping system assessment
framework using integrated expert knowledge and a vast amount of accumulated data, they
studied combination of crop rotations and basic economic outcomes based on the gross margins
and environment, (specifically, nitrous oxide emissions, nitrate leaching). The study found that
they were able to reduce nitrate leaching by 7% and reduce nitrous oxide emissions by 4% when
compared to current practice even without including legumes in the rotation (Reckling et al.
2015). Unfortunately, the crop rotations that were found to be the best environmentally were not
the same as those which were the best economically though economic benefits of legumes were
found. Zhang et al. (2019) provide further evidence that crop rotation can have a significant
impact on GHG emissions with their study of differing rice crop rotations in China and
measuring the emissions over three years. When comparing rotations of only rice, rice-winter
wheat, and rice-winter wheat-Chinese milk vetch, results showed lower GHG emissions from the

rice-Chinese milk vetch and only rice rotations; CH4 emissions were lower by 40 and 34%
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respectively. Experimenting with different rotations has the potential to contribute to reductions
of GHG emissions.

Studies have found that crop rotations with legumes tend to emit less GHG and produce
less nitrogen runoff when compared with cereal monocrops (Lotjonen & Ollikainen, 2017). In
addition, legume inclusion in a crop rotation can increase profits provided that there is a
sufficient market for the legume crop chosen, markets for legumes tend to be sufficient where

livestock is produced (Lotjonen & Ollikainen, 2017).

1.2.6 Cover Crops

Cropping systems and crop rotations with cover crops have shown to be helpful in
reducing greenhouse gas emissions and nitrate concentrations in the soil (Wang et al., 2022). A
correlation between cover crop biomass and a reduction in N,O emission was found and believed
to be due to a reduction of denitrification occurrence resulting in decreased nitrate (Behnke &
Villamil, 2019). However, not all studies have found that cover crops reduce N,O emissions in
the short term; to experience a reduction in N,O emissions, it is recommended to not incorporate
the biomass of cover crops into the soil and use a non-leguminous cover crop (Basche et al.,
2014). Incorporating the biomass or crop residues causes residue decomposition and N
mineralization from pre-existing soil organic matter that in turn results in more nitrate
availability and increased denitrification. In addition, incorporation through shallow tillage often
increases the temperature of the soil, and therefore, also increases the rate of denitrification.
Another important aspect to consider is that the direct reduction in emissions measured is not the
only measurement worth noting. Since cover crops have been shown to have a significant effect

on reducing nitrate leaching of nitrates which would often then undergo denitrification and
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contribute to indirect N,O emissions reducing leaching can have a significant impact on emission
reduction (Behnke & Villamil, 2019). One study showed a reduction of 70% of leached nitrates
when using a non-legume cover crop and 40% when a legume was grown compared to bare
fallow over the winter (Tonitto et al., 2006). Cover crops can be referred to as agro-ecological
service crops (ASC). One study involving organic vegetable farming found that cover crop or
ASC introduction into a system was an important way to achieve higher crop productivity and
did not have any negative impact on soil physical properties (Diacono et al., 2021). In addition,
the study found that use of ASC resulted in the system that had the best energy use efficiency
and carbon efficiency (Diacono et al., 2021). Some studies have found that the direct GHG
emissions increased as a result of cover crop utilization however, the yield of the cash crop
increased and the net GHG emissions were unchanged (Acharya et al., 2022)
Reducing Summer Fallow

Avoiding summer fallow, where no crop is planted and the soil stays bare, increases
overall crop production. Continuous cropping increases plant growth in the long term and so
contributes to C inputs for maintaining or enhancing the soil organic carbon (SOC). Also, the
increase in crop productivity and plant residue additions to the soils feedbacks into an increased
soil water storage and use by subsequent crops (Desjardins et al., 2005).
1.2.7 Seeding Technology

Variable Rate Seeding

Variable rate seeding (VRS) is a technology that can adjust the rate of seed according to
variable conditions across the field terrain. This practice may be able to increase nutrient
utilization efficiency and water usage efficiency, as well as possible reducing seed consumption

(Sarauskis et al., 2022). Variable rate seeding shows a lower potential for GHG mitigation
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relative to other variable rate technologies. The likely reduction in seed used could help reduce
farm costs and having ideal plant densities distributed across heterogeneous fields could help
with GHG management (Balafoutis et al., 2017).
1.2.8 Harvest Technology
Crop Residue

Studies on crop residue consistently demonstrate that removal and use of crop residues
for another purpose such as biofuel is detrimental to soils physical properties (Cherubin et al.,
2018). In the short term, GHG emissions are reduced because plant residue does not decompose
in the fields but rather is removed and processed elsewhere. However, in the long-term, there
will gradually be fewer nutrients available in the soil for the next crops and more fertilizer
application will likely be required, likely increasing GHG emissions (Wegner et al., 2018).
Partial removal of crop residue, when quantities are high or when the parts of the residue that
contains the least nutrients are easily removed, could reduce overall GHG emission.
Decomposition of crop residue can contribute to CO, and N,O emissions. Both organic carbon
and nitrogen availabilities derived from residue decomposition and mineralization contribute to
denitrification processes. Further research is needed to establish sustainable quantities of residue
removal, and the conditions of crop residue removal if it is to be a viable mitigation tactic
(Cherubin et al., 2018).

Yield Mapping

Data can be collected and compiled to create harvest yield maps in order to compare

outputs with inputs in the farming enterprise (Pierce & Clay, 2007). This technology allows

farmers to analyze the economics of their operation because they can compare how well the
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inputs are translating into yield across their fields. Based on this information, adjustments can be
made as needed in order to increase farm efficiencies.
1.2.9 Transportation/Fuel Efficiency
There are two distinct classifications of energy use in agriculture: direct and indirect. Direct
energy includes on-farm use of fossil fuels and electricity. Indirect energy includes the
manufacturing of synthetic fertilizer and fabrication of farm equipment.
Controlled Traffic Farming

Controlled traffic farming (CTF) can be described as a management system used to reduce
the deterioration of soil structure caused by random or unsystematic traffic of farm vehicles (i.e.,
RTF). CTF not only contributes to the maintenance of soil health but also helps to increase crop
yields while benefiting the environment. The primary benefit of CTF is the increase in crop
yields when soil compaction is reduced. A study comparing the benefits of CTF on various crop
species showed the benefits from CTF were widespread and showed an increase in yield
compared with RTF. This benefit was largest for forage, oats, and barley as they had the largest
increases in yield (Smith et al., 2007). Li et al (2007) indicated in their controlled traffic research
that mean grain yields increased by 337 kg/ha compared with wheeled plots. The largest
observed increase in yield was a mean grain yield increase of 497 kg/ha in controlled traffic with
zero tillage, compared with wheeled stubble mulch treatment, which was largely attributed to
increased infiltration and plant available water under CTF management (L1 et al, 2007). CTF
may benefit the environment by reducing soil erosion and runoff because of this increased water
infiltration. Due to better soil structure and improved efficiency with precision in farming
practices, farmers are using fewer fossil fuels and fertilizer, which also decreases greenhouse gas

emissions in the long term (Gasso, 2013). The effects on soil aeration and gas diffusivity have
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substantial effects on GHG release (Tullberg et al. 2018), higher oxygen diffusivity in CTF soil
also increases germination rate. With increased seed germination rate and vitality, farmers are
able to reduce the seeding rate which reduces inputs and costs (Gasso, 2013). This system also
allows for farmers to utilize inter-row tillage and decrease use of herbicides but decrease the
necessity of conventional tillage for soil structure reasons, in fact differences in soil texture
across the fields diminish overtime creating more cohesion (Chamen, 2015). A study across 16
crop types over a three-year period using gas chambers to sample the soil emissions found that
CTF could reduce soil N,O and CH4 emissions by 30-50% (Tullberg et al. 2018). The cost of
converting from traditional random traffic system to controlled traffic system is one of the main
challenges in adopting this technology. However, changing to CTF can often be achieved with

standard equipment, it just takes creativity and strategic planning (Chamen, 2015).

1.3 Livestock Management Practices for GHGs

Livestock production practices and the resulting GHG emissions have received more
attention in recent years. Cattle production emits all three of the major biogenic GHGs. Methane
accounts for 44%, nitrous oxide for 29% and carbon dioxide for 7% (FAO, 2021). Within
livestock systems, fossil fuel use, fertilizer use, energy that goes into pesticide production
contribute to feed production and contribute to CO, emissions. Enteric fermentation, that occurs
in the ruminants’ gut and manure decay under anaerobic conditions are the main contributors to
livestock CH4 emissions (Beauchemin et al., 2019). CH4 emissions can range from 2-12% of
energy intake being converted to methane depending on many different factors and generally

these methane emissions contribute to approximately 6% of anthropogenic emissions globall
pp y pog g y
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(Beauchemin et al., 2019). N,O emissions from animal agriculture are mostly from manure and
manure management (Zhuang et al., 2019).
Animal productivity is a major topic to consider with respect to GHG emissions because the
more efficient the production system, the less energy is wasted in the process and ultimately
fewer GHG’s are emitted (Capper et al., 2009). Using superior management techniques for
improving animal health, nutrition and genetics contribute to lowering the intensity of methane
emissions, meaning also fewer emissions per unit produced (Capper et al., 2009). However, the
benefit of increasing the productivity of already high-producing livestock is less than increasing
the productivity of low-producing livestock (Beauchemin et al., 2019).
1.3.1 Feeding Technology

When developing feeding strategies with a focus on reducing enteric methane emissions
two types of strategies can be defined. The strategies can be classified into dietary or rumen
manipulation. Dietary manipulation focusses on making the diet more digestible and higher
value, while rumen manipulation has a focus on bringing in rumen environment modifiers and
direct inhibitors of methanogenesis (Kebreab et al., 2021).

Diet Composition

Changing the diet composition of livestock does not only change the animal nutrition and
emissions but it changes the overall farm system. If the GHG emissions are analyzed from an
individual animal perspective, they will look different than if analyzed from a farm or supply
chain scale (Chianese et al., 2009). Within a farm, land that was used for example for forage or
pasture may be changed to production of annual crops resulting in changing emissions (Van
Middelaar et al., 2013). Alternatively, the farmer could outsource the new addition to the diet

and be left with excess grass biomass to sell. This shift in feed sources would imply the need to
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account for additional transportation and associated fuel emissions to obtain an accurate,
comprehensive analysis of GHG emissions.
Physical Composition

The diet of cattle can have a significant effect on GHG emissions from enteric
fermentation during digestion and from the resulting manure. As demand for beef, dairy, and
animal products rises expectedly with an increasing population, dietary changes and
supplementation have a great potential to lower emissions intensity (Caro et al., 2016). A grazing
diet has much more fiber in it and high fiber can contribute to increased emissions, whereas a
grain diet with much less fiber can contribute less emissions (Chen et al., 2020).

Grazing

Grazing cattle can help reduce GHG emissions in some scenarios as it can reduce the use
of inputs that go into crop production. In addition, direct grazing can help decrease emissions
that result from manure handling and storage. Studies have shown that GHG emissions and feed
efficiencies also depend on the composition of the diet while in confinement feeding. If a feeding
strategy can contribute to increasing productivity of livestock systems while increasing GHG
emissions at a lesser rate than typical emissions per unit of production, then GHG emissions
intensity decreases. In one study on dairy cows, scenarios that led to increases in milk production
though supplemental feeding but also included enough grazing to sufficiently decrease inputs
and energy usage had the lowest environmental impact (Aguirre-Villegas et al., 2017).
When focusing on only the enteric emissions as a function of feed intake, methanogenesis
increases when dietary forage increases. Forage is high in neutral detergent fiber (NDF), and an
increase of NDF in the diet can cause an increase of methane emissions per day. There is some

scientific evidence to support the idea that a diet higher in grain can increase enteric methane
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production per day compared to a high forage diet because the livestock grow bigger and have
higher intakes (Boadi et al., 2004). However, if these outcomes were to be converted to
associated GHG emissions per gram of product (beef or milk) the results may be different. In
another study, extended backgrounding which increased forage feeding more extensively
reduced the average daily gain and so this increased the time to get to slaughter weight by 4
months which increased GHG intensity significantly (by 479 tons) (Beauchemin et al. 2011).
Grazing management can be an important tool in managing GHG emissions from pasture
and rangelands. A simulation study based on the Holos model, and focused on beef cattle
production found that total GHG emissions for light continuous (LC) grazing were 10.2% higher
than that of the total GHG emissions for heavy continuous (HC) grazing (Alemu et al., 2017). In
addition, it was found that total GHG emissions were 7.5% higher in light continuous for cow-
calf pairs and moderate rotational grazing for backgrounded cattle (LCMR) than that of heavy
continuous for cow-calf pairs and moderate rotational grazing for backgrounded cattle (HCMR).
However, the GHG intensity [kg CO, equivalents (CO»¢e) kg ' beef] showed that when stocking
rate increased the intensity decreased as the HC intensity was 9.2% lower than the LC intensity
(Alemu et al., 2017). Another study on adaptive multi-paddock (AMP) grazing, a type of rotation
grazing where for short time periods small paddocks are grazed with high densities of livestock
and then the paddocks have long recovery periods. It was found that AMP grazing in areas with
warmer soils (25°C) could be a viable strategy to increase soil consumption of CH4 (Bharat et
al., 2020). The consumption of CH4 by soil under an AMP grazing regime was higher in all
scenarios compared to continuous grazing however, under cooler conditions the grazing
management strategy and temperature of soil seemed to interact to cause CO, emissions to differ.

Under cooler conditions (5°C) the CO, emissions increased outweighing much of the benefit of
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the increased consumption of CHy4 (Bharat et al., 2020). AMP grazing can aid in increasing
animal and forage productivity and has the potential to sequester more soil organic carbon
(Stanley et al., 2018). There are also reports suggesting that AMP grazing can improve physical,
chemical, and biological soil properties when compared to light or heavy continuous grazing
options (Teague et al., 2011).

Deferred rotational grazing (DRF), a system where divided pasture units are alternately
rested or “deferred” when the pastures are in critical growth periods (Schmutz, 1973), when
compared to continuous grazing can reduce pasture quality and results in reduced animal
performance. Conversely, DRF can increase the DM yield and therefore allow for higher
stocking rates (Alemu et al., 2019).

Grain Feeding

Grain feeding can be a strategy to reduce GHG emissions intensity as well as it delivers
concentrated nutrients with a lower fiber ratio and can contribute to accelerated weight gain. In
one study where grain feeding was extended the cattle had less grazing and an aggressive grain
finishing program, the GHG emissions intensity was reduced by 2% as the cattle produced less
enteric emissions and had a shorter time to market (Beauchemin et al. 2011). Feeding a higher
proportion of more digestible components to dairy cattle can also lead to production of manure
that is less volatile and lead to less CH4 emissions however N,O emissions from the excretions
increase (Caro et al., 2015).

Using some maize silage to supplement a diet of grass silage is a strategy for reducing
CH, emissions produced through animal digestion. One study of dairy cattle showed that when
observing only enteric emissions from the diet change including maize silage resulted in 12.8 kg

COse reduction in CH4 emissions per ton of fat-and-protein-corrected-milk (FPCM) produced.
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However, when one assesses changes at the farm scale, specifically ploughing grassland into
corn production land, the study showed that it would take 44 years until the annual emission
reduction would pay off emissions (913 kg CO,e) that would occur due to the land use change
(Van Middelaar et al., 2013). Another study compared dairy cows fed high maize silage (MS)
diets to high grass silage (GS) diets and found that the MS diet resulted in higher dry matter
intake (DMI), greater milk production and a lower methane yield (g/kg of DMI) than the cow fed
the GS diet (Hammond et al., 2015). In the same study they also experimented with NDF
additions to the diets, they found that adding NDF to the MS diet increased the methane yield but
not for the GS diet, and in both diets, the added NDF caused decreased DMI and milk yield.

Legumes can possibly decrease methane production compared with grass due to their
faster digestion; however, there are not many studies comparing legumes with forage and the
effects can differ with maturity of the material. There is no conclusive evidence to say that
legumes reduce enteric methane emissions (Guyader et al., 2016).

Creep feeding is a feeding strategy for calves that provides feed in a variety of possible
forms including hay, silage, pasture, or most often a grain blend to the calves while they are still
nursing (Hamilton, 2002). This feed is provided in a way that it is not available to the cows and
the aim is to increase the growth rate during this period. Benefits of this strategy include the
production of a more uniform group of calves, reduced weaning stress on the calves, young or
thin mother cows are allowed more recovery, reduced feed requirements of the cows and
performance maintenance or improvement of the nursing calves (Hamilton, 2002). Creep feeding
with corn silage was found to help reduce the carbon footprint; the overall CO, emissions
increased, but the gain in weaning weight was enough to offset those increased emissions (Toro-

Muijica, 2021).
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Macronutrient Composition
A study that modeled a diet with amended macronutrients for dairy cattle across the globe found
the potential emissions reductions of enteric CH4 was 15.7% (Caro et al., 2015). The amended
diet included supplementing fat content to 6%, decreasing the amount of fiber, and keeping the
gross energy intake (GEI) the same (Caro et al., 2015).
Protein

Dietary protein intake can have substantial impact on GHG emissions (Caro et al., 2016).
The amount of crude protein (CP) in the diet of cattle can affect manure emissions as any excess
CP in the diet in excreted as urinary urea which contributes to NH3 emissions and can contribute
to indirect N,O emissions (Hristov et al. 2011). Reducing crude protein in pigs’ diet to the
minimum necessary for proper nutrition is an effective strategy in reducing ammonia emissions
(Philippe & Nicks, 2015). However, there are conflicting results as to whether reduction of crude
protein in the diet helps reduce other GHG emissions (Philippe & Nicks, 2015). Ammonia itself
is a major pollutant of air and water, so keeping its emission to a minimum helps the
environment even if it does not get converted to GHG emissions (Hristov et al. 2011). In one
study, two groups of dairy cattle were fed a low CP diet and a high CP diet and compared to a
control group. The low crude protein diet group was able to maintain their milk production. This
outcome gave evidence that CP can be reduced without affecting production and that CP
requirement may be overestimated sometimes (Lee et al., 2012).

Fats and Oils

Studies have shown that supplementing fat into the diet can reduce methanogenesis. In a meta-
analysis it was demonstrated that it is mono and polyunsaturated fatty acids that are most useful

for methane reduction and not saturated fatty acids. Use of up to 6% fat of dry matter diet can
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help increase milk production in dairy cows and decrease methane production by 15% when
compared with an average diet that would normally contain 2% fat of dry matter intake. Adding
more fat above this proportion tends to decrease milk production and digestion even though
methanogenesis continues to decrease substantially (Patra, 2013). Grainger and Beauchemin
(2011) also found that supplementing lipids at 5-8% of the dry matter intake in the diet is
effective in reducing enteric methane emissions. However, they also outlined that feeding more
than 10% lipids in the DMI is detrimental to digestion of fiber because it results in a shift of the
rumen microbial population. In another study, canola oilseeds were fed to cattle in different
feeding patterns. The cattle fed the oilseeds that backgrounding cattle were found to have
reduced GHG emissions intensity by 1% while when fed to finishing cattle the intensity was 2%,
and lastly, when fed to a cow-calf herd, the GHG intensity was reduced by the highest amount at
8% (Beauchemin et al., 2011). These emission reductions were found to be attributed to the
higher fat content in diet and the reduction of overall dry matter intake due to higher nutrient
concentration which decreased enteric CH4 emissions. There were also lowered emissions from
manure as the quantity of manure produced was reduced (Beauchemin et al., 2011). Toro-Mujica
(2021) used a simulation model based off scientific literature outcomes to represent the effect of
supplementation of canola oil into the diet of cattle in Chile. The variables were evaluated based
on their impact on carbon footprint (CF) which considered emissions for all inputs and processes
within the production cycle. It was found that a dose of canola oil of 46 g/kg DM resulted in a
2.5% decrease in carbon footprint when carbon sequestration was not considered and 2.4% when
it was.

Fiber
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Replacing some less digestible fiber such as that which is high in forage feed with more
digestible fiber can help to reduce emissions from enteric digestions (Moraes et al., 2015). High
forage diets are common in extensively managed production systems. By increasing intensity of
the system through gains in efficiency of feed utilization, overall production can be increased

and intensity of emissions decreased (Moraes et al., 2015).

Supplements

In general, it has been recognized that strategies which use a substrate that will divert
dihydrogen in the rumen from contributing to methanogenesis are the most effective inhibitive
interventions to reduce methane production. Chemical inhibitors that can reduce methane
emission directly are considered a high priority as it has been seen there is a lot of potential even
though the process of development, approval, and production for such supplements can be
lengthy and complex (Beauchemin, 2019). One such supplement is nitrate, which can divert
substrates contributing to methanogenesis in the rumen due to it being an alternative electron
sink (Latham et al., 2016). Dietary nitrate being the preferred electron acceptor undergoes
microbial reduction to dinitrogen gas or to ammonia using electrons that would contribute
normally to the reduction of carbon dioxide to methane (Latham et al., 2016). Unfortunately,
there are concerns about the intermediate product nitrite and its toxicity for animals as well as
other nitro-compounds, including 3-nitro-1-propionate and 3-nitro-1-propanol. These compounds
have been found to accumulate in cattle and cause animal poisoning (Latham et al., 2016). One
way to manage this potential poisoning is to gradually adapt the cattle to the higher
concentrations in their systems as there are rumen organisms that metabolize nitrite and they

would slowly proliferate in response (Latham et al., 2016). Nitrate supplementation can also
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cause N>O emissions that can even reduce or eliminate the methane mitigating effects and the
cause is not always known (Peterson et al., 2015). An in vitro study has now isolated a bacterium
called Paenibacillus 79R4 that was able to decrease nitrite accumulation and contribute to the
main goal of nitrate dietary additions decreasing methane production. As an additional benefit, it
was discovered during a study that this bacterium also acts as an antimicrobial agent against
pathogens that can occur in the rumen as well which is an added value to its potential use as a
probiotic for cattle and other ruminants (Latham et al., 2018). Ideally, researchers will eventually
be able to develop supplements that reduce methanogenesis and make fermentation end products
that are beneficial to productivity, as the ruminants would be able to absorb and utilize the
products. However, a consistent solution like this has not been discovered (Ungerfeld, 2018).
Algae has been identified as having potential to reduce methane emissions when feed to
ruminants as a supplement due to naturally occurring anti-methanogenic compounds.
Asparagopsis taxisformis has bromoform and dibromochloromethane, bioactive compounds that
inhibit cobamide-dependent methanogenesis (Kinley et al., 2016). One in vitro research study
that supplemented 20g kg™ of forage Asparagopsis taxisformis demonstrated an almost complete
elimination of methanogenesis and there was zero detectable hindrance to digestion of forage
(Kinley et al., 2016). Another study found that feeding this same algae species at a rate of 3% of
organic matter intake reduced enteric methane emissions by up to 80% (Li et al., 2018). Another
study found that these algae reduced emissions intensity in dairy cows by 67% and reduced
emissions of beef cattle by 98% (Kebreab et al., 2021) analysis of the production and transport
emissions would have to be conducted and factored in (Kinley et al., 2016). A barrier to the use

of this supplement is the challenge of mass production of this specific species.
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Phytocompounds from plants have been studied for their effects on methanogenesis and
at least 25 have been found to have potential value, but they need further study (Beauchemin,
2019). Tannins as a supplement can have highly variable results depending on many variable
characteristics of the product such as the type, source, and molecular weight (Jayanegara et al.,
2012). Generally, when considering many experiments on tannin supplementation, the more
tannin that is fed, the larger the decrease in enteric methane emission (Jayanegara et al., 2012).
However, reliable effects can only be expected when dry matter intake become greater than 20g
kg and currently when this strategy is used this threshold is not often exceeded. A meta-analysis
involving several in vivo studies showed a reduction of 0.109 L CH, kg™ of dry matter (r’=
0.47). Unfortunately, evidence also indicates that some of this reduction is due to a reduction in
nutrient digestibility and a concomitant decline in dry matter intake (Jayanegara et al., 2012).

Ionophores are supplements fed to cattle to help production efficiencies, they are
described as antimicrobials (Callaway et al., 2013). Monensin is an ionophore that has been
found to reduce DMI in cattle from dairy production and beef steer without affecting production
in dairy cows. Monensin caused a direct significant reduction in methane emitted by beef steers
(19g day™), but this did not translate into the dairy cows (6g day™) (Callaway et al., 2013).
However, when the dose of monensin is adjusted for DMI and the difference of dose (the doses
were often lower in dairy cows) then monensin had similar effects on both groups suggesting
that if given at a higher rate to dairy cows to be in proportion with their DMI, it could reduce
methane emissions (Callaway et al., 2013). Toro-Mujica (2021)’s study simulated a scenario of
feeding monensin at 30 mg/kg DM. The study found that this supplementation resulted in a 1.4%
decrease in CF when carbon sequestration changes were not considered and 1.3% when they

were.
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Future Technology
Vaccines

A vaccine as a strategy for reducing methane emissions is thought to have great potential,
but effects on productivity and animal health would have to be considered. The concept of a
vaccine for methanogenesis reduction is based on a theory that the active ingredients would
cause the immune system to begin producing antibodies in the ruminant’s saliva, which would
then enter the rumen and suppress the growth methanogens (Subharat et al., 2016). Research on a
vaccine targeting methanogenesis production is in relatively early stages and there are various
aspects that are being explored. The selection of an antigen is key for the evolution of this
strategy. One strategy that has been explored is whole cell additions of different species of
Archaea that may target methanogens. Wright et al. (2004) derived a mix of three methanogens
and seven methanogens that aimed to induce an immune response in sheep which would produce
antibodies against methanogens. They found that the 3-methanogen mix resulted in a significant
7.7% reduction in methane produced after being corrected to exclude the effects of DMI (Wright
et al., 2004). Another strategy being researched is use of cell components such as proteins rather
than whole cells. Subharat et al. (2016) used glycosyl transferase (GT2) in their vaccine and
measured the levels of antibody found in the saliva and rumen post vaccination. Their results
indicated that though the levels they reached were likely too low, an effective vaccine could
theoretically be developed. An effective vaccine would have sufficient levels of antibodies in the
saliva and be able to survive in the rumen and target methanogens effectively. Other important
aspects being considered are the type of adjuvant used in the vaccine and its effectiveness in

carrying the antigens for successful performance (Baca-Gonzalez et al., 2020). In addition, the
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timing of the booster shot can be important in achieving effectiveness (Baca-Gonzalez et al.,
2020).

1.3.2 Manure Management
Manure is a valuable resource as it contains nutrients that can be utilized to fertilize crops.
Manure also has high potential to emit GHGs. In addition to GHGs, manure can release
ammonia (NH3) and ammonium (NH4") which can be biologically-transformed to GHGs through
the nitrogen cycle. Volatilization of NH, " is considered the most substantial mode of N loss
(Montes et al., 2013). The link between volatilization of NH; and N,O emissions is complicated
by the fact that if emissions of NHj are reduced the higher presence of N in the manure may in
turn inflate N,O emissions later (Montes et al., 2013). How management practices impact this
trade off between NHj; volatilization and N,O emissions in manured fields deserves further
investigation.

Land Application of Animal Manure

The most common method of disposal for manure is land application as this enables
cycling and distribution of nutrients back to the soil. In fact, 48.4% of Canadian farms spread
manure on their land in 2010 according to the Census of Agriculture (Dorff and Beaulieu, 2015).
However, land application of manure can cause accumulation of excess of nutrients in the soil, it
uses fossil fuels, and the GHG emissions resulting can be significant (Aguirre et al., 2014).

The timing can be important in terms of emissions; if land application is avoided in the
fall or winter loss of nitrogen due to wet conditions in the spring can be avoided, as well as
potential continuation of denitrification over the winter (He et al., 2020). Furthermore, adding
nitrogen to the soil when active nutrient uptake by plants is not occurring leaves potential for loss

to the environment in various forms (He et al., 2020). Also avoiding land application during
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times when the weather conditions are hot and windy or when rain is expected can also reduce
N»>O emissions (Rochette et al., 2004; He et al., 2020). After application, incorporating the
manure right away increases N,O emissions, but can decrease NHj3 emissions (Aquirre-Villegas
and Larson, 2017).

The size of the farm can affect the GHG emissions that come from land application,
smaller farms have a greater proportion of emission coming from land application as they tend to
apply more often, and manure spends less time in storage (Aquirre-Villegas and Larson, 2017).
Larger farms have a larger proportion of emissions that come from manure storage because they
store manure for longer and typically apply only once a year (Aquirre-Villegas and Larson,
2017). Manure storage length and seasonal changes in temperatures have been found to be
important considerations, even short periods of storage in summer can cause significant
emissions and while under winter conditions emissions are minimal (Cardenas et al., 2021).
Cardenas et al. (2021) suggest that focusing on shorter storage time in summer and allowing
longer storage in winter could be a beneficial management practice.

Storage of Manure
Aerobic Conditions

Oxygen conditions greatly influence N,O production, rapid nitrification can occur under
aerobic conditions and denitrification occurs under anaerobic conditions (Bremner and
Blackmer, 1978). Anaerobic conditions inhibit nitrification, and this prevents NOs™ formation
which limits losses of N,O by denitrification (Chadwick, 2005). The plentiful oxygen supply in
scenarios such as when composting leads to increased GHG emissions (Philippe & Nicks, 2015).
Anaerobic conditions during solid storage keep the reaction rates low and help eliminate some

sources of emissions; although strong anaerobic conditions can counteract by increasing methane
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emissions (Philippe & Nicks, 2015). Compacted stored dry manure and covering help to reduce
N2O emissions and nitrogen loss from the manure as NH3 by reducing aeration and inducing
anaerobic conditions (Chadwick, 2005). Anaerobic conditions also favor CH, production. High
soil moisture can increase CH,4 emissions because it decreases oxygen concentrations as the
manure carbon decays, and consequently, the microbes experience a lack of oxygen leading them
to produce CHy instead of CO, (Government of Canada, 2020).
Temperature

In general, higher CH4 emissions have been reported from manure stored at higher
temperatures (Im et al., 2020). Storage in cooler temperature setting can reduce microbial
activity (AESA, 2004). In one experiment when CH4 emissions manure sludge were monitored
for a period of 80 days at differing temperatures, the highest amount of emissions (375.1 kg
CO; eq./ton volatile solids (VS) at the highest temperature tested (35°C) and these emissions
more than halved when the temperature was reduced to less than or equal to 20°C (Im et al.,
2020). Im et al. (2020) articulated that methanogenic bacteria are inhibited by lower temperature
and that the energy required to cool manure could be easily offset by the reduction in emissions.
In another study, emissions of methane increase significantly at temperatures 20°C and above, at
20°C CH4 emissions went from 0.01 t0 0.10 g C h™' kg™' VS (Sommer et al., 2007). In addition,
an increase in temperature from 10-15°C increased the amount of organic N able to be
transformed from very little to 80% (Sommer et al., 2007). In another study of pig manure,
emissions in warm climatic conditions were significantly greater than in cold conditions (Amon
et al., 2007); the authors found that CH4 emissions were 30-43% higher and N,O emissions were
58-80% higher in warm conditions. The difference in NH; emissions were less substantial

ranging from 0-20% higher in warm conditions (Amon et al., 2007). Cardenas et al., (2021)
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found that CH4 emissions were higher under summer temperatures than winter temperatures. In
addition, they found that manure stored at winter temperatures did not continue to produce CHy4
after the temperature returned to favourable conditions (20°C). This was an unexpected outcome
and may suggest that a cold period of storage could significantly reduce manure storage CHy4
emissions, and hence, this can be a beneficial management practice.

Moisture Content
Moisture in stored manure can increase N,O emissions (AESA, 2004). Solid manure stored in
piles most often can have more aeration that liquid manure which is stored in pits or tanks which
leads to anaerobic conditions and this causes an increase in CH4 emissions (Aquirre-Villegas and
Larson, 2017). Cardenas et al., (2021) found that diluting manure with more water and having
less dry matter content proportionally caused an increase in CH4 emissions.

Other Interventions

Coverings
Covering manure slurry tanks has been found to be useful in reducing CH4 and NH3 emissions;
however, it may cause N,O emissions to increase but this increase does not outweigh the other
reductions, so it can still be a useful management strategy (Clemens et al., 2006). It has also been
found that covering of solid manure piles can reduce GHG and NH; emissions as well (Hansen et
al., 2006). Hansen et al. (2006) found that covering a manure pile with an airtight covering
reduced NH3, N,O, and CHy4 by 12%, 99%, and 88%, respectively, though this was an
unreplicated study.
During storage if a crust develops on the surface on the manure, this has been found to aid in the
reduction of CH4 and NHj3 emissions; however, it increases emissions of N,O (Aquirre-Villegas

and Larson, 2017).
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Frequent Manure Removal
Frequent removal of manure from housing has been found to help reduce NH; losses (Ivanova-
Peneva et al., 2008) and CH,4 and N,O emissions (Amon et al., 2007; Philippe & Nicks, 2015).
Frequent slurry channel flushing also can help reduce CH4 and N,O emissions for pig and cattle
manure storage; one study showed reductions of 21% for pig slurry and 35% for cattle slurry
when compared to only flushing once a month for the cattle and bi-weekly for the pigs. (Sommer
et al., 2004). Philippe & Nicks (2015) compiled the results from six different studies and they
showed that bedded floors compared to slatted floors also have an increase in emissions, in
particular nitrous oxide (Philippe & Nicks, 2015).

Composting
Composting manure involves allowing the manure to decompose at an accelerated rate causing a
transition to a more stable form. Use of composting for manure solids can reduce the volume of
excrement by up to 50% Therefore, when applying composted manure to land, transportation and
application costs can be reduced, and perhaps, fossil fuels usage is also decreased (Manitoba
Agriculture, 2008). Composting also has the benefit of reducing the risk of pathogens, and its
application instead of synthetic fertilizer improves soil structure (Onwosi et al., 2017). A study
also found that composting followed by compost land application instead of using synthetic
fertilizer can overall reduce GHG emissions (Yaman, 2020).

Acidification
Acidification of manure play a significant role in GHG emission. The type of acid used has been
found to affect the effectiveness of mitigation, organic acids resulted in less of a decrease in

emissions than mineral acids and acidic salts (Cao et al., 2020).
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Adding acids to manure in order to lower the pH prevents bacteria from producing urease
resulting in conservation of NH,", and effectively lowers NH; emissions (Fangueiro et al., 2015;
Mohankumar Sajeev et al., 2018). The addition of acids can occur during housing or storage, it
may even begin as early as feeding the livestock (Mohankumar Sajeev et al., 2018). The
effectiveness of acidification on N,O emissions reduction has been varied (Fangueiro et al.,
2015). In a study on acidified manure slurry using sulphuric acid digestion, the emissions of N,O
were halved, the total N lost as N,O was reduced from 0.10% to 0.5% with an acidification
treatment to pH 5.5 (Owusu-Twum et al., 2017). In another study using lactic acid to acidify
manure slurry, N,O emissions were reduced by 90% but conversely, the treatment using nitric
acid led to a substantial increase in N,O emissions (Berg et al., 2006). Wang et al. (2014) found
that a pH of 5.5 reduced CH,4 emissions by 80.8%; however, an increase of 11 324% in hydrogen
sulphide (H,S) resulted. When a pH of 6.5 was used, CH4 emissions were reduced by 31.2% and
H;,S emissions were not significantly affected (Wang et al., 2014).

When liquid dairy manure was acidified to a pH of 6-6.5 using sulfuric acid (H,SO4) CHy4
and NH; emissions were reduced by >87% and >40% respectively (Sokolov et al., 2019). This
particular study also put the cost of using the H,SO4 as $6.55-9.60 cow™' (Sokolov et al., 2019).
Complete removal of manure in a storage space has been shown to help reduce emissions as it
eliminates inoculum being spread to the fresh manure. However, this complete removal is often
unattainable on large farms (Ngwabie et al., 2016). Due to infeasibility of complete inoculum
removal a study was done to observe the effects of acidifying the inoculum (Sokolov et al.,
2020). The storage units in the experiment were all 20% inoculum and 80% fresh manure, there
were some that were a control group left untreated, some were acidified 1 year before, and some

newly acidified. (Sokolov et al., 2020). When compared to the control, the newly acidified and
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previously acidified inoculum reduced CH4 emissions by 77 and 38%, respectively (Sokolov et
al., 2020). In addition, NH3; and N,O emissions were reduced by 33 and 73% for newly acidified
inoculum and 23 and 50% for previously inoculated compared to the control (Sokolov et al.,
2020). Excess acidification of manure can be detrimental in that it can cause an increase in N,O
emissions (Cao et al., 2020). In this experiment a pH of 5.0 was found to increase emissions
during composting by 18.6% (Cao et al., 2020). However, when the pH was reduced only to 6,
then emissions were reduced during composting, N,O by 17.6%, CH4 by 20%, and a total
reduction of global warming potential reduction was found to be 9.6% (Cao et al., 2020).

The acidified manure can still be used as a fertilizer. When manure is acidified it
increases the amount of soluble N and P available in the soil, this is linked to the fact that less
nutrients are being released as GHG’s, which was initially discussed (Regueiro et al., 2020).
Acidification of the manure causes a reduction of NH; volatilization and there is more NH4" in
the soil that is plant available. In addition, more P is dissolved in the soil water at a higher pH
more available P for plant for uptake (Regueiro et al., 2020). When examining acidified manure
combined with a nitrification inhibitor, a conclusion was reached that this combination could be
used as a starter fertilizer for maize (Regueiro et al., 2020). Available uses for the acidified
product supports sustainability of the practice.

Anaerobic digestion
Generating biogas as a product of anaerobic digestion has potential as a GHG mitigation
strategy. Anaerobic digestion involves bacteria breaking down the manure when no oxygen is
available (Holly et al. 2017). A biogas made up of primarily CHy is produced and any other
components are filtered out and the methane can be used as an energy source. The more easily

the organic matter in the manure can be broken down, the more biogas production occurs. After
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digestion, solids can be separated and repurposed as livestock bedding or sold for another use
and the digested liquid can be used as a fertilizer (EPA, 2020). Studies can be difficult to
compare due to differing measurements. A study by Aguirre et al. (2014) compared anaerobic
digestion of dairy cattle manure (AD), AD coupled with solid-liquid separation (AD + SLS), and
SLS alone to direct land application. Their results showed a decrease of global warming potential
in every case, AD had the highest reduction of 48%, AD + SLS at 47%, and SLS at 19%.
However, the study also considered depletion of fossil fuels (DFF), ammonia emissions and
nutrient balances. For AD, DFF was reduced by 43%, but ammonia emissions increased by 40%.
For AD + SLS, DFF reduced by 40%, but ammonia emissions increased by 44%, and lastly SLS
reduced DFF by 13%, but ammonia emissions increased by 2%. When focusing on nutrient
availability, SLS came out on top as nitrogen availability stays the same and the other two
treatment types reduce the nutrient availability although injection of the manure shortly upon
application has been proposed as a way to manage this issue (Aguirre et al., 2014). Another
study demonstrated that AD was not economically feasible for farms with fewer than 400 cows,
and when compared with low prices of natural gas, it can even be an uncompetitive option for
farms with 1000 cows (Faulhaber et al. 2012). The price of AD technology is high and there are
high maintenance costs as well (Aguirre-Villegas et al., 2017).

Solid Liquid Separation
Solid liquid separation (SLS) is a management practice in which the solids in the manure are
separated from the liquids. The solid fraction is then stored separately and often has increased
aeration which lowers the potential for CH4 production (Holly et al., 2017). Separation systems

are considered to be an affordable option to mitigate emissions while some other are often
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considered too expensive to employ. It also is often easily implemented into a farming system

being that it is quite simple and has low attention requirements.

1.3.3 Productive and Efficient Herd

There are many factors that can contribute to the efficiency of a herd with ramifications
on the GHG emissions intensity of livestock production. Zhuang et al. (2019) suggest that
improving herd efficiencies, productivity and structure while limiting livestock population
growth could be effective in managing GHG emissions. Increasing the number of calves weaned
by taking steps to ensure survival can increase beef production, more animals increase the total
GHG emissions, but overall, the emission intensity can be decreased. One study showed this
strategy to reduce GHG emission intensity by 4% (Beauchemin et al., 2011). The age of
slaughter is an important factor that contribute to the energy efficiency and productiveness of a
herd because the muscle to bone and muscle to fat ratios change over time on average, they both
increase with time (Marple, 2003). Increasing longevity of cattle has shown to have some impact
on emission reduction as well. In one study, increasing longevity by a year allowed for more
offspring and reduced GHG emissions intensity by 1% (Beauchemin et al., 2011).

Stocking Rate

Stocking rate is a term used to refer to the number of animals on a specified area of land for a
specified period of time and is numerical animal units per unit of land (Oklahoma State
University, 2017). Smith et al. (2016) found that the lower stocking rates resulted in the lowest
GHG emissions and the highest economic returns. This was due to not increasing fertilizer use in
order to increase stocking rate. When fertilizer rates were increased, GHG emissions and

economic returns decreased along with GHG efficiency, so there were greater average emissions
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per cash return on each cow (Smith et al., 2016). One study evaluated variables based on their
impact CF which considered emissions for all inputs and processes within the production cycle
(Toro-Mujica, 2021). By using this framework of production, the overall impact can be assessed
more easily. For example, if the overall CO, emissions increased, but the amount of product
produced increased more than enough to offset these emissions increases, then this shift is
considered by the CF. Similar to Smith et al. (2016), Toro-Mujica (2021) found that an increased
stocking rate could increase CF if fertilizer or supplementation was not increased accordingly.
This is because the grazing pressure would increase and less material would be available to add
to carbon sequestration and emissions mitigation. The same study also modelled scenarios that
did not consider soil carbon sequestration and these scenarios output did not show clear trends

affecting CF, but rather were just dependent on the initial stocking rates.

Breeding Technology

Mitigating GHG emissions by using selective breeding and genetic selection is a valid
strategy. Studies have shown two viable strategies to reduce emissions: selecting and breeding
more efficient cows, and specifically selecting for decreased methane production per day
(Pickering et al., 2015). A review of many experiments found a decrease of 0.13 g kg™ DMI and
0.29 g day' as the overall emission measurement for sheep and for cattle 0.19 g kg™ DMI and
0.40 g day™' (Pickering et al., 2015). When it comes to directly selecting for lower CH,
producing individual cows, there is some controversy on phenotype selection as emissions often
are tied to diet composition and further research is needed (Gonzéalez-Recio et al, 2020).
Correlation between selecting for lower methane emitting cows and the resulting productivity of

the animals could result in productivity suffering, so selection of these traits could cause the
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benefits to be negated (Capper et al., 2009). One study on sheep found that the animals selected
for lower emissions in fact had decreased ability to digest feed and therefore reduced feed
efficiency (Leovendahl et al., 2018). Even though these reports provide some initial evidence of
how breeding can help to decrease GHG emissions, there is a clear paucity of studies focusing on
breeding technology for emissions reduction. Some of the knowledge gaps include aspects of
examination and documentation to specify feed intake. Also, most studies, only assess one
specific trait, or they only analyze the improvements for one portion of the chain of production
(Barwick et al., 2019). Selection of livestock traits can affect GHG emissions differently

depending on carbon pricing and the cost of feed (Barwick et al., 2019).

1.3.4 Economics

One study in Europe modelled implementing a tax system on N fertilizer in order to see the
effects on increase use efficiency (Meyer-Aurich et al, 2020). The study found that moderate tax
on N fertilizer, ranging from 10-100% of the cost of N fertilizer, were effective in reducing
emissions and application volume for rye, barley, or canola when costs were at or below 100 €/t
CO2eq (Meyer-Aurich et al, 2020). The effect of a tax was not effective for wheat production
because of the direct connection of N fertilizer to wheat quality which directly effects wheat

prices (Meyer-Aurich et al, 2020).

Conclusion
The BMPs can have substantial impacts on GHG emissions and are vital in the efforts to
reduce agriculture environmental impact. There are many BMPs that have been consistent in

aiding reduction of GHG emissions. The broader themes surround the aims of increasing
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fertilizer use efficiency whether that be inorganic or perhaps a manure application. Variable rate
fertilizer application, soil testing to prescribe fertilizer addition, ensure nutrient concentrations
prior to application, utilization of enhanced efficiency fertilizers, and improving soil health
through controlled traffic farming, and reduced tillage are some important strategies. Livestock
production employs a set of strategies to reduce emissions as well. Many of the BMPs are aimed
at increasing efficiency. This can take the shape of efficiency of feed conversion, of
reproduction, or of energy use. Utilizing the best quality feed and supplements can enhance
nutrient absorption and production, and therefore, GHG emission intensity. However, there are
robust strategies that focus more on dealing with waste management options in livestock
production. Manure handling and filtration of gases are evolving strategies to reduce intensity of
emissions as well.

Knowledge gaps in the literature include developing full life cycle assessments and
considering fuel use and energy used for production of agricultural inputs. It becomes self-
evident that when one does not consider every associated emission, the complete view of the
impacts cannot be obtained and analyzed. Having different studies using different methodology
to analyze emissions with different definitions of what needs to be accounted for as GHG also
makes the outcomes of the studies difficult to compare and integrate. Standardization of
quantification strategies could be of benefit so that multiple studies could be compared and
contrasted more easily. In addition, the social and economic analyses are often left out without
integration together with environmental assessments. Future opportunities for new studies are
immense. Many further studies to document specific practices in the Canadian prairies would be
helpful as climate and soil conditions vary greatly and have significant impact on outcomes. This

is a major challenge ripe for scientists to engage and discover.
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2.1 Introduction

As the human population increases, the demands on farmland and the pressure to increase
agricultural outputs rises. Ensuring farming production practices are sustainable is an important
part of the missions to continue feeding the world. Sustainable farming practices can help to
ensure that the land is taken care of and GHG emissions are kept as low as possible. Compiling
as much knowledge as possible about sustainable farming practices is very important to help
inform producers and aid the process of practice implementation. The more evidence that can be
provided to farmers about the outcomes and implementations of BMP’s to reduce risk and
uncertainty the more likely proper implementation will occur (Trujillo-Barrera, 2016). Many
beneficial management practices still require further study. Modeling many land management
options and comparing their efficacy on GHG emissions reduction can contribute to the
knowledge base surrounding sustainable farming practices.

Fertilizers are added to the soil to supplement the nutrients that plants need to grow.
Supplementation of nutrients to the soil has substantially increased production capacity (Melillo,
2012). Nitrogen specifically is often the most limiting nutrient in soil (AAFC, 2008). However,
when nutrients are supplemented to the soil, this can also increase the amount of nutrients lost to
the atmosphere. Fertilizer application in cropland is one on the largest contributors to GHG
emissions (Menegat et al., 2022). Running simulations of differing scenarios of fertilizer
applications can help to quantify the differences in emissions across management practices and
possibly contribute to development of a cost-benefit analysis.

Tillage has been found to have a significant impact on GHG emissions from the soil for
several reasons. A no-till or reduced tillage strategy can result in a reduction in fuel consumption

which directly contributes to CO, emissions, and crop residue retention can lead to higher stable
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C and N in the top soil which prevents these nutrients from cycling through to the atmosphere
(Stosic et al., 2021). A conventional tillage regime conversely increases fuel consumption and
can encourage volatilization of N and C in the soil (Stosic et al., 2021).

Crop rotation can contribute to the sustainability of farm by affecting the accumulation of
soil organic matter and the crop yield (Yang et al., 2023). Crop rotation can also contribute to
lowering GHG emissions and increasing yields which reduces emissions intensity (Benke et al.,
2018). Usually, the benefits come from diversifying the existing crop rotation by planting
different crops from years to year and avoiding planting the same crop year after year (Xiao et
al., 2022). Another strategy found often to reduce GHG emissions in the additions of legumes to
a crop rotation as it can help to reduce fertilizer application while also providing diversity
(Lotjonen & Ollikainen, 2017).

Legumes are commonly used as cover crops as well due to their ability to fix nitrogen
and provide nutrients to the following crop (Kandel et al., 2018). Cover crops are crops grown to
cover the soil instead of alternatively leaving the soil bare and exposed in the off season or
during a fallow period (Morrison and Lawley, 2021). Keeping the soil covered protects the soil
from erosion, increases food availability for soil microbes, and the plants fix carbon and collect
solar energy that incorporate into the soil which builds soil organic matter (Morrison and
Lawley, 2021).

The objectives for this area of focus are to identify existing BMPs aligned with GHG
mitigation aims within farming systems relevant to land management on the Canadian Prairies
and to identify knowledge gaps of BMP and GHG mitigation as well as future recommendations

in agricultural sustainability.
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We hypothesize that using less nitrogen fertilizer will lead to a reduction in GHG
emissions and that no-till will result in the least GHG emissions when compared to reduced and
intensive tillage. We also hypothesize that adding legumes and diversifying crop rotations will
lead to a reduction in emissions. Our objectives are to compare GHG emissions data to identify
BMP that have that most potential to reduce emissions, and generally to provide more
knowledge and insight of the sustainability and the GHG emissions of agricultural land

management practices.

2.2 Methods

2.2.1 Holos Model

The modelling software application Holos was employed in this study. The Holos model was
developed by Agriculture and Agri-Food Canada (AAFC) with the goal of estimating greenhouse
gas emissions that occur as an outcome of Canadian farming systems. Holos is based on
individual farms that estimate GHG emissions based on model-defined information and user-
defined settings. The model’s defined information includes country-specific emission factors and
algorithms as well as climate and soil data which varies among defined ecoregions within the
model. User-defined inputs are anything the user can define using the capabilities of the model.
Possible inputs a user could choose to define include fertilizer rates, tillage intensity, crop
species, crop rotations, livestock feed, livestock housing type, manure handling system and
storage and others. The output from the Holos model gives GHG emissions output data in
different categories. These categories are: enteric CH4, manure CHy, direct N,O, indirect N,O,
energy CO, land use change CO,, upstream CO;_and a subtotal of all the categories in CO»e.
COze is an abbreviation for carbon dioxide equivalent which means the number of metric tons of

CO, emissions that would have the same global warming potential as one metric ton of another
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greenhouse gas; to calculate CO,e you would multiply the amount in tonnes of the gas you are
looking to convert by the GWP of that gas (CFR, 2023). The enteric CH4 category includes any
methane emissions that come from ruminant digestion. Manure CHy4 includes any methane
emissions that result from manure handling or storage. Direct N,O includes the N,O emissions
that come directly from soil at the sites where fertilizers are applied or crops are seeded. (Fu et
al., 2018). Indirect N,O includes N,O emissions associated with leaching and runoff and which
results in emission from places such as ditches and streams and can also include emissions from
manure and residue (Fu et al., 2018). The Energy CO, reporting figure when referring to
livestock scenarios includes the energy required for manure spreading on fields, and any
emissions emitted from housing for a group of animals (eg. electricity, heating and gas). The
energy CO; figure for field scenarios includes energy involved in fuel usage, herbicide usage,
fertilizer conversion for N and P, and any energy for irrigation (Holos Algorithm, 2022). Land
use change include CO, emissions that occur when land is converted from grassland or perennial
forage to arable land or vice versa (Kétterer et al., 2008) Upstream CO; includes estimates of
emissions from the productions of inputs such as fuels, fertilizer and herbicides, however, this

figure is not included in the subtotal as they are produced off farm.

2.2.2 Model Scenarios

Holos modelling software was utilized to compare the various scenarios and to generate
modelled data for yield and GHG emissions. The emissions are reported in units of kg COze.
Some general farm characteristics were set constant across each scenario. A farm size of 1400
acres was used for cropping system scenarios as this is a calculated average grain farm size
across the Canadian Prairies including Alberta, Saskatchewan, and Manitoba (Statistics Canada,

2017). The sample area for farm locations included three provinces: Alberta, Saskatchewan, and
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Manitoba. Each scenario was carried out in multi-year mode, but this only affects carbon
modelling as the emissions provided by the detailed emissions report only summarize the
emissions for the latest year in the model run. Currently the model does not allow changing of
the year for the detailed emissions output. In summary, our data covers multiple provinces, and
soil orders but only one year. We chose soil orders that were available in all three provinces to
keep them constant across the provinces and to be able to observe differences, if any.
2.2.3 Fertilizer and Tillage

The locations that the modelling software uses are sites across the Canadian prairies;
specifically the provinces of Alberta, Saskatchewan and Manitoba. There are areas designated as
ecoregions within the model that have differing soil orders and climate data. Ecoregions were
picked based on the criteria for each process being modelled in order to have enough locations
modelled that fit all of the defining characteristics being controlled for such as soil order, and
province. All regions that fit the necessary characteristics were identified, then the regions to be
utilized were selected randomly from the larger group. More specifically the soil types used
were: Black Chernozem, Dark Grey Chernozem, Gray Luvisol, Eutric Brunisol, Regosol, and
Humic Gleysol. These were chosen after surveying the prairie provinces and finding soil orders
that were abundant in ecoregions across all 3 prairie provinces. Choosing the soil orders in this
way allows comparison across the different provinces while keeping soil order as a constant.

The Holos model uses emission factors adjusted for variations in climatic and soil
conditions across Canada, which are drawn from a database of ecodistricts, with soil information
obtained from the Canadian Soil Information System National Ecological Framework (Marshall
et al. 1999). The model farm default for many scenarios was located in ecodistrict 727008 (i.e.,

within the Subhumid Prairies ecozone), and the soil was a dark gray Chernozem of fine soil
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texture, it was well drained, and managed using reduced tillage practices. The duration of the
growing season utilized was May to October which is the typical length across the Canadian
prairies.

When modelling scenarios pertaining to fertilizer input, the Alberta Fertilizer guide was
consulted and the conservative, moderate, and high input levels were based on the lowest, mid,
and highest numbers that define the given ranges of fertilizer recommended for each crop and
soil (Alberta Agriculture, Food and Rural Development, 2004). This guide gives
recommendations in nutrients per acre (N and P,Os) and need to be converted to urea and mono-
ammonium phosphate (MAP) which were chosen due to being the most common fertilizer
sources on the Canadian Prairies. To calculate the rate for each input the rate had to be cross-
multiplied by the N concentration. The fertilizer compositions are: Urea: 46-0-0 and MAP: 11-
52-0
The formulas used to calculate urea and MAP rates were as follows:

Urea= [(N*100)/46] — (0.1*MAP)

MAP= (P*100)/52
These values were then converted to kg/ha by multiplying by 1.121.

The fertilizer recommendation was chosen according to the soil classification provided in each

region by Holos.

Alberta Farm Fertilizer Information and Recommendation Manager (AFFIRM) (version
R) was used to obtain crop yield estimates for differing soil regions and the conservative,
moderate, and high fertilizer regime as well and the differing tillage regimes. This program can

be found at https://mezbahu.shinyapps.io/AFFIRM_R_version_yield_response_nitrogen/. It is a

nitrogen sub-model of AFFIRM v3.0 where you can run scenarios and get an idea of output
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without requiring very specific input as in the entire AFFIRM v3.0 which requires more details
and soil sampling tests. Brown, and Black soil classifications (or Soil Zones in the application)
were tested and the program output is a chart that shows the yield for each additional increment
of nitrogen fertilizer. Organic matter changed automatically along with the soil order. The other
settings included were crop species which was changed to either canola or wheat, the nitrogen
fertilizer product used was urea, the fertilizer application time was spring, and placement was
banded, others were left as default (i.e., soil texture: medium, spring soil moisture: optimum, soil
test nitrogen: 35.7 1b N/ac, estimated nitrogen release from mineralization over the growing
season). The crop yield was recorded for each soil order and corresponding fertilizer scenario
that was defined by conservative, moderate and high rates. This AFFIRM model did not allow
for change of tillage type and assessment of tillage practices on yield.

The crop rotation scenarios were carried out in 15 replicates each of two soil Great Groups:
Black, and Brown. The size of the fields used in the crop rotation was 283 ha, two fields equal
567 ha total which is the average farm size in Canada (Statistics Canada, 2017). No tillage was

the tillage regime utilized and the fertilizer inputs were not specified.

2.2.4 Crop Rotation

When choosing crop rotations to compare, crop diversity, length of rotation, and use of
perennial crops were all focuses. The crop rotations chosen to model are based on realistic
rotations commonly used in Canada according to statistics Canada (Statistics Canada, 2021b). In
addition, multiple options within each scenario were specifically included to assess model
features currently provided by Holos as well as to represent pertinent options to the Canadian

Prairies. Some crop options such as Faba Beans may not be available within Holos and so could
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not be modelled. The possibilities of farming scenarios are nearly infinite, but within the Holos
model, only some of these combinations and options can be reasonably represented. For instance,
preliminary results of crop rotation scenarios showed that within the Holos model, GHG
emissions are unaffected by changes in the order of crops within a rotation. For example, a
canola-wheat-field pea rotation and a canola-field pea-wheat rotation would result in the same
model GHG output in the same year and ecoregion. Therefore, further evaluation of alternative
crop sequences was precluded.

To attain a baseline of the average emissions from each crop species 30 replicates of 283
ha fields for each crop were run with Alberta fertilizer recommendations for Black Chernozem
soil types. 283 ha is 700 ac which is half of the most statistically common farm size. Only one

soil type was used here as there were not soil specific recommendations available for every crop.

2.2.5 Cover Crops

A recently conducted survey by Morrison and Lawley (2021) strongly influenced the
methodology of cover crop scenarios in our study. The most common crops that preceded a
cover crop were barley (23%), wheat (22%), oats (21%), field peas (13%), and canola (12%) so
these were the crops used to seed a cover crop. The most common cover crops used were clover

(57%), oats (52%), peas (41%), hairy vetch (37%), radish (36%) (Morrison and Lawley, 2021).

2.2.6 Output Analysis and Statistics
This modelling experiment was a completely randomized block design. The total CO,e
were used to do an overall comparison of differences in emissions between the three tillage

options and three fertilizer rates. The independent variables in the model were fertilizer rate and
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tillage options. The GHG emissions (total CO,e) was the dependent variable for this analysis.
The soil classification was considered as a blocking factor; however, the province where the
ecoregions were found was not included as a blocking factor as we inferred that climate was
associated with the different soil classes.

The application R was used to carry out the statistical analysis. First prior to statistical
tests a Shapiro-Wilk test was carried out to check for normality. The null hypothesis that the data
was considered normally distributed was rejected at alpha critical level of 0.05 (p-value <

0.001), therefore a boxplot transformation. Another Shapiro-Wilk test showed that the boxplot-
transformed data still did not conform to normal distribution; however, it was much more
normally distributes (p-value = 0.003). This was the closest to normal that transformations could
get the data to. The non-normal data distributions are common for GHG emissions they can
follow a logarithm distribution. Subsequently, we carried on to observe the outcome of a
statistical analysis and planned to check the normality of the residual of the statistical model. An
analysis of variance (ANOVA) was the test method carried out to observe differences among
comparisons in the study (a = 0.05). The ANOVA yielded significant results, so a Tukey HSD
post-hoc test was carried out. Least square means were also run on the data. A plot of the
residuals was made to examine the distribution and if there was any skew to the data. The data
looked well distributed as it was equally distributed on both sides of the line and left to right on
the plot. A QQ-plot was also produced and the line was adequately straight from the bottom left
corner to the top right other than some outliers which would overall indicate most of the data

followed normality.

2.3 Results

2.3.1 Fertilizer Rate
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The Holos model outputs showed a pattern of GHG emissions increasing as N fertilizer rates
increased (Figure 2.1 and Table 7). The same pattern was found when yield was factored in to
observe emissions intensity. The high rate of fertilizer has the higher GHG emissions and
emissions intensity followed by the moderate rate and the lowest emissions and emissions

intensity resulted from the lowest fertilizer rate (Figure 2.1 and 2.2 and Table 7).

2.3.2 Fertilizer Application Timing

At the present, the Holos model does not differentiate between the application of fertilizer in the
spring versus in the fall. In other words, when the same amount of fertilizer is applied in the fall
as in the spring, the following crops production will be the same and the GHG emissions that

occur will also be the same.

2.3.3 Tillage

The Holos model output shows that when tillage is applied, this results in increased GHG
emissions. When soils underwent intensive tillage, the emissions were higher at every fertilizer
rate than when no tillage was applied (Figure 2.1). A simple average of all outcomes across soil
types and fertilizer rates showed that the average emissions for Intensive Tillage were 412926.2
Kg COze, 340207.4 for reduced tillage, and 310333.2 Kg CO,e for No-Till (Table 7). This shows

a 24.85% decrease in emissions when using No Tillage compared to Intensive Tillage (Table 7).

2.3.4 Soil Type
The Black Chernozem was the highest GHG emitter with an average of 404494.7 kg COze,

followed closely by Grey Luvisol (400159.4 kg CO,e), then Regosol (367083.1 kg CO,e), Dark
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Grey Chernozem (345893.3 kg CO,e), Humic Gleysol (332974.2 kg CO,e) and lastly Eutric

Brunisol (276329 kg COse) (Table 7).

2.3.5 Crop Rotations

The Holos model was able to produce an average emissions for many different crop types. The
results show that many pulse crop results in lower GHG emissions than wheat or canola crops
Table 2.8. A few other non-pulse crops contribute even less than pulse crops. The average
emissions across 30 fields spread across the prairie’s provinces showed that the lowest emitting
crop were Native Rangeland (28328.30 kg CO,e) then Tame Legume (45055.95 kg CO»e), and
Tame Mixed Grass emitted (55602.50kg CO,e). In contrast, the highest emissions came from
Canola (239723.61 kg COse), second highest was Potatoes (223509.75 kg CO,e), and then
Wheat (191122.21 kg CO,e) (Table 2.8). Beans (dry field) was the pulse crop that resulted in the
lowest emissions (58772.6 kg CO,e) when tested against Soybeans (69914.4 kg CO,e), Field
Peas (96517 kg COze), Chickpeas (157081 kg CO,e), and Lentils (124005 kg CO,e) (Table 2.8).
Within the Holos model, the order of the crop sequence did not result in differing emission as
abovementioned. Every time any crop was grown under the same conditions in the same
ecoregion, the same emissions resulted no matter which crop species preceded it. This indicates

that legacy effects are not being captured in the current version of the Holos model.

2.3.6 Cover Crops

Cover crops were found to have no effect on GHG emissions within the Holos model

(Table 2.10). At this point the Holos model has the same response for every cover crop type it
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gives the same emissions for every cover crop type used in any regular cropping season crop

combination.

2.4 Discussion

2.4.1 Fertilizer Rate

Generally, the addition of nitrogen fertilizer is used to improve nitrogen availability in the
soil and increase crop yield. Nitrogen being a highly mobile nutrient is very susceptible to
transformations such as mineralization, nitrification, immobilization, leaching, volatilization, and
denitrification; there is potential of loss as N,O emissions (Rochette et al. 2008). Optimization of
source, timing, and method of application are therefore of interest in order to minimize losses
and increase use efficiency. When fertilizer is used well, the increase in yield and biomass can
reduce the net GHG emissions (Asgedom, & Kebraeb, 2011). Precision agriculture incorporates
knowledge of precise application of nutrients in order to give crops as close to exactly what they
need to grow and not limit growth but prevent excess application which can lead to higher GHG
emissions and nutrient run off (Balafoutis et al., 2017). The analysis of the Holos GHG
emissions output showed that there was a significant increasing trend in the emissions due to the
fertilizer rate applied (p=<0.0001) (Table 2.4). The high fertilizer rate resulted in the highest
emissions, the moderate fertilizer rate was in the middle, and the conservative rate of fertilizer
resulted in the lowest emissions (Figure 2.1 and Table 7).

There is a direct correlation between soil type and organic matter. This was observed
when utilizing the AFFIRM (version R) model, when the soil type was changed, automatically
the OM would change. The AFFIRM model gave an OM of 2.4% and 7.2% for Brown and Black

soils, respectively. With the yield data from the AFFIRM model we were able to analyze
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emissions intensity. The same pattern was found even when yield was factored in. The lowest

emissions intensity resulted from

2.4.2 Fertilizer Application Timing

Earlier experimental studies have shown that application of fertilizer in the fall compared
to in the spring results in more GHG emissions (Smith et al., 2019). The larger emissions
emerging from fall N applications are often thought to be related the lack of active plant uptake,
whereas application of fertilizer in the spring enables the plants to take up nutrients immediately
leaving less labile N compounds in the soil exposed to potential transformation and losses (Smith
et al., 2019). Within the Holos model, emissions are not affected by the timing of fertilizer
application. The literature suggests that this is not the case and is a possible area for

improvement in the Holos model in the future.

2.4.3 Tillage

Using the Holos model, three types of tillage regimes were evaluated utilizing three
different fertilizer regimes (Table 2.2). Within Holos, No-till is defined as no tillage at any point
in the rotation except for at the time of seeding. Reduced tillage is defined as one or few tillage
passes with most residue retained on the surface. Intensive tillage is defined as complete burial of
residue (Holos Algorithm, 2022).

The Holos model produced data that revealed declining GHG emissions as tillage
intensity decreased (Figure 2.1 & Table 2.7). This correlates with earlier studies which have
shown that reducing tillage can result in less GHG emissions when compared with higher

intensity tillage or ploughing (Voltr et al., 2021; Baumhardt, 2017). One of the ways in which
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emissions were reduces in the Holos modeling was a reduction of Energy CO; from reduced use
of fuel to run farm equipment to implement tillage. Stosi¢ et al. (2021) demonstrate in their study
that the reduction of fuel consumption that is part of a reduced tillage system is also an important
factor in the reduced emissions that result in a system with less intense tillage practices.

At the present, the Holos model does not produce changes in crop yield when changes in tillage
intensity are applied. However, the literature suggests that decreasing evaporation by reducing
tillage in climatic zones where water is a limiting factor for yield can be an important strategy to
increase crop production (Baumhardt et al., 2017). Many regions across the Canadian prairies are
considered semi-arid (Chepkemoi, 2017); Baumhardt et al, (2017) demonstrate that semi-arid
dryland crops can increase their yields by utilising a no-till residue management strategy. This
yield increase was deduced to be due to increased soil water availability comes for two main
reasons: decreased evaporation because of soil cover as well as increased organic matter and
water infiltration (Baumhardt, 2017). Furthermore, DeFelice et al., (2006) found that a no-till
regime tended to result in better yields than conventional tillage in well-drained soil regions and
but lower yields when the soils were poorly drained. However, it was also discussed that
implementing tillage can help to counteract certain aspects that may be growth deterrents,
including, poor drainage or cool climate where soil temperature can delay growth in the spring.
Soils with these limiting characteristics may not realize the same benefits from reduced tillage
(DeFelice et al., 2006). Our study did not isolate and evaluate soil texture alone, but soil
classification in general. Many studies focussed on wheat, barley, canola, and peas found
increased yield with minimum tillage but many studies on corn found tillage increased yield
(Lafond et al., 2006; Kutcher & Malhi, 2010; Sharma et al., 2011; Liu et al., 2022; Majrashi et

al., 2022).
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A study that took place in Eastern Canada in much more humid conditions where there was
significant disease pressure and weed infestation did not see positive effects on wheat yield when
utilizing conservation tillage compared to moldboard plow and chisel plow (Munger et al.,
2014). This represents how differing conditions can change the effectiveness of a management
practice and should always be thoroughly considered. More studies on the effects of tillage on
yield are necessary to understand the nuance of the effects.

The Holos model results also show that there is no difference between N>O emissions
between the No-Till and Reduced Tillage treatments. In field experiments you would likely see a
persistent difference in emissions with no-till emitting less N>O in most cases; wet soils could be
an exception as waterlogged soils emit more N,O and tillage can help to dry out the soil (Huang
et al., 2015).

The statistical analysis also yielded no significant interaction effect between tillage and
fertilizer application rate (p=0.9907) (Table 2.4). In field experiments we would likely see an
interaction effect as tillage would increase GHG emissions and this effect would be greater as
more fertilizer was applied. One study of three different fertilizer application rates and three
different tillage regimes showed there was an interaction effect between tillage and fertilizer
application rate in term of N and P pools in the soil (Vilakazi et al., 2022). This is not direct
evidence, but it could support the idea of GHG emissions interaction effects as well.

Another reason conservative tillage practices help to reduce emissions is the crop
residues’ role in protecting the soil from erosion, therefore protecting the yield capacity of the
soil. Vaidya et al. (2023) found that a non-eroded soil had higher averaged yields than an eroded
soil. However, non-eroded soils were found to emit more N,O so emissions intensity would have

to be evaluated. Not only is there evidence that erosion can lead to reduce yields and higher

79



emissions intensity, but the opposite is also true (Liang et al., 2018). Increased topsoil can lead to
yield increases and lower emissions intensity (Liang et al., 2018). Soil erosion is important to be

prevented to reduce GHG emissions to the atmosphere.

2.4.4 Soil Type

The soil types that had the highest average emissions were also those that had the highest
fertilizer application rates. The highest three emitters Black Chernozem, Grey Luvisol, and
Regosol are considered Black soils in the Holos model and Alberta Fertilizer Guide and this
qualifies them for a higher range of fertilizer application (Table 2.3). The actual names of each
soil (Table 2.7) from the Canadian System of Soil Classification are used when the average
emissions from each soil type were calculated and when the ecoregions were chosen with these
specific names of the soils used as a blocking factor. Additionally, there are soil zones of the
Canadian Prairies which include Black, Dark Brown, Brown, Dark Grey, and Grey the names of
the zones are based on the major soil type found in the area, Chernozems, and based on the
Chernozem Great group names. However, there are soils within the zones that would not be
defined as Chernozems, yet they are still considered a Black, Dark Brown, Brown, Dark Grey, or

Grey soil as they can be called such as part of the zone vernacular (Willms et al., 2011).

2.4.5 Crop Rotations

In the literature, increasing crop diversity and lengthening rotation have been found to have good
potential in reducing GHG emissions and increasing soil structure and microbiota populations
and diversity (Singh, 2020; Grover et al., 2009). The Holos model output on crop rotations

suggests that diversifying crop rotations in the Canadian Prairies would help reduce emissions as
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well but we were not able to test this directly. This assumption of decreasing emisions with
diversification is in large part because the highest emitting crops were the most common rotation
that occurs on the Canadian Prairies: wheat-canola. In fact, these common crops are often grown
repeatedly two or more. years in a row creating wheat-wheat or canola-canola rotations
(Statistics Canada, 2022 and Gill, 2018).

The average emissions for a wheat crop in Holos is 191 122 kg CO,e and canola is
239723.61 kg COze. The only other crop with higher emission than wheat is potatoes (22350.75
kg CO,e) (Table 2.8). Two of the crops in the top three top emitters, canola and wheat, are also
the most common crops grown across the Canadian prairies. Most other options that farmers
have to diversify their crop rotations on the Canadian Prairies are lower emitting (Table 2.8).
Therefore, in most cases diversifying a rotation with more common options would help to reduce
emissions according to the Holos model output. The two main ways N,O emissions are affected
within the Holos model are the rate of N applied to a crop, and the amount of N that ends up in
the crop residues (Holos Algorithm, 2022).

Crop residues contain both nitrogen (N) and carbon (C), as do all parts of the plants as
these are some of the basic building blocks of plant tissue. As mediated by soil microbes, N
within the crop residues left in the fields are exposed to decomposition and mineralization and
subsequently nitrification and immobilization, while organic C is a medium for microbial
growth. (Frimpong and Baggs, 2010, Ferrari Machado et al., 2021). Crop residues are produced
on a large scale and always increasing. Cherubin et al, (2018) showed that in 2013, residue

production was estimated as 1.5 billion Mg in America.
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Excluding forages, our study indicated that the lowest emitting crops were legumes including
beans (dry field) (58772.63 kg CO,e), soybeans (69914.43 kg CO,e), and field peas (96516.99
kg COse).

Crop residues differ between crop species and can affect the success of different crop
sequences. The amount of residue and the value differs between crop species (Alberta
Agriculture and Rural Development, 2008). Crop residues left behind in the field inherently have
nutrients and these nutrients can be factored in and subtracted from the nutrients that need to be
added the next growing season which can help reduce fertilizer related GHG emissions (Janzen
& Kucey, 1988; Pal et al., 2016). Choosing a reasonable crop sequence to aid in reducing the
amount of fertilizer needed could reduce GHG emissions, legumes are specifically useful for this
initiative because of their symbiotic nitrogen fixation ability (W.-X. Liu et al., 2022).

Unless otherwise specified Holos assumes that 100% of the underground residues from roots are
left in the field and 100% of other residues are removed.

An important consideration is that crop residues are highly impacted by placement as
well as soil nutrient status so the tillage regime will impact the decomposition rate and therefore
the nutrient availability, and the previous fertilizer application and soil nutrient levels will be
important (Chaves et al., 2021).

Lafond et al. (2006) found that growing crops in a specific rotation order and including
certain crops in rotation could affect crop yield. This change in crop yield was despite fertilizer
being applied based on recommendations from soil sampling and analyses; therefore, keeping
soil nutrient availability equal across assessed rotations. The study found that Spring Wheat
always yielded more when grown after field peas than when grown after another cereal, and that

winter wheat always yield higher when grown after flax when compared to being grown after
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spring wheat. Flax yield also increased when grown in rotation with field peas compared to a
rotation without field peas (Lafond et al., 2006). This supports that just including field peas in
rotation helped to yield more flax even when the flax was planted directly after spring wheat and
not the field peas. As the study was conducted over 12 years of varying precipitation, the results
further show a positive yield effect from conservation tillage even under a range of conditions.
The crop GHG emissions data showed that the direct and indirect emissions changed
when the region the crop was grown in changed and when the crop changed. So the crop type
effects these types of emissions as well as all of the factors that change with location (soil type,
climate etc.). The data output also showed that the energy CO; emissions and the
The average overall GHG emissions data captured can suggest which crops to consider including
in a rotation to result in lower emissions. The Holos model does have some interesting
capabilities being developed around carbon cycling and this aspect of the model would be a very

interesting aspect to study.

2.4.6 Cover Crops

Within the Holos model, all cover crops are modelled similarly. Every different cover crop type
has no effect on GHG emissions within the model (Table 2.10). This outcome in general
expresses the consensus of the body of knowledge on cover crop implementation. A desired
consistent outcome of a decrease of emissions is not represented in all existing studies (Nguyen
& Kravchenko, 2021). However, different crop species and regions across the world, as well as
other factors, can affect the usefulness of the cover crop. Incorporating a cover crop can enhance
soil carbon sequestration, increase aggregation, increase water filtration, and reduce erosion and

nutrient leaching (Muhammad et al., 2019). These benefits helps to improve sustainability even
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if they are not visible in GHG emissions flux monitoring. A meta-analysis of data found that all
cover crops resulted in an increase in CO, emissions, but a decrease in N,O emissions, except
when a legume was used which also resulted in an increase in N,O emissions (Muhammad et al.,
2019). Some studies have found that the SOC increase that can occur with the inclusion of a
cover crop can more than compensate for the increases in CO; and N,O emissions that can occur
resulting in lower total GHG emission balance than control treatments (Abdalla et al., 2014).
Another study used a more holistic approach and calculated net carbon equivalent (CE) and
found multiple cover crop systems all had net lower CE than the systems without cover crops
even though they did not consistently result in the lowest GHG emissions (Wang et al., 2022). A
survey of farms in the Canadian Prairies found that farmers using cover crops responded saying
that they enjoyed benefits such as improved soil health, increased biodiversity, increased OM,
less erosion, increased infiltration, less weeds, more earthworms, less need for N fertilizer,
reduced compaction, financial gains and more (Morrison, & Lawley, 2021). More studies on

cover crops are needed to help define the parameters in which they are useful.

2.5 Conclusion

Reducing fertilizer and tillage application results in reduced emissions. These results are
supported by the literature. Timing of fertilizer application and the differences in emissions that
result have yet to be reflected in the Holos model output. Crop rotations including a legume can
help to reduce GHG emissions due to the resultant data output showing that a season of growing
a legume emits less GHG’s than growing a cereal or canola. Cover crops potential for GHG
emissions reduction have yet to be consistently defined in the literature and so Holos shows zero

change in GHG emissions with implementation of a cover crop.

84



Land Management References

Alberta Agriculture and Rural Development. (2008). Direct Seeding — Estimating the Value of Crop
Residues. Retrieved from: https://open.alberta.ca/dataset/f85d100a-7a32-4b87-bb1b-
2dcb17cbad86/resource/56191e47-4559-457f-ac35-266e11661a3a/download/2008-519-25.pdf

Alberta Agriculture and Food (AAF). 2008. Nutrient Management Planning Guide. Retrieved from:
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$SFILE/nutrient-
management-planning-guide.pdf

Alberta Agriculture, Food, and Rural Development. (2004). AGRI-FACTS Practical Information for
Alberta’s Agriculture Industry. Alberta Fertilizer Guide. Retrieved from:
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nst/all/agdex3894/$file/541-
1.pdf?OpenElement

Alberta Agriculture, Food, and Rural Development. (2000). Soil Organic Matter. AGRI-FACTS
Practical Information for Alberta’s Agriculture Industry. Retrieved from:
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-
1.pdf?OpenElement

Baumbhardt, R. L., Schwartz, R. C., Jones, O. R., Scanlon, B. R., Reedy, R. C., & Marek, G. W. (2017).

Long-term conventional and no-tillage effects on field hydrology and yields of a dryland crop
rotation. Soil Science Society of America Journal, 81(1), 200-209. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2136/sssaj2016.08.0255

85


https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$FILE/nutrient-management-planning-guide.pdf
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$FILE/nutrient-management-planning-guide.pdf
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-1.pdf?OpenElement
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-1.pdf?OpenElement
https://doi-org.login.ezproxy.library.ualberta.ca/10.2136/sssaj2016.08.0255
https://doi-org.login.ezproxy.library.ualberta.ca/10.2136/sssaj2016.08.0255

Behnke, G. D., Zuber, S. M., Pittelkow, C. M., Nafziger, E. D., & Villamil, M. B. (2018). Long-term
crop rotation and tillage effects on soil greenhouse gas emissions and crop production in Illinois,
USA. Agriculture, Ecosystems & Environment, 261, 62—70. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007

CFR, (2023). Title 40 Protection of the Environment. USA National Archives. Code of Federal
Regulations. Retrieved from: https://www.ecfr.gov/current/title-40

Chaves, B., Giacomini, S. J., Schmatz, R., Recous, S., Redin, M., Léonard, J., & Ferchaud, F. (2021).
The combination of residue quality, residue placement and soil mineral N content drives C and N
dynamics by modifying N availability to microbial decomposers. Soil Biology and Biochemistry,
163. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.s0ilbi0.2021.108434

Chepkemmoi, J. (2017). World Facts - Facts About the Canadian Prairie Provinces.
Retrieved from: https://www.worldatlas.com/articles/important-facts-associated-with-the-canadian-
prairies-or-the-prairie-provinces-of-canada.html

Cherubin, M. R., Feigl, B. J., Morais, M. C., De Paiva, S. R., De Vasconcelos, A. L. S., Cerri, C. C.,
Lisboa, I. P., Gmach, M. R., Varanda, L. L., Satiro, L. S., Popin, G. V., Dos Santos, A. K. B., De
Melo, P. L. A., Cerri, C. E. P., Oliveira, D. M. S., & Pimentel, L. G. (2018). Crop residue harvest
for bioenergy production and its implications on soil functioning and plant growth: A review.
Scientia Agricola, 75(3), 255-272-272. Retrieved from: https://doi-
org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459

DeFelice, M.S., Carter, P.R. and Mitchell, S.B. (2006). Influence of Tillage on Corn and Soybean Yield
in the United States and Canada. Crop Management. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS

Feng, J., L1, F., Zhou, X., Xu, C., Ji, L., Chen, Z., & Fang, F. (2018). Impact of agronomy practices on
the effects of reduced tillage systems on CH.sub.4 and N.sub.20 emissions from agricultural
fields: A global meta-analysis. PLoS ONE, 13(5), e0196703. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1371/journal.pone.0196703

Ferrari Machado, P. V., Farrell, R. E., Bell, G., Taveira, C. J., Congreves, K. A., Voroney, R. P., Deen,
W., & Wagner-Riddle, C. (2021). Crop residues contribute minimally to spring-thaw nitrous
oxide emissions under contrasting tillage and crop rotations. Soil Biology & Biochemistry, 152,
N.PAG. Retrieved from: https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.s0i1b10.2020.108057

Frimpong, K. A., & Baggs, E. M. (2010). Do combined applications of crop residues and inorganic
fertilizer lower emission of N2O from soil? Soil Use and Management, 26(4), 412-424-424.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/j.1475-2743.2010.00293.x

Gill, K. S. (2018). Crop rotations compared with continuous canola and wheat for crop production and

fertilizer use over 6 yr. Canadian Journal of Plant Science, 98(5), 1139-1149. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1139/cjps-2017-0292

86


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007
https://doi-org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459
https://doi-org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459
https://doi-org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS
https://doi-org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2020.108057
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2020.108057

Grover, K.K.., Karsten, H.D., and Roth, G.W. (2009). Corn Grain Yields and Yield Stability in Four
Long-Term Cropping Systems. Agronomy Journal, 101(4), 940-946. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x

Huang, M., Liang, T., & Wang, L. (2015). Nitrous oxide emissions in a winter wheat - summer maize
double cropping system under different tillage and fertilizer management. Soil Use and
Management, 31(1), 98-105—105. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170

Janzen, H. H., & Kucey, R. M. N. (1988). C, N, and S mineralization of crop residues as influenced by
crop species and nutrient regime. Plant and Soil, 106(1), 35-41-41. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/BF02371192

Kandel, T. P., Gowda, P. H., Somenahally, A., Northup, B. K., DuPont, J., & Rocateli, A. C. (2018).
Nitrous oxide emissions as influenced by legume cover crops and nitrogen fertilization. Nutrient
Cycling in Agroecosystems: (Formerly Fertilizer Research), 112(1), 119-131. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s10705-018-9936-4

Katterer, T., Andersson, L., Andrén, O., & Persson, J. (2008). Long-term impact of chronosequential
land use change on soil carbon stocks on a Swedish farm. Nutrient Cycling in Agroecosystems:
(Formerly Fertilizer Research), 81(2), 145—155. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s10705-007-9156-9

Kutcher, H.R. & Malhi, S.S. (2010). Residue burning and tillage effects on diseases and yield of barley
(Hordeum vulgare) and canola (Brassica napus). Soil & Tillage Research, 109(2), 153—-160.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/].st111.2010.06.001

Lafond, G. P., May, W. E., Stevenson, F. C., & Derksen, D. A. (2006). Effects of tillage systems and
rotations on crop production for a thin Black Chernozem in the Canadian Prairies. Soil and
Tillage Research, 89(2), 232-245-245. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.stil1.2005.07.014

Liang, Y., Guo, S., Lal, R., Liu, R., & Hu, Y. (2018). Impacts of simulated erosion and soil amendments
on greenhouse gas fluxes and maize yield in Miamian soil of central Ohio. Scientific Reports,
8(1). https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-017-18922-6

Liu, S., Gao, Y., Lang, H., Liu, Y., & Zhang, H. (2022). Effects of Conventional Tillage and No-Tillage
Systems on Maize (Zea mays L.) Growth and Yield, Soil Structure, and Water in Loess Plateau
of China: Field Experiment and Modeling Studies. LAND, 11(11). https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/land 11111881

Liu, W.-X., Liu, W.-S., Yang, M.-Y., Wei, Y.-X., Chen, Z., Virk, A. L., Lal, R., Zhao, X., & Zhang, H.-
L. (2022). Effects of tillage and cropping sequences on crop production and environmental
benefits in the North China Plain. Environmental Science and Pollution Research, 1-15.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-022-23371-4

87


https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2005.07.014
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2005.07.014
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-017-18922-6
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/land11111881
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/land11111881

Lotjonen, S., & Ollikainen, M. (2017). Does crop rotation with legumes provide an efficient means to
reduce nutrient loads and GHG emissions? Review of Agricultural, Food and Environmental
Studies, 98(4), 283-312. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s41130-018-
0063-z

Luby, C. D., Waldner, C., & Jelinski, M. D. (2020). Update on demographics of the Canadian Dairy
Industry for the period 2011 to 2016. The Canadian veterinary journal = La revue veterinaire
canadienne, 61(1), 75-78.

Majrashi, M. A., Obour, A. K., Moorberg, C. J., Lollato, R. P., Holman, J. D., Du, J., Mikha, M. M., &
Assefa, Y. (2022). No-tillage and fertilizer-nitrogen improved sorghum yield in dryland wheat-
sorghum- fallow rotation. JOURNAL OF SOIL AND WATER CONSERVATION, 77(6), 609—
618. https://doi-org.login.ezproxy.library.ualberta.ca/10.2489/jSWC.2022.00241

Melillo, E. D. (2012). The First Green Revolution: Debt Peonage and the Making of the Nitrogen
Fertilizer Trade, 1840—1930. The American Historical Review, 117(4), 1028—1060.
https://search-ebscohost-
com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr& AN=edsjsr.23427879
&site=eds-live&scope=site.

Menegat, S., Ledo, A., & Tirado, R. (2022). Greenhouse gas emissions from global production and use
of nitrogen synthetic fertilisers in agriculture. Scientific Reports, 12(1). https://doi-
org.login.ezproxy.library.ualberta.ca/10.1038/s41598-022-18773-w

Morrison, C.L., and Y. Lawley. (2021). 2020 Prairie Cover Crop Survey Report. Department of Plant
Science, University of Manitoba. https://umanitoba.ca/agricultural-food-sciences/make/make-ag-
food-resources#crops

Munger, H., Vanasse, A. and Legere, A. (2014). Bread wheat performance, fusarium head blight
incidence and weed infestation response to low-input conservation tillage systems in eastern
Canada. Canadian Journal of Plant Science, 94(2), 193-201. https://doi-
org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132

Nguyen, L. T. T., & Kravchenko, A. N. (2021). Effects of cover crops on soil CO2 and N20O emissions
across topographically diverse agricultural landscapes in corn-soybean-wheat organic transition.
European Journal of Agronomy, 122. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.eja.2020.126189

Pal, S., Chattopadhyay, B., & Mukhopadhyay, S. K. (2016). Importance of agriculture and crop residues
in carbon sequestration and nutrient enrichment at agricultural farms of East Kolkata Wetland
area, a Ramsar site. Current Science, 110(7), 1330-1337.

Statistics Canada. (2022). Estimated areas, yield, production, average farm price and total farm value of

principal field crops, in metrics and imperial units.
Retrieved from: https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901

88


https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901

Stosi¢, M., Ivezi¢, V., & Tadi¢, V. (2021). Tillage systems as a function of greenhouse gas (GHG)
emission and fuel consumption mitigation. Environmental Science and Pollution Research,
28(13), 16492. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-020-12211-y

Trujillo-Barrera, A. (2016). Understanding producers’ motives for adopting sustainable practices: the
role of expected rewards, risk perception and risk tolerance. European Review of Agricultural
Economics Vol.43 (2016) Nr.3 p.359-382 [ISSN 0165-1587].

Vilakazi, B. S., Zengeni, R., & Mafongoya, P. (2022). The Effects of Different Tillage Techniques and
N Fertilizer Rates on Nitrogen and Phosphorus in Dry Land Agriculture. Agronomy, 12(10).
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agronomy12102389

Vaidya, S., Hoffmann, M., Holz, M., Macagga, R., Monzon, O., Thalmann, M., Jurisch, N., Pehle, N.,
Augustin, J., Verch, G., & Sommer, M. (2023). Similar strong impact of N fertilizer form and
soil erosion state on N20O emissions from croplands. Geoderma, 429. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2022.116243

Wang, Y., Saikawa, E., Avramov, A. & Hill, N.S. (2022). Agricultural Greenhouse Gas Fluxes Under
Different Cover Crop Systems. Frontiers in Climate, 3. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320

Willms W., B. Adams, and R. McKenzie. (2011). Overview: Anthropogenic Changes of Canadian
Grasslands. In Arthropods of Canadian Grasslands (Volume 2): Inhabitants of a Changing
Landscape. Edited by K. D. Floate. Biological Survey of Canada. pp. 1-22. © 2011 Biological
Survey of Canada. ISBN 978-0-9689321-5-5 do0i:10.3752/9780968932155.ch1

Xiao, H., Shi, Q., Sun, J., Chen, Y., Sui, P., van Es, H. M., & Amsili, J. P. (2022). Lowering soil
greenhouse gas emissions without sacrificing yields by increasing crop rotation diversity in the
North China Plain. Field Crops Research, 276. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2021.108366

Yang, Y., Zou, J., Wu, Y., Li, W., Huang, W., Hu, S., Wen, X., Chen, F., Yin, X., T1, J., Rees, R. M.,
Harrison, M. T., & Liu, K.. (2023). Optimizing crop rotation increases soil carbon and reduces
GHG emissions without sacrificing yields. Agriculture, Ecosystems and Environment, 342.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2022.108220

89


https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-020-12211-y
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2022.116243
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2022.116243
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320

Table 2.1 Input variables and options used to model scenarios in Holos and the values used.

Variables
Provinces
Measurement
Model Type
Soil Types

Beef Diet Types

Dairy Heifer Diet Types
Dairy Lactation Diet Types
Sheep Diet Types

Beef Feed Additives

Dairy Cattle Feed Additives
Housing types for Beef Cattle

Housing Types for Dairy Cattle

Housing Types for Sheep
Manure Management for Beef Cattle

Manure Management for Dairy Cattle

Manure Management for Sheep

Value

Alberta, Saskatchewan, Manitoba

Metric (kg CO5e)

Advanced

Black Chernozem, Dark Gray Chernozem,
Gray Luvisol, Eutric Brunisol, Humic
Gleysol, Regosol

Low protein energy, Medium protein energy,
High protein energy

High Fiber, Low Fiber

Legume, Barley, and Corn (all silage)

Low energy diet, Medium energy diet, High
energy diet

2% Fat, 4% Fat, lonophore, 2% Fat +
Ionophore, 4% Fat + Ionophore

5% Fat, lonophore, 5% Fat + [onophore
Confined no barn, Housed in barn (solid),
Housed in barn (slurry)

Tie-Stall (solid litter), Tie Stall (slurry), Free-
Stall barn (solid litter), Free-Stall barn (slurry
scraping), Free-Stall barn (flushing), Free-
Stall barn (milk-parlour — slurry flushing),
Drylot

Confined, Housed. Pasture

Deep bedding, Solid storage, Compost
intensive, Compost passive, Anaerobic
digester

Solid Storage, Compost Intensive, Compost
Passive, Deep Bedding, Liquid w/ natural
crust, Liquid no crust, Liquid with solid
cover, Daily spread, Anaerobic digester
Pasture, Solid Storage, Compost Intensive,
Compost passive, Anaerobic digester
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Table 2.2 Fertilizer rates (Kg N ha-1) used in Fertilizer rate and tillage scenarios. (Alberta
Agriculture, Food and Rural Development, 2004)

Wheat Canola
Urea Monoammonium Urea Monoammonium
phosphate phosphate

Brown 48.7 0 48.7 21.6

85.3 17.2 92.6 28.0

121.9 323 134.0 32.3
Black/ 73.1 323 97.5 323
Grey

134.0 60.4 170.6 53.9

195.0 86.2 243.7 75.5

Table 2.3 Yield of crops at the three different fertilizer rates and in two different soils according

to AFFIRM.

Soil Crop

Brown Canola
Wheat

Black Canola
Wheat

Conservative

56
55
77
78

Fertilizer Rate

Moderate

62
61
80
84

High
67
68
80
88

Table 2.4 Results of the two-way ANOVA of tillage and fertilizer rate HOLOS total GHG

emissions output.

Source of Variation
Intercept

Tillage

Fertilizer Rate

Tillage:Fertilizer Rate

numDF

1

2
3
4

denDF
796
796
796
796

F-Value
6624.254
75.322
81.095
0.071

p-value
<.0001
<.0001
<.0001
0.9907
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Table 2.5 Emissions significance for ANOVA statistical analysis separated by treatment levels

of tillage and fertilizer rate.
Province Soil Type

All Ecoregions

All Ecoregions

Tillage treatments: NT= No Tillage, RT= Reduced Tillage, IT= Intensive Tillage

Treatment

NT x RT

RT x IT

NT x IT

CxM

Mx H

CxH

Fertilizer Treatments: C= Conservative, M=Moderate, H=High
*denotes P<0.05, **denotes P<0.01, ***denotes P<0.001, NS denotes no significance.

Table 2.6 Results of the two-way ANOVA of tillage and fertilizer rate HOLOS total GHG

emissions intensity output.

Source of Variation numDF
Intercept 1
Tillage 2
Fertilizer Rate 3
Tillage:Fertilizer Rate 4

denDF

796
796
796
796

F-Value
785.8087
73.7591
28.7588
0.0916

ek

skksk

ks

kksk

koK

skoksk

Emissions

p-value

<.0001
<.0001
<.0001
0.9851
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Figure 2.1. A boxplot comparing the GHG emissions (kg CO,e) for each fertilizer rate
(conservative, moderate, and high) and for each tillage type (intensive, no-till, and reduced). The
diagram shows that within each fertilizer rate, no-till has the lowest emissions followed by
reduced, and intensive tillage has the highest emissions. The high fertilizer rate has the highest
GHG emissions in each of the fertilizer ranges and the emissions decrease as the fertilizer rates

decrease.
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Figure 2.2. A boxplot comparing the GHG emissions intensity (kg CO,e/bu) for each fertilizer
rate (conservative, moderate, and high) and for each tillage type (intensive, no-till, and reduced).
The diagram shows that within each fertilizer rate, no-till has the lowest emissions intensity
followed by reduced, and intensive tillage has the highest emissions intensity. The high fertilizer
rate has the highest GHG emissions intensity in each of the fertilizer ranges and the emissions

intensity decreases as the fertilizer rates decrease.

Table 2.7. Average GHG emissions (Kg CO,e) by multiple factors.
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Fertilizer Application

Average Emissions (Kg

Emissions Difference for

CO,e) BMP’s (%)
Conservative 301501.7 -26.01
Moderate 354486.1 -13.01
High 407479.0 -
Tillage Type
No-till 310333.2 -24.85
Reduced 340207.4 -17.6
Intensive 412926.2 -
Soil Type
Black Chernozem 404494.7
Grey Luvisol 400159.4
Regosol 367083.1
Dark Grey Chernozem 345893.3
Humic Gleysol 332974.2
Eutric Brunisol 276329
Province
Alberta 383233.3
Saskatchewan 393906.9
Manitoba 286326.6

Table 2.8. The average emissions from crops across the Canadian Prairies modelled with sample
size of 30 replicates each on Black soil zones using the Holos model.
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Crop Type Average
Emissions
(KgCOze)
Native 28328.3
Rangeland
Tame Legume | 45055.948
Tame Mixed 55602.502
Beans (dry 58772.628
field)
Soybeans 69914.4253
Seeded 89775.157
Grassland
Field Peas 96516.9937
Forage for Seed | 107906.477
Tame Grass 116519.374
Fall Rye 119186.197
Lentils 124005.749
Barley 124930.818
Triticale 156558.347
Chickpeas 157081.022
Oats 158723.607
Corn 165339.481
Flax 177608.667
Wheat 191122.206
Dry Peas 212983.526
Potatoes 223509.748
Canola 239723.614

Table 2.9. Fertilizer recommendations used for the crop rotation scenarios, based on The Alberta

Fertilizer Guide
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Crop N (Urea) |P
(kg/ha) (Monoammonium
phosphate)
(kg/ha)
Wheat 128.1 59.3
Canola 165.2 53.9
Barley 128.1 59.3
Oats 164.1 64.7
Triticale 144.8 75.5
Field Peas 17.9 64.7
Lentils 20.1 43.1
Chickpeas 17.9 64.7
Dry Peas 17.9 64.7
Soybeans 17.9 64.7
Grain Corn 188.5 64.7
Beans (dry 17.9 64.7
field)
Flax 75.4 37.7
Potatoes 203.2 161.7
Fall Rye 122.0 59.3
Seeded Grass | 215.0 43.1
Forage Seed 160.2 43.1
Tame Grass 215.0 43.1
Tame Legume | 2.5 97.0
Tame Mixed 43.3 53.9
Native 0.0 0.0
Grassland

Table 2.10. Two of the ecoregions GHG emissions for cover crop inclusion. All cover crops
showed the same emissions. — depicts any cover crop that we tested including Sweet Clover,
Hairy Vetch, Oat, Radish, and a control with no cover crop.



Ecoregion Cover Crop Cash Crop GHG Emissions (kg
COze)

744002 - Field Peas 80288.4
744002 - Oats 149353.7
744002 - Wheat 179317.6
744002 - Canola 224347.5
744002 - Barley 118672.1
750006 - Field Peas 86252.6
750006 - Oats 160679.7
750006 - Wheat 195385.7
750006 - Canola 245274.2
750006 - Barley 127218.1
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Chapter 3: Livestock Systems Scenarios and Considerations
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3.1 Introduction

Agricultural emissions from livestock are a significant contributor to the total emissions
from agriculture representing 14.5% of anthropogenic emissions which is 7.1 Gigatonnes CO,e
per year (FAO, 2021). Improving management strategies and focussing on efficiency can
significantly reduce GHG emissions (Alemu et al., 2017).

When evaluated on a commodity basis, beef is responsible for the most emissions of all livestock
groups at 41% of global emissions (FAO, 2021). Improving management and increasing
efficiency of cow-calf production could result in a 31% reduction in emissions intensity (Alemu
et al., 2017). As a commodity category, dairy is the second largest emitter of all livestock groups
at 20% of global emissions (FAO, 2021). The majority of Canadian dairy cattle are the Holstein
breed at 93% of the herd. Genomic evaluation has been important to Canadian farmers and
selection of over 60 traits has established Canada’s reputation for superior cow genetics
(Government of Canada, 2020). Sheep are grouped into a category of small ruminants and their
meat and milk production account for 6% of global livestock emissions (FAO, 2021). These
three livestock categories can be explored in the Holos model, other categories such as poultry
and swine are under development.

Livestock feeding strategies are an important way in which GHG emissions can be
reduced. Many different strategies are being experimented with such as increasing concentrates
in feed, improving forage quality which both can adjust fiber and protein content, and using feed
supplements such as fats, nitrates, or tannins (Lui & Lui, 2018). Feed conversion efficiency is
important to consider as well, as the more end product per unit of input the less GHG emissions

will be produced to meet production (Wyngaarden et al., 2020).
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Manure management strategies can also have an important impact on GHG emissions;
the right strategy to handle and store manure can reduce methane emissions (Sajeev et al., 2018).
Liquid manure creates more anaerobic conditions and often increases CH4 emissions, whereas a
method of dry handling leads to more aerobic conditions and often reduces CH4 emissions (EPA,
2022).

Housing strategies use in reducing GHG emissions are linked with energy use,
temperature, (Pinto et al., 2020) and manure handling (Pereira et al., 2012).

Nutritional attributes define the diet quality for livestock and associated GHG emissions.
It’s important to define and understand the components that make up the feed and can be altered
to invoke changes in animal health and GHG emissions. Neutral detergent fiber (NDF) refers to
the structural components of the plant matter in the feed (Rasby and Martin, 2022). Total
digestible nutrients (TDN) is a measurement that accounts for the digestible energy (DE), which
accounts for the gross energy of the feed minus that which is lost in excretion of feces, as well as
the protein energy in the feed (Oregon State University,2018). Metabolizable energy (ME) is the
DE minus what is also lost as gases and urine, this typically is 82% of the DE (Oregon State
University, 2018). Crude protein is an estimate of the amount of protein in a food using the
nitrogen concentration (Alberta Agriculture and Rural Development, 2006).

The objectives for this area of focus is to identify existing BMPs aligned with GHG
mitigation aims within farming systems relevant to livestock management on the Canadian
Prairies and to identify knowledge gaps of BMP and GHG mitigation as well as future

recommendations in animal husbandry and agricultural sustainability.
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3.2 Methods
3.2.1 Holos Scenarios

The 2020 census reported an average dairy farm size in Canada of 139.17 cows
(Government of Canada, 2020). This is a large increase from even 2016 when the average was
73 animals per farm (Luby et al., 2020). Holos uses 80 animals with an equal number of heifers,
dry, lactating, and calves, 20 each. This number and distribution seemed appropriate. Beef cows
average numbers per farm in Canada over the last 5 years was 155 cows and calves on January
1* and 169 cow and calves when reported July 1* (Statistics Canada, 2021). These are numbers
of cow and calves reported under the heading of beef and veal, and so does not include dairy
which was reported separately. However, when we narrow our focus to the Prairie Provinces the
numbers go up. Statistics Canada (2021) numbers for Western provinces average farm size over
the last five years are 191 at January 1* and 211 on July 1* when Alberta, Saskatchewan and
Manitoba are averaged. Since Holos asks for more detailed numbers for the different types of
animals and we lacked these detailed statistics, the default numbers of animals were used in the
model since the total of 246 was close to the Statistics Canada number when calves were
accounted for. For beef cattle the number of bulls was 4, replacement heifers was 20, cows 120,
and calves 102. This number and distribution of animals is also often used in scientific studies
(Hiinerberg et al., 2014; Alemu et al., 2017). The amount of pasture used for Beef cattle was
based on an assumption of 2 ac per cow and 0.5 ac per calf so in total 339 acres. An assumption
of 2 acres pre cow was also used for dairy cows and the total pasture was 160 acres (University

of Massachusetts, 2022).
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For sheep we continued to use the simplified defaults. They used 100 animals for each animal
stage/type: Lambs, Rams, and Sheep. The amount of pasture used to house the sheep was 55

acres, with 15 acres per 100 sheep and 10 acres per 150 lambs (Outhouse et al., 2007)

3.2.2 Sampling Population

An important difference that exists between sampling populations in real life and within
the Holos is that the model does not have multiple livestock populations you can run scenarios
with that vary in terms of genetics, stressors, disease, and the vast array of possible conditions
that can ultimately affect the emissions of an animal. For this reason, the emissions output data
for livestock scenarios are based on one population and these populations are defined by many
average numbers from the industry, expert opinions, and formulas that help to define the latest
scientific knowledge. In these scenarios where only one ecoregion was used to obtain outcomes
an ecoregion that best defined the average characteristics according to literature and statistics
was used (Awada, Lindwall, & Sonntag, 2014, Pennock 2011). This selected ecoregion was: Red
Deer Plain, Alberta (737005). This ecoregion, is represented by a medium texture Black
Chernozem soil. The model output becomes valuable for comparative studies as it captures

principles of scientific literature and represents available scientific data.

3.2.2 Mathematics and Formulae

The Holos model uses a variety of formulas to define enteric emissions from beef cattle. These
formulae often include a conversion factor (Y,,,) and Additive Reduction factors (4R). A Yy,
indicates the proportion of the animal’s gross energy intake that will be converted to CH4 and 4R

is a percentage that defines the amount that an additive reduces emissions. Each formula was
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carefully made to reflect the most current scientific knowledge. Formula ‘a” was made in part by
closely studying articles on the prediction of enteric methane production (van Lingen et al.,
2019). These are a couple of the formulas that make up the Holos model and that are important

to understand in order to create scenarios and understand the model output.

a) CH4enteric-rate = GEIx* Y_m * (1 _ %)

55.65
where

CHyenteric.rate Enteric CH4 emission rate (kg head™! day’l)
GEI Gross energy intake (MJ head™ day™)

Ym Methane conversion factor (changes by diet)
55.65 Energy content of CH; (MJ kg™ CHy)

AR Additive reduction factor (changes by additive)

b) CH4enteric = CI—Llenteric-rate * #cattle
where CHuienteric Enteric CH4 emission (kg CHy)

#cattle Number of beef cattle

3.2.3 Output Analysis

The reduction of emissions is calculated in comparison to a common practice across the
Canadian Prairies (Sheppard & Bittman, 2012). The common practice used for manure handling
for both beef and dairy cows is solid storage. When reviewing multiple articles, solid storage was
a very common practice among both populations of cattle across the Canadian Prairies even
though the rates of use vary across different provinces (Sheppard et al., 2011). The GHG
emissions amount from each practice are looked at directly as they represent averages from the

Canadian Prairies and the culmination of a vast amount of scientific research.

3.4 Results

3.4.1 Beef Cows
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The Holos model output showed a pattern of decreased emissions with increased protein
in the diet (Table 3.1). Diet additives resulted in a decrease of emissions as well (Table 3.1). Of
the five diet additives the combination of 4% fat and ionophore caused the largest emissions
decrease of 15.2% with a subtotal of emissions of 545350.92 kg CO2e, the 4% fat additive alone
was next (555287.6 kg CO2e), followed by the 2% fat and ionophore combination (589102.14
kg CO2e), next was the ionophore (622916.68 kg CO2e), and last was the 2% fat additive with a
subtotal of emissions of 599038.83 kg CO2e (Table 3.1). Overall, a 2% fat additive caused GHG
emissions to decrease and a 4% additive caused a larger decrease in emissions than the 2%
additive. When the animals were fed the 2% fat additive the cows, bulls, replacement heifers,
and calves emission responses were consistent, each group resulted in an emissions decrease.

The housing type for beef cattle that resulted in the lowest GHG emissions was pasture
(639277.8 kg CO2¢), next lowest was housed in barn (solid) (641961.2 kg CO2e¢), then housed in
barn (slurry) (642552 kg CO2e), and last confined no barn (642790.1 kg CO2e) (Table 3.2).

The manure management type that resulted in the lowest GHG emissions was anaerobic
digestion (464672.4 kg CO2e), next lowest was intensive composting (486551.3 kg CO2e), then
passive composting (491927.8 kg CO2e), solid storage (509379.32 kg CO2e¢), and the largest

emitter was deep bedding (642790.1 kg CO2e) (Table 3.2).

3.4.2 Dairy Cows

The Holos model outputs showed that when Dairy Heifers were fed a high fiber (6614.1
kg CO2e) diet this reduced emissions when compared to a low fiber (5882.3 kg CO2e) diet.
There was a 11.1% decrease in emissions when dairy cattle were fed the low fiber diet (Table

3.1).
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When Dairy Heifers were fed feed additives, two of the three additives resulted in a
reduction of GHG emissions. The 5% fat additive did not reduced emissions, the ionophore
reduced emissions by 14.9%, and the 5% fat and ionophore combination reduce emissions by
7.4% (Table 3.1).

Lactating cows fed a corn silage diet had the lowest GHG emissions (17144.21 kg CO2e)
when compared to a legume and forage diet or barley silage diet. In further details, the legume
and forage diet ranked intermediate in terms emissions (17847.66 kg CO2e) followed by the
barley silage diet that resulted in the highest emissions (18400.85 kg CO2e).

The manure management practice that resulted in the lowest emissions was daily spread
(27346.2 kg CO2e), the next lowest was anaerobic digestion (27900.4 kg CO2e), then intensive
composting (31923.7 kg CO2e), then passive composting (32533.2 kg CO2e), then solid storage
(34910.3 kg CO2e), then liquid with natural crust (42867.2 kg CO2e), then liquid with solid
cover (43269 kg CO2e), then liquid no crust (54864.5 kg CO2¢), and the most GHG emissions
came from deep bedding (55025.7 kg CO2e).

Housing choices resulted in different GHG emissions. Their emissions ranked as tie-stall
(solid litter)(28635.5 kg CO2e), Tie-stall (slurry) (28726 kg CO2e), free-stall barn (solid litter)
(26017.9 kg CO2e), free-stall barn (slurry scraping) (26209.4 kg CO2e), free-stall (flushing)
(26129.6 kg CO2e), free-stall (milk parlour — slurry flushing) (26129.6 kg CO2e¢), drylot

housing (29051.8 kg CO2e¢) and pasture (22553.8 kg CO2e).

3.4.3 Sheep
The sheep, rams, and lambs and ewes fed the high protein or good quality forage diet

emitted the lowest emissions (9615.6 kg CO2e¢). The medium protein or average quality forage
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diet was the second lowest (13520.1 kg CO2e¢), and the low protein or poor quality forage diet
the highest emissions.

When comparing types of manure handling and storage within Holos, the solid storage
had the lowest emissions (136164.7 kg CO2¢). The next lowest emitter was compost passive
(226607.49 kg CO2e), then pasture (245682.4 kg CO2e), followed by deep bedding (355206.3
kg CO2e), and the highest emissions came from compost intensive (2022562.9 kg CO2e).

When comparing types of sheep housing within Holos, the pasture had the lowest
emissions (5436 kg CO2e), the confined housing had the next lowest emissions (9615.6 kg

CO2¢), and then housed ewes had the highest emissions (10637.7 kg CO2e).

3.5. Discussion

Attempts to reduce emissions from ruminant animals often focus on digestion and enteric
fermentation because methane is an end product emitted from ruminant digestion; methane
contributes 70% of livestock emissions (Kebreab, 2021). One way management can work to alter
enteric methane emissions is in the form of dietary intake.

Management practices such as feed adjustment and genetic changes have already been
proven to help lower GHG emissions and increase production efficiency in the beef cattle sector
(Legesse et al., 2016). The intensity (kg CO,e/kg) of GHG emissions lowered from 1981 to 2014
by 14% in the Canadian beef cattle industry (Legesse et al., 2016). This reduction in emissions
was seen by analyzing and comparing differences in reproductive efficiency, average daily gain,
slaughter weight, and production yields (Legesse et al., 2016). The newest version of the Holos
model has been adjusted to reflect current emissions and uses more current knowledge and

emissions factors.
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Feed plays a massive role in the main source of emissions from livestock, enteric CHy4
(van Lingen et al, 2019). In the new version of the Holos model diets are created by making a
feeding regimen using real components that have had their nutritional compositions defined. This
means that the diets are more realistic but they also become more complicated. Diets can no
longer be adjusted simply to increase the protein by 1% without also changing other aspects of
the nutritional value of the feed. The diets used to demonstrate the effect of protein intake also
differ in other ways rather than protein alone. The amount of forage (%) included in the diet, and
the NDF (kg kg™') decrease as protein increases. The amount of TDN (%) and ME (Mcal kg™
increase as protein increases. These are common relationships between these components and
therefore including them as such is reflective of reality (Jayanegara et al., 2019). The output from
the Holos model demonstrated this effect as well. The high protein diet was defined by 17.7%
crude protein and this was compared to a medium protein diet defined by 12.4% crude protein
and a low protein diet with 5.7% crude protein and as the CP went up so did the TDN and ME
and the % of forage DM, and NDF went down (Table 3.4). Another noteworthy fact is that Holos
does not account for waste feed and the related GHG emissions as it assumes all feed is

consumed and there 1s no waste.

3.5.1. Protein

Feeding strategies including macronutrient profile and feed additive can have different
effects on different ruminants as there are differences in feed intake and rumen physiology (Van
Gastelen et al., 2019). Increasing protein in the diet of beef cattle up to 18% CP can help to
reduce methane emissions. Supplementing protein in the diet of beef cattle can help by

increasing the efficiency of feed utilization (EFU) (Shreck et al., 2021). A higher EFU of the
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feed means the cattle can obtain nutrition more easily and produce more with less feed and
therefore the emissions intensity is reduced. Protein is also highly digestible and so it spends less
time in the rumen which reduces the time for enteric methane production (Kohlman &
Bjurstrom, 2023). In the Holos modelled scenario where feed protein was adjusted the same
results were observed; the overall CO,e emissions of beef cattle were lowered when protein in
the diet was higher. If CP content is in surplus it can lead to increased emissions of N,O due to
the amount of N lost in the cows’ urine so the slurry types of manure are especially effected.
When there is a lot of excess N the C:N ratio is low which enhances N loss and NH; emissions
increase which are highly susceptible to volatilization (Kiilling et al., 2001). Higher CP in the
diet increases digestibility of the feed and so was found to be negatively correlated with the
amount of fibre in the manure which further decreases the C:N ratio and reduces crust formation
which limits oxygen contact and N,O emissions are further increased (Kiilling et al., 2001). This
helps to explain why as the CP content in the diet decrease the manure CHy specifically was
reduced (Appendix).

For sheep as well, the same pattern emerged, as protein and feed quality increased the
resulting GHG emissions decreased (Table 3.3). The sheep high protein diet was defined by 18%
CP, the medium protein was 12%, and the low protein was 6%. Similar transformation and soil
properties as described for cattle would explain this pattern. Regarding sheep specifically, a
unique factor that contributes to decreases emissions and emissions intensity is that feeding
higher protein is correlated with ewes being more likely to have twins, and better recovery and
maintenance after lambing (Carvalho et al., 2022).

Sometimes when cattle are supplemented with high protein the feed supplement can also

inherently be higher in fat and so the addition of fat could also be affecting the emissions
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changes (Shreck et al., 2021). However, we can rule that out in Holos as the diet charts show the

fat level stays the same for all three levels of protein diets.

3.5.2. Fiber

Forage digestibility directly affects CH4 emissions (Hristov et al., 2013). The effects of
forage digestibility of varying types of feed such as legumes, grasses, and corn, has been
observed with different farm species and results have varied (Van Gastelen et al., 2019).
The Holos low fiber diet was defined as a diet containing 63% DM forage, 12.63 kg kg CP,
0.336 kg kg NDF, and 75% TDN. The high fiber diet had 87.6% DM forage, 13.3 kg kg™ CP,
0.45 kg kg NDF, and 70% TDN. The lower fiber diet resulted in lower emissions and three
different categories of emissions were affected, enteric CH4, manure CHy, and indirect N,O
emissions (Appendix).
Increased forage digestibility (lower fiber) can result in increased dry matter intake (DMI) and
increased CH,4 emissions for beef and dairy cattle but when production was considered emissions
intensity was reduced overall (Van Gastelen et al., 2019). If a feed has a lower DE animal intake
will reduce and this leads to less animal growth and the result will be a higher amount of
methane produced per unit of production (IPCC, 2019). In some cases, increased digestibility can
even lead to decreased methanogenesis for beetf and dairy cattle and therefore decreased methane
emissions (Van Gastelen et al., 2019). Sometimes the digestibility of the feed is defined by
maturity of the crop when harvested and nitrogen content could also change along with fiber and
this should be investigated as to its effects on digestion as well (Van Gastelen et al., 2019). The
fermentation process of plant fiber produces a higher amount of CH4 than non-fiber carbohydrate

fermentation (Moss et al., 2000).
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3.5.3. Feed Composition

Lactating cows were specifically looked at for feed composition. Three types of silage
feed were compared one made from barley, one from corn, and one from legume forage.

The difference in the resulting emissions from each of the three diets is likely affected by the
macronutrient composition of the diets and those macronutrients effects on rumen digestion and
methanogenesis. The legume forage-based silage was defined by (77.8% DM forage, 16.15 kg
kg CP, 0.353 kg kg"' NDF, and 70% TDN. The barley-based silage was defined by 60.5% DM
forage, 16.82 kg kg™ CP, 0.383 kg kg NDF, and 71% TDN. Lastly, the corn-based silage had
59.1 % DM forage, 16.44 kg kg CP, 0.380 kg kg™ NDF, and 72% TDN.

Corn silage has become an attractive feed due to its high TDN which improves animal
performance (Guyader et al., 2017). The corn silage diet resulted in the lowest emissions,
followed by legume and then barley. The largest emissions change was in enteric CHy, but there
were marginal differences in manure CHy4 emissions and indirect N,O emissions as well
(appendix). Barley had the lowest indirect N,O emissions of the tree diets but they highest from
manure CH,4 and enteric CHy4. Bencharr et al. (2013) similarly found that including corn silage in
the diet of lactating cow resulted in a reduction of methanogenesis when adjusted for DMI but
since the DMI tended to increase with use of corn silage the overall methane emissions
increased. The amount of feed was kept constant in the Holos model scenario so a decrease in
emissions was plainly observed when corn silage was fed without the need to adjust for DMI.
Guyader et al. (2017) also found that corn-based silage helped to reduce emissions when
compared to barley silage, however, when production was taken into account the emissions

intensity of a barley silage feed was less. Since we were not able to obtain production estimates
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from Holos this would be an aspect of the emissions data that could require more thorough
analysis.

It is interesting to note that Weber et al., (2022) found that manure from a corn-based diet
resulted in fewer N,O emissions when applied to certain types of soils when compared to manure

from a barley-based diet.

3.5.4. Fat Additive

Supplementing fat into the diets of ruminants has effectively reduced production and
emissions of methane (Rasmussen & Harrison, 2011). Another study specifically on cattle found
that increasing fats or oils in the diet or increasing feed digestibility helped reduce methane
emissions (Kebreab, 2021). Fat additives are only effective in reducing GHG emissions if the
cattle feed in inherently lower in fat. Before adding fat it is imperative that the amount of fat
already in the feed is known (Williams et al., 2014). The amounts of fat used, 2% and 4% for
beef cattle and 5% for dairy cattle, are based on expert opinions sourced within the Holos
algorithm. There is literature to support these fat additive amounts as well. Williams et al. (2014)
discuss how the upper limit of fat content in the diet to maintain normal functioning of the rumen
1s 6% dry matter (DM).

Williams et al. (2014) found that adding a fat additive of 10% to a dairy cow diet that
contained 22% fat already was able to reduce emissions by almost 3%. The Holos model output
also resulted in a decrease of GHG emissions when a fat supplement was added. Formula ‘a’
describing the enteric CH4 emissions is used within the model and an 4R factor is applied. For
beef cattle the AR factor is 10 for 2% fat and 20 for 4% fat and for dairy cattle the AR is (5+ %

fat added). We did not see the reduction realized in our data for the dairy cattle even though the
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AR factor suggests there should have been a reduction. Since the model is always changing it is
possible there was a glitch in the system when the scenario was carried out.

Supplementing dietary fat into the rumen can reduce methane production by reducing the
intake of fermentable OM, reducing fiber digestion, inhibiting the activity of methanogens in the
rumen and reducing the hydrogen accumulation through fatty acid biohydrogenation.
Biohydrogenation converts unsaturated fatty acids to saturated fatty acids so less unsaturated
fatty acids are available for uptake into milk, meat or tissues which decreases efficiency feed
utilization (Beauchemin et al., 2020). As with increased protein and reduction of fiber, fat
supplementation provides highly digestible food that easily converts to yield and spends very
little time in the rumen fermenting and so produces little enteric CH4 (Vargas et al, 2020;

Kebreab, 2021).

3.5.5. Ionophore Additive

Ionophore supplementation has also been found to be helpful in reducing GHG emissions
from beef steer. Specifically, methane production was reduced by 19g day-1 for each steer in one
study (Callaway et al., 2013). In another study the carbon footprint (CF) was measured, and it
was found that an ionophore supplement resulted in a 1.4% reduction. The data from the Holos
model indicated that ionophore supplementation reduced emissions by 3.1% (Table 3.1). The
ionophore was also able to be combined with a fat additive to decrease emissions even further.
When the fat and ionophore feed additives were used together the combined effects were less
than additive, meaning the outcome was less than if you added each additive reduction on its
own together. lonophores are antimicrobial which causes a shift in the rumen bacterial

environment, they reduce the effectiveness of methanogens and may increase the effectiveness of
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other bacteria that use other fermentation pathways that do not emit CH4 (Martin et al, 2010). In
addition, total fatty acids in the rumen can also contribute to a rumen bacterial environmental
shift (Jenkins et al., 2009). Since both ionophore and fat additives are meant to affect the rumen
microbiome in similar but different ways it could be that neither can do so to its fullest potential
(Jenkins et al., 2009).

It is noteworthy that the effect of ionophores reduces over time and the model also
reflects this as the equation used incorporates a denominator that includes the number of days
that the ionophore is used. (Holos Algorithm document, 2022). In addition, the dosage of an
ionophore is important because studies have shown that dose is imperative to result in emissions

reduction (Callaway et al., 2013).

3.5.6. Manure Management

The amount of methane manure emits is based on many different variables. A methane
conversion factor defines the amount of potential to produce methane. In order to reach a factor
number for each type of manure management many variables are accounted for such as
laboratory tests on animal waste and CHy4 production, knowledge of manure storage systems,
temperature variation throughout the year, volatile solid retention in a system, and management
that affects the amount of volatile solids available for methane conversion (Mangino et al.,
2001). Volatile solids can be estimated by feed intake and digestibility (DE). Temperature of
manure has a substantial effect on GHG emissions and this is factored in to the management type
within Holos. Pereira et al. (2012), found that the highest emissions from excreta resulted when

the temperature was 25°C followed by 15°C, then 35°C, and the lowest at 5°C; N,O emissions
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were not significantly affected by the temperature difference but CH4 emissions increased with
temperature to 25°C and lowered again at 35°C.

The GHG emissions for the manure manage practices differed in direct N,O emissions,
indirect N,O emissions, and manure CH4. The manure management practice that emitted the
least GHG emissions for beef cattle and sheep was anaerobic digestion (Table 3.2 and 3.4). The
process of anaerobic digestion produces biogas (methane) which is a renewable energy made
from the organic residues, the methane is collected and utilized instead of being emitted to the
atmosphere as a waste product. Another product of anaerobic digestion is digestate which is a
useful organic fertilizer. The process also helps to reduce the volatile solids in the stored manure
which helps to reduce CH4 emissions from the digestate later (Aguirre-Villegas et al., 2022).

The manure management practice with the highest emissions was the same for beef and
dairy cattle and sheep and the practice was deep bedding. Deep bedding is when the excrement is
mixed with bedding and accumulates on the floors of housing and its left for much longer than
other manure management types as it provides bedding for the cattle (Mathot et al., 2016). The
decomposition of the OM mixed with the manure also gives off heat which can exacerbate
emissions (Webb et al., 2012). The bedding mixed in with the manure provides a source of
carbon and freely available C stimulates denitrification and can increase N,O emissions (Borhan
et al., 2012).

The lowest emissions practice for dairy cattle was daily spread (Table 3.2), this was not
an option in Holos for beef cattle or sheep. It has been found that the less time manure is stored
the less GHG emissions result; there is less time in anaerobic conditions which increase the

production of CHy4 (Costa et al., 2012).
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3.5.7. Housing Practices

Housing practices varying between different types of livestock, but some commonalities
also exist. Holos provides a variety of housing options which were run in scenarios to compare
the respective GHG emissions (Table 3.2).

The different housing options differed mostly due to changes in the indirect N,O
emissions, and some small changes in the manure CHy4, all other types of emissions stayed
constant. Indirect N,O emissions refer to losses from ammonia (NH4+) volatilization and nitrate
(NOy3") leaching.

For beef cattle the ‘confined (no barn)’ describes the housing in a straight-forward
manner the cattle are confined in a smaller area, not a large field or pasture and there is no barn,
it describes a feedlot. Confined housing assumes solid storage manure with land application that
happens later if the manure handling is not otherwise specified. The other types of housing for
beef cattle are “housed in barn (solid)’, and ‘housed in barn (slurry)’ and ‘pasture’. The housed
options both describe a situation in which all of the cattle are indoors, and they differ by the
method of manure storage, either as a solid or a slurry. Pasture describes a confined outdoor area
with sufficient forage for feed and minimal energy is required to feed.

Housing temperature is important variable for multiple reasons, one being that if the
environment is cold the animal’s feed efficiency can decrease as more energy is required to
maintain the animal’s body heat. Even a windbreak can help reduce heat loss from unhoused
animals and can lower the energy requirement (IPCC, 2019). This factor would affect all the
housing types for every species.

For beef cattle the confined (no barn) housing had the highest emissions (Table 3.2).

Manure from outdoor confinement is collected less often than manure in barns so bacteria that
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enable transformations thrive and inoculate fresh excrement (Peterson, 2018) and the manure
loses more N to volatilization of NH;" compared to stored manure (Wilson et al., 2004).
Similarly, scraping of manure off floors is associated with higher emissions than flushing the
manure because some residue is left behind with scraping and NH; volatilization increases (Ni et
al., 1999).

Housing beef cattle on pasture had the lowest emissions (Table 3.2), this is likely because
excrement is immediately applied to the land, and there are minimal energy costs with no power
needed for lighting, heat or aeration. Chai et al. (2014), found that less GHG emissions resulted
from immediate land application than from manure storage. The C:N ratio of the manure
environment is likely immediately lowered when deposited on pastureland which helps to inhibit
CH,4 and NH; emissions (Jiang et al., 2011). Aeration is also higher when manure is directly
deposited on pasture rather than being piled or made into a slurry for storage which would create
anaerobic conditions which reduce NH; and N,O emissions but CHy4 production is increased
under anaerobic conditions (Jiang et al., 2011). Overall, the differences between the GHG
emissions from beef cattle housing were minimal with the largest change in emissions being
0.55%.

The dairy cattle housing types included ‘tie-stall (solid litter)’ and ‘tie-stall (slurry)’; tie-
stall means the cattle an in a barn and they can stand up and lie down but can turn around or walk
around and they are tether with food and water in front of them and they differ by the type of
manure management. ‘Free-stall barn (solid litter)’, ‘free-stall barn (slurry scraping)’, ‘free-stall
barn (flushing)’, ‘free-stall barn (milk-parlour-slurry flushing)’; free-stall means the cows can
move around within a barn and go into exercise or resting/comfort stalls as they like. A milk

parlour is a room in a barn specifically for milking and then the cows are housed in loose
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housing where they are free to roam about and there are no stalls. Flushing is when water is used
to wash off the excrement, and scraping is when the manure is scraped form the floors. There
was also ‘drylot’ which is like a feedlot as the cows are help is open outdoor confined areas but
there are also covered sheds for shaded and bedded areas and there is a separate milking parlour,
and there was also a pasture housing management practice.

The dairy housing type that emitted the least GHG’s was pasture as well (Table 3.2) and
the highest emitter was ‘drylot” which has the same emissions principles as confined (no barn) in
beef cattle. The main reasons for pasture housing having the lowest emissions for dairy cattle
would be the same as for beef cattle; related to manure emissions, and feed efficiency, and
fuel/energy use. The literature supports this outcome; Pinto et al. (2020), found that dairy cows
having access to pasture resulted in significantly lower CH4 emissions.

Sheep housing types included ‘confined’, ‘housed ewes’, and ‘pasture’, confined was
defined as housed in a small area with little energy required to obtain feed, housed ewes is the
same as confined but it’s the last 50 days of pregnancy, and pasture is a confined area with
sufficient forage. The GHG emissions for the housing types followed a similar pattern to cattle;
the confined housing had higher emissions, ‘housed ewes’ had the most, and pasture had the
least and the reasons behind these outcomes would be similar (Table 3.2). The housed ewes have
higher emissions than confined because as they are pregnant and they would have a higher feed

intake and higher output of manure which leads to higher GHG emissions (Borhan et al., 2012).

3.6. Conclusion

The Holos model livestock scenarios have allowed us to observe the GHG emissions

output from a variety of BMP’s that use strategies involving diets and feed additive, manure
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management, and housing (Figure 3.3). The data output has revealed that a high protein diet for
beef cattle and sheep can aid in reduction of enteric methane production. Increasing fiber in a
dairy cow’s diet can have a similar effect in reducing enteric methane emissions. Additionally,
feed additives such as fat and ionophores can also be effective in reducing methanogenesis in
cattle. Anaerobic digestion may have a promising future in helping to reduce emissions from
livestock manure as it is the practice that Holos modelling showed to reduce emissions from
manure management the most. Regarding housing, the option of putting cattle out to pasture was
associated with the lowest GHG emissions. Identifying the BMP’s that result in the lowest GHG

emissions in an important step in reducing agricultural GHG emissions.
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Table 3.1. GHG emissions and emission reduction (%) for feed type and feed additives for Beef

Dairy Cattle

and Dairy Cattle.

Beef Cattle
Feed/ Additive | Emissions (kg

CO2¢)

High Protein = 559686.66
Medium 669018.86
Protein
Low Protein 834711.49
Default 642790.05
Fat 2% 599038.83
Fat 4% 555287.6
Ionophore 622916.68
I+2% Fat 589102.14
I+ 4% Fat 545350.92

Emissions
Difference (%)

-33%

-16%

-6.81%
-13.61%
-3.09%
-8.35%
-15.16%

Feed/ Additive

High Fiber
(heifers)
Low Fiber
(heifers)

Legume
Silage
(lactating)
Barley
Silage
(lactating)
Corn Silage
(lactating)

Default
Fat 5%

Ionophore
I+5%

Emissions (kg
CO2e)
6614.06

5882.32

17847.66

18400.85

17144.21

28635.53

28635.53

24380.87
26508.2

Emissions
Difference (%)

-11.06%

+3.1%

3.94%

0.0%

-14.86%
-7.43%

*Changes for Dairy cattle feed type is for heifers or lactating cows only, feed additives are for all

dairy cattle.

*Diet types are compared to each other.
*All feed supplements are compared to the default diets which differ for each season for and

cattle type.

Table 3.2. GHG emissions and emissions reduction (%) for housing and manure management

options for beef and dairy cattle.

Beef Cattle Dairy Cattle

Manure Emissions (kg Emissions Manure Emissions (kg Emissions
Management CO2e¢) Difference (%) | Management CO2e) Difference (%)
Solid Storage 509379.32 - Solid Storage 34910.32 -
Compost 486551.26 -4.48% Compost 31923.68 -8.56%
Intensive Intensive
Compost 491927.81 -3.43% Compost 32533.23 -6.81%
Passive Passive
Deep Bedding 642790.05 +26.19% Deep Bedding 55025.66 +57.62%
Anaerobic 464672.37 -8.78% Liquid w/ 42867.2 +22.79%
Digester natural crust

Liquid no crust 54864.47 +57.16%

125



Housing Type

Confined no
barn

Housed in
Barn (solid)
Housed in
Barn (slurry)

Pasture

Emissions (kg

CO2e)
642790.05
641961.16
642551.97

639277.83

Emissions
Difference (%)

-0.13%

-0.04%

-.55%

Liquid w/ solid
cover

Daily Spread
Anaerobic
Digester

Housing Type

Tie-Stall (solid
litter)

Tie-stall
(slurry)
Free-stall barn
(solid litter)

Free-stall barn
(slurry
scraping)
Free-stall barn
(flushing)
Free-stall barn
(milk-parlour —
slurry flushing)
Drylot

Pasture

43269

27346.18
27900.41

Emissions (kg

CO2e)
28635.53
28726.01

26017.87

26209.43

26129.61
26129.61

29051.75
22553.82

+23.94%

-21.67

Emissions
Difference (%)

+0.32%

-9.14%

-8.47%

-8.75%

-8.75%

+1.45%
-21.2%

Table 3.3. GHG emissions and emissions reduction (%) for housing and manure management
options for sheep.

Sheep
Feed Type Emissions (kg CO2e) Emissions Difference (%)
High Protein (Good Quality 9615.59 -28.88%
Forage)
Medium Protein (Average 13520.11
Quality Forage)
Low Protein (Poor Quality 21200.47 +36.23%
Forage)
Manure Management Emissions (kg CO2e) Emissions Difference (%)
Solid Storage 9615.59 -
Compost Intensive 8423.41 -12.40%
Compost Passive 8582.01 -10.75%
Deep Bedding 15536.6 +61.58%
Anaerobic Digester 7707.04 -19.85%
Housing Type Emissions (kg CO2e) Emissions Difference (%)
Confined 9615.59 -
Housed Ewes 10637.71 +9.61%
Pasture 5435.95 -39.29%
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Table 3.4. Diet coefficients for beef cattle.

Diet Type Forage CP (kg kg™ | Starch (kgkg") | NDF (kgkg™) TDN ME (Mcal kg™")
(%DM) H (%)

Low energy/protein 100 0.057 0.055 0.714 48 1.73

Medium energy/protein | 97 0.124 0.071 0.535 55 1.97

High energy/protein 85 0.177 0.099 0.451 60 2.14

Table 3.5. (*Taken from the Holos Algorithm document). Additive reduction factors for beef

cattle and dairy cattle.

Beef cattle Dairy cattle’
Additive AR (%) | Additive AR (%)
No additives 0 | No additives 0
Ionophore 20*30/#days* | Ionophore 20*30/#days”
2%Fat 10 | 5%Fat 5 * %addedfat’
4%Fat 20
Ionophore + 2%Fat 10+ 0.5 * 20 * 30/ #days | Ionophore + 5%Fat (5 * %addedfat) + 0.5 * (

20 * 30/ #days)

Ionophore + 4%Fat

20+ 0.5 *20 * 30/ #days

' Values for dairy cattle are based on expert opinion (Darryl Gibb, Karen Beauchemin, Sean McGinn, AAFC).
2 The effect of ionophores is reduced over time. This calculation prorates the reduction over the time period.
* Up to 6% added fat possible.
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Emissions (Mg CO2e) of beef cattle as a function of feed additives
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Figure 3.1 Emissions of beef cattle as a function of food additives.
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Emissions (Mg CO2e) as a function of dairy cattle feed additives
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Figure 3.2 Emissions of dairy cattle as a function of food additives.
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Emissions reduction (%) of most effective BMP's
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Figure 3.3 GHG emissions as a function of best management practices.
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Chapter 4 - Conclusion
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Conclusion and Recommendations

Using Holos to model farming scenarios and comparatively analyze GHG emissions data
output enabled the integral evaluation of many management options and research questions.

In a first stage, the land management practices that were analyzed were tillage options and
fertilizer rate. The model output showed that as tillage intensity increased, GHG emissions
increased as well. As anticipated the model results also captured that as the fertilizer rate was
increased the GHG emissions also increased. Even when relative crop yield was considered, the
GHG emissions intensity results showed that per unit of production, emissions were still highest
at the highest tillage intensity and the highest fertilizer rate. The general outcome of decreasing
emissions with decreasing tillage intensity and decreasing fertilizer application is supported in
the scientific literature but this outcome with specific modeling for the Canadian Prairies and the
clear pattern and average emissions decrease are good evidence for management practices in this
specific region and specific outcomes with emissions reduction numbers and percentages that
can help inform producers and researchers. It was also very notable to see that even with specific
yields considered emissions intensity also showed the same pattern of reduced emissions for this
region.

Assessment of crop rotations showed that order of rotation within Holos has no effect on
both the GHG emissions and crop yields. Because the model output showed the GHG emissions
from each crop type, this model result could inform which crops to include within a rotation to
keep emissions down. In general, inclusion of a lower emitting crop into a rotation would shift
the overall farm GHG emissions down. For example, most legumes had lower GHG emissions,

so by including a legume in rotation emissions could be reduced. Because this is preliminary
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evidence, there is a need to further investigate mitigation of GHG emissions when choosing a
crop rotation.

The Holos model output showed that use of cover crops in general reduced GHG
emissions. However, the model does not currently differentiate between the different cover crop
species. Nevertheless, Holos enables gaining insights of the GHG emissions reduction that is
possible by utilizing this BMP.

Livestock BMP scenarios also provided valuable information on GHG emissions.
Regarding beef cattle, the diet options proved useful. Additives of fat and ionophores effectively
resulted in decreases in GHG emissions. The largest mitigation of GHG emissions attained from
using feed additives resulted from a combination of 4% fat additive and ionophore. GHG
emissions also decreases when protein was increased from 5.7% to 12.4% and to 17.7%.
Different types of manure storage were also evaluated, and anaerobic digestion was the
intervention with the lowest emissions while intensive composting had the second least
emissions. Lastly, housing type that emitted the least emissions was “Housed in Barn (solid)”.
When dairy cattle interventions were modelled using Holos feed additive were also experimented
with. A low fiber diet was found to result in less emissions than a high fiber diet. An addition of
ionophore was found to reduce emissions the most compared to a 5% fat additive and the
combination of the fat and ionophore. The manure storage type that resulted in the least GHG
emissions was “Intensive Compost”. The housing type with the least emissions for dairy cattle

was “Free-stall Barn (solid litter)”.

The initial aim of this work was to identify potentially useful BMPs and provide further

evidence of the resultant changes in GHG emissions. This goal was achieved to a certain extent.
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The goal was constrained by the capacity of the model and the existing body of subject
knowledge. The Holos model is fed by existing research findings as available in the literature.
Therefore, the modeling of newer BMPs with limited availability of scientific evidence was
unfeasible in the model. Other limitations of the project were time and the ability to have in-
depth research on many different topics. To create scenarios specific pieces of the model had to
be fully understood as well as the practices and scientific knowledge behind the practices. Some
practices like irrigation for example could be another entire thesis project on its own even though
it can be considered under the heading of BMP.

The output data from the Holos model became useful as it takes generalized outcomes
from scientific studies and allows those outcomes to be applied to a broad variety of locations
and conditions to witness if the outcomes hold true and to learn how they are being affected.
Modelling experiments in general and their outputs can have its limitations as we are not
replicating in real groundwork experiments, but these simulations by model scenarios are still
valuable as an addition to the realm of knowledge. Running many scenarios under similar
conditions across the prairie provinces and many factors held constant within the model allowed
a unique comparison of the chosen BMP’s. The BMP’s were able to be looked at and compared
as to which ones had the greatest impact on reducing GHG emissions.

From this comprehensive analysis, recommendations could be made with some
confidence. As the model provides generalizations, there would always be the necessary caveat
for the grower to do the research for the specific area, conditions, and economic factors. This is
where Holos could be employed widely, this tool can be used to meticulously represent the
producers’ specific farm conditions and input and hence, the results could be tailored closely to

the actual farming system.
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Overall, this study leads to overarching recommendations of reducing tillage as it reduces
emissions from farm equipment fuel emissions as well as from soil GHG emissions, the majority
from nitrogen cycling. The modelling outcomes also support a recommendation to reduce
nitrogen fertilizer inputs where possible. Balancing the fertilizer inputs with the yield
expectations so that the farm strategy takes into account reducing GHG emissions as well as
maximizing profits can benefit the environment in terms of climate change mitigation.

The study outcomes support livestock recommendations of implementing feed additives
such as fats, and ionophores to mitigate GHG emissions as well as further evaluating and
adjusting feed macronutrients such as protein and fiber to reach the most productive levels. The
study also supports use of solid manure storage and perhaps future implementation of anaerobic
digestion of manure.

There are many new studies that could be carried out in the future to further contribute to
the knowledge base. Field experiments involving BMPs implemented within the model would be
insightful. Specifically, GHG studies regarding the order of crop species within crop rotations as
well as the influence of anaerobic digestion would be particularly interesting. Carbon
sequestration is also an interesting topic that is closely linked with GHG emissions. Holos also
has interesting capabilities to predict this aspect, a BMP study with carbon sequestration as the
primary measurement would be informative. Next steps can also include the continued evolution
of the Holos model into a series of updated versions that represent even more complex farming
scenarios and new BMPs within regenerative agriculture. It will be extremely interesting when
production and economic aspects of the model become operational, and an entirely new angle of
sustainability can be explored and unveiled. For the continued growth of the model to occur,

continued high quality research must be performed to inform the model.
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Agriculture and soil science are multifaceted encompassing infinite possibilities and
factors, and growers and researchers will continually be learning how to produce more, emit less,
and become more sustainable. The broad challenge is ripe for joint engagement by industry and

academics. The future holds so much knowledge and growth.

136



References

Abdalla, M., Hastings, A., Rueangritsarakul, K., Smith, P., Nolan, P., Jones, M. B., Helmy, M.,
Prescher, A., Osborne, B., Lanigan, G., Forristal, D., Killi, D., Maratha, P., & Williams,
M. (2014). Assessing the combined use of reduced tillage and cover crops for mitigating
greenhouse gas emissions from arable ecosystem. Geoderma (Amsterdam), 223-225, 9—
20.

Acharya, P., Ghimire, R., Paye, W. S., Ganguli, A. C. & DelGrosso, S. J. (2022). Net greenhouse
gas balance with cover crops in semi-arid irrigated cropping systems. Scientific Reports,
12(1), 1-13. https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-022-16719-
w

AESA (Alberta Environmentally Sustainable Agriculture Council). (2004). Manure Management
and Greenhouse Gases. Retrieved from:
https://www 1.agric.gov.ab.ca/$department/deptdocs.nsf/ba3468a2a8681{69872569d6007
3fde1/46319f3b4a0c26f787257035005b6a33/$SFILE/GHGBulletinNo 1 1 Manuremanagem
ent.pdf

Aguirre-Villegas, H. A., & Larson, R. A. (2017). Evaluating greenhouse gas emissions from
dairy manure management practices using survey data and lifecycle tools. Journal of
Cleaner Production, 143, 169—179. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jclepro.2016.12.133

Aguirre-Villegas, H.A., Cortus, E., & Reinemann, D.J. (2022). The Role of Anaerobic Digestion
and Solar PV to Achieve GHG Neutrality in a Farm Setting. Energies, 15(1975), 1975.
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/en15061975

Aguirre-Villegas. H. A., Larson, R., & Reinemann, D. J. (2014). From waste-to-worth: energy,
emissions, and nutrient implications of manure processing pathways. Biofuels, Bioproducts
& Biorefining, 8(6), 770-793. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1002/bbb.1496

Aguirre-Villegas, H. A., Reinemann, D. J., Larson, R., & Passos-Fonseca, T. H. (2017). Grazing
intensity affects the environmental impact of dairy systems. Journal of Dairy
Science, 100(8), 6804—6821. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2016-12325

Alberta Agriculture, Food, and Rural Development. (2000). Soil Organic Matter. AGRI-FACTS
Practical Information for Alberta’s Agriculture Industry. Retrieved from:
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-
1.pdf?OpenElement

Alberta Agriculture, Food, and Rural Development. (2004). AGRI-FACTS Practical Information
for Alberta’s Agriculture Industry. Alberta Fertilizer Guide. Retrieved from:

137


https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-022-16719-
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-022-16719-
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/ba3468a2a8681f69872569d6007
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/ba3468a2a8681f69872569d6007
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/en15061975
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2016-12325
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2016-12325
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-1.pdf?OpenElement
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex890/$file/536-1.pdf?OpenElement

https://www 1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex3894/$file/541-
1.pdf?OpenElement

Alberta Agriculture and Rural Development. (2006). Know Your Feed Terms: AGRI-FACTS
Practical Information for Albertan’s Agriculture Industry. Retrieved from:
https://www 1 .agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex4521/$file/400 _60-
2.pdf?OpenElement

Alberta Agriculture and Food (AAF). (2008). Nutrient Management Planning Guide. Retrieved
from:
https://www 1.agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$SFILE/nutrient-
management-planning-guide.pdf

Alberta Agriculture and Rural Development. (2008). Direct Seeding — Estimating the Value of
Crop Residues. Retrieved from: https://open.alberta.ca/dataset/f85d100a-7a32-4b87-bb1b-
2dcb17cbad86/resource/56191e47-4559-457f-ac35-266e11661a3a/download/2008-519-
25.pdf

Alemu, A. W., Amiro, B. D., Bittman, S., MacDonald, D., & Ominski, K. H. (2017). Greenhouse
gas emission of Canadian cow-calf operations: A whole-farm assessment of 295 farms.
AGRICULTURAL SYSTEMS, 151, 73—83. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.11.013

Alemu, A. W., Janzen, H., Little, S., Hao, X., Thompson, D. J., Baron, V., Iwaasa, A.,
Beauchemin, K. A., & Krobel, R. (2017). Assessment of grazing management on farm
greenhouse gas intensity of beef production systems in the Canadian Prairies using life
cycle assessment. Agricultural Systems, 158, 1-13. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2017.08.003

Alemu, A. W., Ominski, K. H., Tenuta, M., Amiro, B. D., & Kebreab, E. (2016). Evaluation of
greenhouse gas emissions from hog manure application in a Canadian cow-calf production
system using whole-farm models. Animal Production Science, 56(10), 1722—-1737.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1071/AN14994

Alemu, A. W., Kroebel, R., McConkey, B. G., & Iwaasa, A. D. (2019). Effect of Increasing
Species Diversity and Grazing Management on Pasture Productivity, Animal Performance,
and Soil Carbon Sequestration of Re-Established Pasture in Canadian Prairie. ANIMALS,
9(4), 127. https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/ani9040127

Amon, B., Kryvoruchko, V., Fréhlich, M., Amon, T., Péllinger, A., Mdsenbacher, 1.,
Hausleitner, A. (2007). Ammonia and greenhouse gas emissions from a straw flow system
for fattening pigs: Housing and manure storage. Livestock Science, 112, 199-207.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/.1ivsc1.2007.09.003

138


https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex4521/$file/400_60-2.pdf?OpenElement
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/agdex4521/$file/400_60-2.pdf?OpenElement
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$FILE/nutrient-management-planning-guide.pdf
https://www1.agric.gov.ab.ca/$department/deptdocs.nsf/all/epw11920/$FILE/nutrient-management-planning-guide.pdf
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.11.013
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.11.013
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2017.08.003
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2017.08.003
https://doi-org.login.ezproxy.library.ualberta.ca/10.1071/AN14994
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/ani9040127

Asgedom, H., & Kebraeb, E. (2011). Beneficial management practices and mitigation of
greenhouse gas emissions in the agriculture of the Canadian Prairie: a review. Agronomy
for Sustainable Development, 31(3), 433451

Athanasios Balafoutis, Bert Beck, Spyros Fountas, Jurgen Vangeyte, Tamme Van der Wal, Iria
Soto, Manuel Gémez-Barbero, Andrew Barnes, & Vera Eory. (2017). Precision
Agriculture Technologies Positively Contributing to GHG Emissions Mitigation, Farm
Productivity and Economics. Sustainability, 8, 1.

Awada, L., Lindwall, C.W., & Sonntag, B. (2014). The development and adoption of
conservation tillage systems on the Canadian Prairies. International Soil and Water
Conservation Research, 2(1), 47—65. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/S2095-6339(15)30013-7

Baca-Gonzalez, V., Asensio-Calavia, P., Gonzalez-Acosta, S., Pérez de la Lastra, J. M., &
Morales de la Nuez., A. (2020). Are Vaccines the Solution for Methane Emissions from
Ruminants? A Systematic Review. Vaccines, 8(460), 460. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/vaccines8030460

Bachinger, J., & Zander, P. (2007). ROTOR, a tool for generating and evaluating crop rotations
for organic farming systems. European Journal of Agronomy, 26(2), 130—-143.

Balafoutis, A., Beck, B., Fountas, S., Vangeyte, J., van der Wal, T., Soto, 1., Gomez-Barbero, M.,
Barnes, A., & Eory, V. (2017). Precision Agriculture Technologies Positively Contributing
to GHG Emissions Mitigation, Farm Productivity and Economics. SUSTAINABILITY,
9(8), 1339. https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/su9081339

Ball, B. C. (2013). Soil structure and greenhouse gas emissions: a synthesis of 20 years of
experimentation. Soil Physics: New Approaches and Challenges, 64(3), 357-373

Barwick, S. A., Henzell, A. L., Herd, R. M., Walmsley, B. J., & Arthur, P. F. (2019). Methods
and consequences of including reduction in greenhouse gas emission in beef cattle
multiple-trait selection. Genetics Selection Evolution, 51(1), 1-13. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1186/s12711-019-0459-5

Basche, A. D., Miguez, F. E., Kaspar, T. C., & Castellano, M. J. (2014). Do cover crops increase
or decrease nitrous oxide emissions? A meta-analysis. Journal of Soil & Water
Conservation, 69(6), 471-482. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2489/jswc.69.6.471

Baumbhardt, R. L., Schwartz, R. C., Jones, O. R., Scanlon, B. R., Reedy, R. C., & Marek, G. W.
(2017). Long-term conventional and no-tillage effects on field hydrology and yields of a
dryland crop rotation. Soil Science Society of America Journal, 81(1), 200-209.
https://doi-org.login.ezproxy.library.ualberta.ca/10.2136/ss5a2j2016.08.0255

139


https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/su9081339
https://doi-org.login.ezproxy.library.ualberta.ca/10.2489/jswc.69.6.471
https://doi-org.login.ezproxy.library.ualberta.ca/10.2489/jswc.69.6.471
https://doi-org.login.ezproxy.library.ualberta.ca/10.2136/sssaj2016.08.0255

Beauchemin, K. A., Janzen, H. H., Little, S. M., McAllister, T. A., & McGinn, S. M. (2011).
Mitigation of greenhouse gas emissions from beef production in western Canada —
Evaluation using farm-based life cycle assessment. Animal Feed Science and
Technology, 166—167, 663—677. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.anifeedsci.2011.04.047

Beauchemin, K. A., Ungerfeld E. M., Eckard, R. J. and Wang, M. (2019). Review: Fifty years of
research on rumen methanogenesis: lessons learned and future challenges for mitigation.
Animal, 14:S1, pp s2—s16, doi:10.1017/S1751731119003100

Behnke, G. D., & Villamil, M. B. (2019). Cover crop rotations affect greenhouse gas emissions
and crop production in Illinois, USA. Field Crops Research, 241. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2019.107580

Behnke, G. D., Zuber, S. M., Pittelkow, C. M., Nafziger, E. D., & Villamil, M. B. (2018). Long-
term crop rotation and tillage effects on soil greenhouse gas emissions and crop production
in [llinois, USA. Agriculture, Ecosystems & Environment, 261, 62—70. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007

Berg, W., Brunsch, R., & Pazsiczki, 1. (2006). Greenhouse gas emissions from covered slurry
compared with uncovered during storage. Mitigation of Greenhouse Gas Emissions from
Livestock Production, 112(2-3), 129-134.

Bharat M. Shrestha, Edward W. Bork, Scott X. Chang, Cameron N. Carlyle, Zilong Ma, Timm
F. Dobert, Dauren Kaliaskar, & Mark S. Boyce. (2020). Adaptive Multi-Paddock Grazing
Lowers Soil Greenhouse Gas Emission Potential by Altering Extracellular Enzyme
Activity. Agronomy, 10(1781), 1781. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/agronomy10111781

Boadi, D.A., Wittenberg, K.M., Scott, S.L., Burton, D., Buckley, K., Small, J.A., Ominski, K.H.
(2004). Effect of low and high forage diet on enteric and manure pack greenhouse gas
emissions from a feedlot. Canadian Journal of Animal Science, 84(3), 445-453.

Borhan, M.S., Rahman, S., Mukhtar, S., and Capareda, S. (2012). Greenhouse Gas Emissions
from Housing and Manure Management Systems at Confined Livestock Operations. Waste
Management — An Integrated Vision. IntechOpen 2012-10-26. doi:10.5772/51175
1274068293

Bremner, J. M. & Blackmer, A. M. (1978). Nitrous Oxide: Emission from Soils During
Nitrification of Fertilizer Nitrogen. Science, 199(4326), 295-296.

Bruulsema, T. W., Peterson, H. M., & Prochnow, L. I.. (2019). The science of 4R nutrient
stewardship for phosphorus management across latitudes. Journal of Environmental
Quality, 48(5), 1295-1299. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2019.02.0065

140


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2019.107580
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2019.107580
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2018.03.007

Burton, C. H. (2007). The potential contribution of separation technologies to the management of
livestock manure. Livestock Science, 112(3), 208-216. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.1ivsci.2007.09.004

Burton, D.L., Zebarth, B.J., Gillam, K.M., MacLeod, J.A. (2008).
Effect of split application of fertilizer nitrogen on N20O emissions from potatoes. Canadian
Journal of Soil Science = Revue Canadienne de La Science Du Sol, 8§8(2), 229-239.

Callaway, T. R., Anderson, R. C., Edrington, T. S., Genovese, K. J., Harvey, R. B., Poole, T. L.,
& Nisbet, D. J. (2013). 14 - Novel methods for pathogen control in livestock pre-harvest:
an update. Advances in Microbial Food Safety, 275-304. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1533/9780857098740.4.275

Cao, Y., Wang, X., Liu, L., Bai, Z., Ma, L., Velthof, G. L., & Misselbrook, T. (2020).
Acidification of manure reduces gaseous emissions and nutrient losses from subsequent
composting process. Journal of Environmental Management, 264. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110454

Capper, J. L., Cady, R. A., & Bauman, D. E. (2009). The environmental impact of dairy
production: 1944 compared with 2007. Journal of Animal Science, 87(6), 2160-2167.

Cardenas, A., Ammon, C., Schumacher, B., Stinner, W., Herrmann, C., Schneider, M., Weinrich,
S., Fischer, P., Amon, T., & Amon, B. (2021). Methane emissions from the storage of
liquid dairy manure: Influences of season, temperature and storage duration. Waste
Management, 121, 393—402. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2020.12.026

Caro, D., Kebreab, E., & Mitloehner, F. (2016). Mitigation of enteric methane emissions from
global livestock systems through nutrition strategies. Climatic Change, 137(3/4), 467—480.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10584-016-1686-1

Carvalho, W. F., Alves, A. A., Sousa, K. R. F., Gandara, F. C., Memoria, H. Q., Fernandes, F. E.
P., Pompeu, R. C. F. F., Rogério, M. C. P., Muir, J. P., Costa, C. S., & Oliveira, D. S.
(2022). Seasonal strategic feed supplements for sheep grazing Caatinga rangeland:
Behavior and performance. Small Ruminant Research, 206. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.smallrumres.2021.106572

CFR, (2023). Title 40 Protection of the Environment. USA National Archives. Code of Federal
Regulations. Retrieved from: https://www.ecfr.gov/current/title-40

Chadwick, D. R. (2005). Emissions of ammonia, nitrous oxide and methane from cattle manure

heaps: effect of compaction and covering. Atmospheric Environment (1994), 39(4), 787—
799.

141


https://doi-org.login.ezproxy.library.ualberta.ca/10.1533/9780857098740.4.275
https://doi-org.login.ezproxy.library.ualberta.ca/10.1533/9780857098740.4.275
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110454
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110454
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2020.12.026
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2020.12.026
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10584-016-1686-1

Chai, L. L., Hernandez-Ramirez, G., Dyck, M., Pauly, D., Kryzanowski, L., Middleton, A.,
Powers, L.-A., Lohstraeter, G., & Werk, D. (2020). Can fertigation reduce nitrous oxide
emissions from wheat and canola fields? Science of the Total Environment, 7435.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.scitotenv.2020.141014

Chamen, T. (2015). Controlled Traffic Farming — From Worldwide Research To Adoption In
Europe And Its Future Prospects. Acta Technologica Agriculturae, 18(3), 64—73.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1515/ata-2015-0014

Chaves, B., Giacomini, S. J., Schmatz, R., Recous, S., Redin, M., Léonard, J., & Ferchaud, F.
(2021). The combination of residue quality, residue placement and soil mineral N content
drives C and N dynamics by modifying N availability to microbial decomposers. Soil
Biology and Biochemistry, 163. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.s0ilb10.2021.108434

Chen, Z., An, C., Fang, H., Zhang, Y., Zhou, Z., Zhou, Y., & Zhao, S. (2020). Assessment of
regional greenhouse gas emission from beef cattle production: A case study of
Saskatchewan in Canada. Journal of Environmental Management, 264. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110443

Chepkemmoi, J. (2017, April 25). World Facts - Facts About the Canadian Prairie Provinces.
Retrieved from: https://www.worldatlas.com/articles/important-facts-associated-with-the-
canadian-prairies-or-the-prairie-provinces-of-canada.html

Cherubin, M. R., Oliveira, D. M. da S., Feigl, B. J., Pimentel, L. G., Lisboa, L. P., Gmach, M. R.,
Varanda, L. L., Morais, M. C., Satiro, L. S., Popin, G. V., Paiva, S. R. de, Santos, A. K. B.
dos, Vasconcelos, A. L. S. de, Melo, P. L. A. de, Cerri, C. E. P., & Cerri, C. C. (2018).
Crop residue harvest for bioenergy production and its implications on soil functioning and
plant growth: A review. Scientia Agricola, 75(3), 255-272. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459

Chianese, D. S.; Rotz, C. A.; Richard, T. L. (2009). Simulation of Nitrous Oxide Emissions from
Dairy Farms to Assess Greenhouse Gas Reduction Strategies. Transactions of the ASABE
(Print), /s. 1./, v. 52, n. 4, p. 1325-1335, 2009. Disponivel em: https://search-ebscohost-
com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edscal & AN=edscal.219
47214 &site=eds-live&scope=site. Acesso em: 7 dez. 2020.

Clemens, J., Trimborn, M., Weiland, P., & Amon, B. (2006). Mitigation of greenhouse gas
emissions by anaerobic digestion of cattle slurry. Mitigation of Greenhouse Gas Emissions
from Livestock Production, 112(2-3), 171-177.

Daxini, A., O’Donoghue, C., Ryan, M., Buckley, C., Barnes, A. P., & Daly, K. (2018). Which
factors influence farmers’ intentions to adopt nutrient management planning? Journal of
Environmental Management, 224, 350—-360. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2018.07.059

142


https://doi-org.login.ezproxy.library.ualberta.ca/10.1515/ata-2015-0014
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2021.108434
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2021.108434
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110443
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2020.110443
https://www.worldatlas.com/articles/important-facts-associated-with-the-canadian-prairies-or-the-prairie-provinces-of-canada.html
https://www.worldatlas.com/articles/important-facts-associated-with-the-canadian-prairies-or-the-prairie-provinces-of-canada.html
https://doi-org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459
https://doi-org.login.ezproxy.library.ualberta.ca/10.1590/1678-992x-2016-0459
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2018.07.059
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2018.07.059

DeFelice, M.S., Carter, P.R. and Mitchell, S.B. (2006). Influence of Tillage on Corn and
Soybean Yield in the United States and Canada. Crop Management. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS

Desjardins, R. L., Smith, W., Grant, B., Campbell, C., & Riznek, R. (2005). Management
strategies to sequester carbon in agricultural soils and to mitigate greenhouse gas

emissions. Increasing Climate Variability and Change : Reducing the Vulnerability of
Agriculture and Forestry, 70(1-2), 283-297.

Diacono, M., Persiani, A., Castellini, M., Giglio, L., & Montemurro, F. (2021). Intercropping
and rotation with leguminous plants in organic vegetables: crop performance, soil
properties and sustainability assessment. Biological Agriculture & Horticulture, 37(3),
141-167. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1080/01448765.2021.1891968

Dorff, E. and Beaulieu, M. S. (2015). Feeding the soil puts food on your plate. Statistics Canada.
Retrieved from: https://www150.statcan.gc.ca/n1/pub/96-325-x/2014001/article/13006-
eng.htm

Ellert, B. H., and Janzen, H. H. (2008). Nitrous oxide, carbon dioxide and methane emissions
from irrigated cropping systems as influenced by legumes, manure and fertilizer. Canadian
Journal of Soil Science = Revue Canadienne de La Science Du Sol, 88(2), 207-217.

EPA. (2010).Global Emissions by Economic Sector. Retrieved from:
https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data

EPA. (2020). How does anaerobic digestion work? Retrieved from: epa.gov/agstar/how-does-
anaerobic-digestion-work

EPA. (2022). Practices to Reduce Methane Emissions from Livestock Manure Management.
United States Environmental Protection Agency. Retrieved from:
https://www.epa.gov/agstar/practices-reduce-methane-emissions-livestock-manure-
management

Environment and Climate Change Canada. (2018). NATIONAL INVENTORY REPORT
1990 —2018: GREENHOUSE GAS SOURCES AND SINKS IN CANADA Retrieved
from: http://publications.gc.ca/collections/collection 2020/eccc/En81-4-2018-1-eng.pdf

Evans, L., VanderZaag, A. C., Sokolov, V., Bald¢, H., MacDonald, D., Wagner-Riddle, C., &
Gordon, R. (2018). Ammonia emissions from the field application of liquid dairy manure
after anaerobic digestion or mechanical separation in Ontario, Canada. Agricultural &
Forest Meteorology, 258, 89-95. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agrformet.2018.02.017

143


https://doi-org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS
https://doi-org.login.ezproxy.library.ualberta.ca/10.1094/CM-2006-0626-01-RS
https://www150.statcan.gc.ca/n1/pub/96-325-x/2014001/article/13006-eng.htm
https://www150.statcan.gc.ca/n1/pub/96-325-x/2014001/article/13006-eng.htm
https://www/
https://www.epa.gov/agstar/practices-reduce-methane-emissions-livestock-manure-management
https://www.epa.gov/agstar/practices-reduce-methane-emissions-livestock-manure-management
http://publications.gc.ca/collections/collection_2020/eccc/En81-4-2018-1-eng.pdf

Fangueiro, D., Hjorth, M., & Gioelli, F. (2015). Acidification of animal slurry— a review. Journal
of Environmental Management, 149, 46-56. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2014.10.001

FAO (Food and Agriculture Organization of the United Nations). (2010). Statistical yearbook.
http://www.fao.org/economic/ess/esspublications/ess-yearbook/ess-
yearbook2010/yearbook2010- reources/en/ Accessed December 23, 2020

FAO. (2021). Key Facts and Findings. Retrieved from:
http://www.fao.org/news/story/en/item/197623/icode/#:~:text=Total%20emissions%20fro
m%?20global%20livestock,0f%20all%20anthropogenic%20GHG%20emissions.&text=On
%20a%20commodity%2Dbasis%2C%?20beef,the%20sector's%200verall%20GHG%200ut
puts.

Faulhaber, C. R., Raman, D. R., & Burns, R. T. (2012). An Engineering-Economic Model for
Analyzing Dairy Plug-Flow Anaerobic Digesters: Cost Structures and Policy
Implications. Transactions of the ASABE (Print), 55(1), 201-2009.

Feng, J., Li, F., Zhou, X., Xu, C., Ji, L., Chen, Z., & Fang, F. (2018). Impact of agronomy
practices on the effects of reduced tillage systems on CH.sub.4 and N.sub.20 emissions
from agricultural fields: A global meta-analysis. PLoS ONE, 13(5), e0196703. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1371/journal.pone.0196703

Ferrari Machado, P. V., Farrell, R. E., Bell, G., Taveira, C. J., Congreves, K. A., Voroney, R. P,
Deen, W., & Wagner-Riddle, C. (2021). Crop residues contribute minimally to spring-thaw
nitrous oxide emissions under contrasting tillage and crop rotations. Soil Biology &
Biochemistry, 152, N.PAG. Retrieved from: https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.s011b10.2020.108057

Frank, S., Havlik, P., Stehfest, E., van Meijl, H., Witzke, P., Pérez-Dominguez, 1., van Dijk, M.,
Doelman, J. C., Fellmann, T., Koopman, J. F. L., Tabeau, A., & Valin, H. (2019).
Agricultural non-CO2 emission reduction potential in the context of the 1.5 °C
target. Nature Climate Change, 9(1), 66. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1038/s41558-018-0358-8

Frimpong, K. A., & Baggs, E. M. (2010). Do combined applications of crop residues and
inorganic fertilizer lower emission of N20 from soil? Soil Use and Management, 26(4),
412-424-424. https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/j.1475-
2743.2010.00293.x

Foundation for Agronomic Research. (2017). What are the 4Rs. Retrieved from:
https://nutrientstewardship.org/4rs/

Fu, C., Lee, X., Griffis, T. J., Baker, J. M., & Turner, P. A. (n.d.). A Modeling Study of Direct
and Indirect N20O Emissions From a Representative Catchment in the U.S. Corn Belt.

144


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2014.10.001
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2014.10.001
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2020.108057
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.soilbio.2020.108057
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41558-018-0358-8
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41558-018-0358-8
https://nutrientstewardship.org/4rs/

Water Resources Research, 54(5), 3632-3653. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1029/2017WR022108

Gasso, V., Claus A.G. Serensen, Oudshoorn, F. W., & Green, O. (2013). Controlled traffic
farming: A review of the environmental impacts. European Journal of Agronomy, 48, 66-
73. Retrieved from:
http://dx.doi.org.login.ezproxy.library.ualberta.ca/10.1016/j.eja.2013.02.002

Gill, K. S. (2018). Crop rotations compared with continuous canola and wheat for crop
production and fertilizer use over 6 yr. Canadian Journal of Plant Science, 98(5), 1139—
1149. https://doi-org.login.ezproxy.library.ualberta.ca/10.1139/cjps-2017-0292

Gonzalez-Recio, O., Lopez-Paredes, J., Ouatahar, L., Charfeddine, N., Ugarte, E., Alenda, R., &
Jiménez-Montero, J. A. (2020). Mitigation of greenhouse gases in dairy cattle via genetic
selection: 2. Incorporating methane emissions into the breeding goal. Journal of Dairy
Science, 103(8), 7210-7221. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2019-17598

Government of Canada. (2019). Evaluation of the agricultural greenhouse gases program (2016-
17 to 2020-21). Retrieved from: https://www.agr.gc.ca/eng/about-our-
department/transparency-agriculture-and-agri-food-canada/audits-and-
evaluations/evaluation-of-the-agricultural-greenhouse-gases-program-2016-17-to-2020-
21/71d=1582935745703

Government of Canada (2020). Greenhouse gases and agriculture. Retrieved from:
https://www.agr.gc.ca/eng/agriculture-and-climate/agricultural-practices/climate-change-
and-agriculture/greenhouse-gases-and-agriculture/?1d=1329321969842

Government of Canada . (2020). Canada's dairy industry at a glance. Retrieved from:
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-
dairy-information-centre/canadas-dairy-industry-glance

Government of Canada. (2021). Agricultural Greenhouse Gas Indicator. Retrieved from:
https://agriculture.canada.ca/en/agriculture-and-environment/climate-change-and-air-
quality/agricultural-greenhouse-gas-indicator

Grainger, C., & Beauchemin, K. A. (2011). Can enteric methane emissions from ruminants be
lowered without lowering their production? Animal Feed Science and Technology, 166—
167, 308-320. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.anifeedsci.2011.04.021

Grant, C. A. (2014). Use of NBPT and ammonium thiosulphate as urease inhibitors with varying
surface placement of urea and urea ammonium nitrate in production of hard red spring
wheat under reduced tillage management. Canadian Journal of Plant Science, 94(2), 329-
335-335. https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/CJPS2013-289

145


https://doi-org.login.ezproxy.library.ualberta.ca/10.1029/2017WR022108
https://doi-org.login.ezproxy.library.ualberta.ca/10.1029/2017WR022108
http://dx.doi.org.login.ezproxy.library.ualberta.ca/10.1016/j.eja.2013.02.002
https://www.agr.gc.ca/eng/agriculture-and-climate/agricultural-practices/climate-change-and-agriculture/greenhouse-gases-and-agriculture/?id=1329321969842
https://www.agr.gc.ca/eng/agriculture-and-climate/agricultural-practices/climate-change-and-agriculture/greenhouse-gases-and-agriculture/?id=1329321969842
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/canadas-dairy-industry-glance
https://agriculture.canada.ca/en/canadas-agriculture-sectors/animal-industry/canadian-dairy-information-centre/canadas-dairy-industry-glance
https://agriculture.canada.ca/en/agriculture-and-environment/climate-change-and-air-quality/agricultural-greenhouse-gas-indicator
https://agriculture.canada.ca/en/agriculture-and-environment/climate-change-and-air-quality/agricultural-greenhouse-gas-indicator
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.anifeedsci.2011.04.021
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.anifeedsci.2011.04.021
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/CJPS2013-289

Grover, K.K., Karsten, H.D., and Roth, G.W. (2009). Corn Grain Yields and Yield Stability in
Four Long-Term Cropping Systems. Agronomy Journal, 101(4), 940-946. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x

Guenette, K. G., & Hernandez-Ramirez, G. (2018). Tracking the influence of controlled traffic
regimes on field scale soil variability and geospatial modeling techniques. Geoderma, 328,
66-78-78. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2018.04.026

Guyader, J., Janzen, H. H., Kroebel, R., & Beauchemin, K. A. (2016). Production, management
and environment symposium: Forage use to improve environmental sustainability of
ruminant production. Journal of Animal Science, 94(8), 3147-3158. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2527/jas.2015-0141

Guyader, J., Little, S., Krobel, R., Beauchemin, K. A., & Benchaar, C. (2017). Comparison of
greenhouse gas emissions from corn- and barley-based dairy production systems in Eastern
Canada. Agricultural Systems, 152, 38-46—46. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.12.002

Hamilton, T. (2002). Creep Feeding Beef Calves Factsheet. Ontario Ministry of Agriculture,
Food and Rural Affairs. Retrieved from:
http://www.omafra.gov.on.ca/english/livestock/beef/facts/02-027.htm September 17, 2021

Hammond, K. J., Jones, A. K., Humphries, D. J., Crompton, L. A., & Reynolds, C. K. (2016).
Effects of diet forage source and neutral detergent fiber content on milk production of
dairy cattle and methane emissions determined using GreenFeed and respiration chamber
techniques. Journal of Dairy Science, 99(10), 7904-7917. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2015-10759

Hansen, M. N., Henriksen, K., & Sommer, S. G. (2006). Observations of production and
emission of greenhouse gases and ammonia during storage of solids separated from pig
slurry : Effects of covering. Atmospheric Environment (1994), 40(22), 4172—-4181.

Hayes, R. C., Wang, S., Newell, M.T., Turner, K., Larsen, J., Gazza, L., Anderson, J. A., Bell, L.
W., Cattani, D. J., Frels, K., Galassi, E., Morgounov, A. 1., Revell, C. K., Thapa, D. B.,
Sacks, E. J., Sameri, M., Wade, L. J., Westerbergh, A., Shamanin, V., Amanov, A., Li, G.
D. (2018). The Performance of Early-Generation Perennial Winter Cereals at 21 Sites
across Four Continents Sustainability 2018, 10(4),1124;
https://doi.org/10.3390/sul0041124

He, W., Dutta, B., Grant, B. B., Chantigny, M. H., Hunt, D., Bittman, S., Tenuta, M., Worth, D.,
VanderZaag, A., Desjardins, R. L., & Smith, W. N. (2020). Assessing the effects of
manure application rate and timing on nitrous oxide emissions from managed grasslands
under contrasting climate in Canada. Science of the Total Environment, 716. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.scitotenv.2019.135374

146


https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2008.0221x
https://doi-org.login.ezproxy.library.ualberta.ca/10.2527/jas.2015-0141
https://doi-org.login.ezproxy.library.ualberta.ca/10.2527/jas.2015-0141
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.12.002
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2016.12.002
http://www.omafra.gov.on.ca/english/livestock/beef/facts/02-027.htm%20September%2017
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2015-10759
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2015-10759
https://doi.org/10.3390/su10041124
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.scitotenv.2019.135374
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.scitotenv.2019.135374

Hedley, C. B., Yule, L. J., Tuohy, M. P., & Vogeler, 1., (2009). Key performance indicators for
simulated variable-rate irrigation of variable soils in humid regions. Transactions of the
ASABE, 52(5), 1575-1584.

Hedley, C. B., & Yule, L. J. (2009). Soil water status mapping and two variable-rate irrigation
scenarios. Precision Agriculture: An International Journal on Advances in Precision
Agriculture, 10(4), 342. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11119-
009-9119-z

Hernanz, J. L., Sanchez-Giron, V., Navarrete, L., & Sanchez, M. J., (2014). Long-term (1983-
2012) assessment of three tillage systems on the energy use efficiency, crop production and
seeding emergence in a rain fed cereal monoculture in semiarid conditions in central Spain.
Field Crops Research, 166, 26-37. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2014.06.013

Holly, M. A., Larson, R. A., Powell, J. M., Ruark, M. D., & Aguirre-Villegas, H. (2017).
Greenhouse gas and ammonia emissions from digested and separated dairy manure during
storage and after land application. Agriculture, Ecosystems and Environment, 239, 410—
419. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2017.02.007

Howard, D. D., Newman, M. A., Essington, M. E., & Percell, W. M. (2002). Nitrogen
fertilization of conservation-tilled wheat. II. Timing of application of two nitrogen
sources. Journal of Plant Nutrition, 25(6), 1329-1339.

Hristov A.N. Hanigan M. Cole A. Todd R. McAllister T.A. Ndegwa P.M. Rotz A. (2011).
Ammonia emissions from dairy farms and beef feedlots: A review.
Canadian Journal of Animal Science. 2011; 91: 1-35 https://doi.org/10.4141/CJAS10034

Hristov, A. (2013). Special topics--Mitigation of methane and nitrous oxide emissions from
animal operations: I1I. A review of animal management mitigation options. Journal of
Animal Science.

Huang, M., Liang, T., & Wang, L. (2015). Nitrous oxide emissions in a winter wheat - summer
maize double cropping system under different tillage and fertilizer management. Soil Use
and Management, 31(1), 98-105—-105. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170

Hiinerberg, M., Okine, E. K., Little, S. M., Beauchemin, K. A., McGinn, S. M., Krébel, R.,
McAllister, T. A., O’Connor, D., & Harstad, O. M. (2014). Feeding high concentrations of
corn dried distillers’ grains decreases methane, but increases nitrous oxide emissions from
beef cattle production. Agricultural Systems, 127, 19-27-27. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2014.01.005

Im, S., Petersen, S. O., Lee, D., & Kim, D.-H. (2020). Effects of storage temperature on CH4
emissions from cattle manure and subsequent biogas production potential. Waste

147


https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11119-009-9119-z
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11119-009-9119-z
https://doi.org/10.4141/CJAS10034
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/sum.12170

Management, 101, 35—-43. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2019.09.036

Intergovernmental Panel on Climate Change (IPCC). (2019). 2019 Refinement to the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories, Volume 4, Agriculture, Forestry and
Other Land Use.
https://www.ipcc-
nggip.iges.or.jp/public/2019rf/pdf/4 Volume4/19R V4 Chl0 Livestock.pdf

Intergovernmental Panel on Climate Change (IPCC). 2021. Climate Change 2021: The Physical
Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the
IPCC [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N.
Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R.
Matthews, T.K. Maycock, T. Waterfield, O. Yelekei, R. Yu, and B. Zhou (eds.)].
Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA

Ivanova-Peneva, S. G., Aarnink, A. J. A., & Verstegen, M. W. A. (2008). Ammonia emissions
from organic housing systems with fattening pigs. Biosystems Engineering, 99(3), 412—
422.

Janzen, H. H., & Kucey, R. M. N. (1988). C, N, and S mineralization of crop residues as
influenced by crop species and nutrient regime. Plant and Soil, 106(1), 35-41-41.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/BF02371192

Jayanegara, A., Leiber, F., Kreuzer, M. (2012). Meta- analysis of the relationship between
dietary tannin level and methane formation in ruminants from in vivo and in vitro
experiments. Journal of Animal Physiology and Animal Nutrition, 96(3), 365-375.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/5.1439-0396.2011.01172.x

Jayanegara, A., Ridla, M., Nahrowi, & Laconi, E. B. (2019). Estimation and validation of total
digestible nutrient values of forage and concentrate feedstuffs. [OP Conference Series:

Materials Science and Engineering, 546(4). https://doi-
org.login.ezproxy.library.ualberta.ca/10.1088/1757-899X/546/4/042016

Jenkins, T.C., Klein, C.M., & Mechor, G.D. (2009). Managing Milk Fat Depression :
Interactions of lonophores , Fat Supplements , and other Risk Factors.
Retrieved from: https://animal.ifas.ufl.edu/apps/dairymedia/rns/2009/Jenkins.pdf

Jiang, T., Schuchardt, F., Li, G., Guo, R., Zhao, Y. (2011). Effect of C/N ratio, aeration rate and
moisture content on ammonia and greenhouse gas emission during the composting. Journal
of Environmental Sciences (China), 23(10), 1754—1760. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/S1001-0742(10)60591-8

Kandel, T. P., Gowda, P. H., Somenahally, A., Northup, B. K., DuPont, J., & Rocateli, A. C.
(2018). Nitrous oxide emissions as influenced by legume cover crops and nitrogen

148


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2019.09.036
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.wasman.2019.09.036
https://www.ipcc-nggip.iges.or.jp/public/2019rf/pdf/4_Volume4/19R_V4_Ch10_Livestock.pdf
https://www.ipcc-nggip.iges.or.jp/public/2019rf/pdf/4_Volume4/19R_V4_Ch10_Livestock.pdf
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/BF02371192
https://doi-org.login.ezproxy.library.ualberta.ca/10.1111/j.1439-0396.2011.01172.x
https://doi-org.login.ezproxy.library.ualberta.ca/10.1088/1757-899X/546/4/042016
https://doi-org.login.ezproxy.library.ualberta.ca/10.1088/1757-899X/546/4/042016

fertilization. Nutrient Cycling in Agroecosystems: (Formerly Fertilizer Research), 112(1),
119-131. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10705-018-9936-4

Karhu, K., Mattila, T., Bergstrom, I., & Regina, K. (2011). Biochar addition to agricultural soil
increased CH4 uptake and water holding capacity — Results from a short-term pilot field
study. Agriculture, Ecosystems & Environment, 140(1-2), 309-313.

Kitterer, T., Andersson, L., Andrén, O., & Persson, J. (2008). Long-term impact of
chronosequential land use change on soil carbon stocks on a Swedish farm. Nutrient
Cycling in Agroecosystems: (Formerly Fertilizer Research), 81(2), 145—155. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s10705-007-9156-9

Kebreab, E., Honan, M., Roque, B., & Tricarico, J. (2021). Greenhouse Gas Emissions
Mitigation Strategies. Journal of Animal Science, 99, 195. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1093/jas/skab235.353

Kinley, R. D., de Nys, R., Vucko, M. J., Machado, L., & Tomkins, N. W. (2016). The red
macroalgae Asparagopsis taxiformis is a potent natural antimethanogenic that reduces
methane production during in vitro fermentation with rumen fluid. Animal Production
Science, 56(2/3), 282—-289. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1071/AN15576

Koch, B., Khosla, R., Westfall, D. G., Inman, D., & Frasier, W. M. (2004). Economic feasibility
of variable-rate nitrogen application utilizing site-specific management zones. Agronomy
Journal, 96(6), 1572-1580-1580. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/agronj2004.1572

Kohlman, T. & Bjurstrom, A. (2023). Feeding for Efficiency: Dietary impacts on greenhouse gas
production. Extension University of Wisconsin- Madison. Retrieved from:
https://dairy.extension.wisc.edu/files/2022/04/FeedEfficiency-
ManureMethaneCarbon.pdf

Kong, A. Y. Y., Fonte, S. J., Van Kessel, C., & Six, J. (2009). Transitioning from standard to
minimum tillage: Trade-offs between soil organic matter stabilization, nitrous oxide

emissions, and N availability in irrigated cropping systems. Soil & Tillage Research,
104(2), 256-262.

Krauss, M., Ruser, R., Miiller, T., Hansen, S., Médder, P., & Gattinger, A. (2017). Impact of
reduced tillage on greenhouse gas emissions and soil carbon stocks in an organic grass-
clover ley - winter wheat cropping sequence. Agriculture, Ecosystems and Environment,
239, 324-333. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2017.01.029

Kiilling, D. R., Menzi, H., Neftel, A., Krober, T. F., Sutter, F., Kreuzer, M., & Lischer, P. (2001).

Emissions of ammonia, nitrous oxide and methane from different types of dairy manure
during storage as affected by dietary protein content. Journal of Agricultural Science,

149


https://doi-org.login.ezproxy.library.ualberta.ca/10.1071/AN15576
https://doi-org.login.ezproxy.library.ualberta.ca/10.1071/AN15576
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2004.1572
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/agronj2004.1572
https://dairy.extension.wisc.edu/files/2022/04/FeedEfficiency-
https://dairy.extension.wisc.edu/files/2022/04/FeedEfficiency-
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2017.01.029

137(2), 235-250-250. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1017/s0021859601001186

Kutcher, H.R. & Malhi, S.S. (2010). Residue burning and tillage effects on diseases and yield of
barley (Hordeum vulgare) and canola (Brassica napus). Soil & Tillage Research, 109(2),
153-160. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/].stil1.2010.06.001

Lafond, G. P., May, W. E., Stevenson, F. C., & Derksen, D. A. (2006). Effects of tillage systems
and rotations on crop production for a thin Black Chernozem in the Canadian Prairies. Soil
and Tillage Research, 89(2), 232-245-245. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2005.07.014

Lata, J. C., Gerard, B., Tobita, S., Rao, I. M., Braun, H. J., Kommerell, V., ... Iwanaga, M.
(2017). Genetic mitigation strategies to tackle agricultural GHG emissions: The case for
biological nitrification inhibition technology. Plant Science, 262, 165—168. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.plantsci.2017.05.004

Latham, E. A., Anderson, R.C., Pinchak, W.E., and Nisbet, D.J. (2016). Insights on Alterations
to the Rumen Ecosystem by Nitrate and Nitrocompounds. Frontiers in
Microbiology, 7(228), 1-15. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fmicb.2016.00228

Latham, E. A., Pinchak, W. E., Trachsel, J., Allen, H. K., Callaway, T. R., Nisbet, D. J., &
Anderson, R. C. (2018). Isolation, characterization and strain selection of a Paenibacillus
species for use as a probiotic to aid in ruminal methane mitigation, nitrate/nitrite
detoxification and food safety. Bioresource Technology, 263, 358-364. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.biortech.2018.04.116

Legesse, G., Ominski, K. H., McGeough, E. J., Kroebel, R., Alemu, A. W., Beauchemin, K. A.,
McAllister, T. A., Chai, L., & Bittman, S. (2016). Effect of changes in management
practices and animal performance on ammonia emissions from Canadian beef production
in 1981 as compared with 2011. Canadian Journal of Animal Science, 98(4), 833—-844.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1139/cjas-2017-0184

Lemke, R.L., Izaurralde, R.C., Nyborg, M., Solberg, E.D. (1999). Tillage and N source influence
soil-emitted nitrous oxide in the Alberta Parkland region. Canadian Journal of Soil
Science, 79(1), 15-24.

Li, C., Hao, X., Blackshaw, R. E., O, D. J. T., Harker, K. N., & Clayton, G. W. (2012). Nitrous
oxide emissions in response to ESN and urea, herbicide management and canola cultivar in
a no-till cropping system. Soil & Tillage Research, 118, 97—106. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2011.10.017

Li, X., Norman, H. C., Kinley, R. D., Laurence, M., Wilmot, M., Bender, H., de Nys, R., &
Tomkins, N. (2018). Asparagopsis taxiformis decreases enteric methane production from

150


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2010.06.001
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2005.07.014
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2005.07.014
https://doi-org.login.ezproxy.library.ualberta.ca/10.1139/cjas-2017-0184

sheep. Animal Production Science, 58(4), 681-688. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1071/AN15883

Li, Y. X, Tullberg, J. N., & Freebairn, D. M. (2007). Wheel traffic and tillage effects on runoff
and crop yield. Soil and Tillage Research, 97 (2) Pp.282-292, 2007, Retrieved from
http://login.ezproxy.library.ualberta.ca/login?url=https://search-proquest-
com.login.ezproxy.library.ualberta.ca/docview/925463682?accountid=14474

Liang, Y., Guo, S., Lal, R., Liu, R., & Hu, Y. (2018). Impacts of simulated erosion and soil
amendments on greenhouse gas fluxes and maize yield in Miamian soil of central Ohio.
Scientific Reports, 8(1). https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-
017-18922-6

Liu, S., Gao, Y., Lang, H., Liu, Y., & Zhang, H. (2022). Effects of Conventional Tillage and No-
Tillage Systems on Maize (Zea mays L.) Growth and Yield, Soil Structure, and Water in
Loess Plateau of China: Field Experiment and Modeling Studies. LAND, 11(11).
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/land11111881

Liu, W.-X., Liu, W.-S., Yang, M.-Y., Wei, Y.-X., Chen, Z., Virk, A. L., Lal, R., Zhao, X., &
Zhang, H.-L. (2022). Effects of tillage and cropping sequences on crop production and
environmental benefits in the North China Plain. Environmental Science and Pollution
Research, 1-15. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-022-
23371-4

Liegel, E. A., and Walsh L. M. (1976). Evaluation of sulfur-coated urea (SCU) applied to
irrigated potatoes and corn. Agronomy Journal.

Lin, S., & Hernandez-Ramirez, G. (2022). Increased soil-derived N20O production following a
simulated fall-freeze—thaw cycle: effects of fall urea addition, soil moisture, and history of
manure applications. Biogeochemistry: An International Journal, 157(3), 379-398.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10533-021-00880-x

Lin, S., Hernandez-Ramirez, G., Kryzanowski, L., Wallace, T., Grant, R.F., Degenhardt, R.,
Lohstraeter, G., Powers, L. (2017). Timing of Manure Injection and Nitrification Inhibitors
Impacts on Nitrous Oxide Emissions and Nitrogen Transformations in a Barley Crop
Soil Science Society of America Journal. Vol. 8§1. DOI- 10.2136/ss52j2017.03.0093

Lognoul, M., Theodorakopoulos, N., Hiel, M.-P., Regaert, D., Broux, F., Heinesch, B., Bodson,
B., Vandenbol, M., & Aubinet, M. (2017). Impact of tillage on greenhouse gas emissions
by an agricultural crop and dynamics of N2O fluxes: Insights from automated closed
chamber measurements. Soil & Tillage Research, 167, 80—-89. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2016.11.008

Lotjonen, S., & Ollikainen, M. (2017). Does crop rotation with legumes provide an efficient
means to reduce nutrient loads and GHG emissions? Review of Agricultural, Food and

151


http://login.ezproxy.library.ualberta.ca/login?url=https://search-proquest-com.login.ezproxy.library.ualberta.ca/docview/925463682?accountid=14474
http://login.ezproxy.library.ualberta.ca/login?url=https://search-proquest-com.login.ezproxy.library.ualberta.ca/docview/925463682?accountid=14474
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-017-18922-6
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/s41598-017-18922-6
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/land11111881

Environmental Studies, 98(4), 283. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s41130-018-0063-z

Levendahl, P., Difford, G.F.,Li, B., Chagunda, M.G.G., Huhtanen, P., Lidauer, M.H., Lassen, J.,
Lund, P. . (2018). Review: Selecting for improved feed efficiency and reduced methane
emissions in dairy cattle. Animal 12 s2. https://doi.org/10.1017/S1751731118002276

Luby, C. D., Waldner, C., & Jelinski, M. D. (2020). Update on demographics of the Canadian
Dairy Industry for the period 2011 to 2016. The Canadian veterinary journal = La revue
veterinaire canadienne, 61(1), 75-78.

Maas, S. E., Glenn, A. J., Tenuta, M. and Amiro, B. D. Net CO2 and N20O exchange during
perennial forage establishment in an annual crop rotation in the Red River Valley,
Manitoba. (2013). Canadian Journal of Plant Science, 93(5), 639—652. https://doi-
org.login.ezproxy.library.ualberta.ca/10.4141/cjss2013-025

Majrashi, M. A., Obour, A. K., Moorberg, C. J., Lollato, R. P., Holman, J. D., Du, J., Mikha, M.
M., & Assefa, Y. (2022). No-tillage and fertilizer-nitrogen improved sorghum yield in

dryland wheat-sorghum- fallow rotation. Journal of Soil and Water Conservation, 77(6),
609—618. https://doi-org.login.ezproxy.library.ualberta.ca/10.2489/;]SWC.2022.00241

Malhi, S. S., Lemke, R., Mooleki, S. P., Schoenau, J. J., Brandt, S., Lafond, G., Wang, H.,
Hultgreen, G. E., & May, W. E. (2008). Fertilizer N management and P placement effects
on yield, seed protein content and N uptake of flax under varied conditions in
Saskatchewan. Canadian Journal of Plant Science, 88(1), 11-33.

Malhi, S. S. and Nyborg, M. (1991). Recovery of 15N-labelled urea: Influence of zero tillage,
and time and method of application. Fert. Res. 28: 263269. Malhi, S. S. and Nyborg, M.
1992.

Mangalassery, S., Sjogersten, S., Sparkes, D. L., Sturrock, C. J., Craigon, J., & Mooney, S. J.
(2014). To what extent can zero tillage lead to a reduction in greenhouse gas emissions
from temperate soils? Scientific Reports, 1-8. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1038/srep04586

Mangino, J., Bartram, D., and Brazy, A. (2001). Development of a methane conversion factor to
estimate emissions from animal waste lagoons. U.S. EPAs 17th Annual Emission
Inventory Conference, Atlanta, GA, 16-18. Retrieved from:
https://www?3.epa.gov/ttnchiel/conference/eil 1/ammonia/mangino.pdf

Manitoba Agriculture. (2008). Food and Rural Initiatives - Soil Management Guide. Chapter 11-
Greenhouse Gases in Agriculture. Retrieved from:
https://www.gov.mb.ca/agriculture/environment/soil-management/soil-management-
guide/pubs/soil-management-guide.pdf

152


https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjss2013-025
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjss2013-025
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/srep04586
https://doi-org.login.ezproxy.library.ualberta.ca/10.1038/srep04586

Marple, D. (2003). Fundamental concepts of growth. In C. G. Scanes (ed.) Biology of growth of
domestic animals. lowa State Press (A Blackwell Publishing Co.).
http://www.iowastatepress.com. ISBN 0-8138-2906-2. pp. 9-19

Martin, C., Morgavi, D.P., and Doreau, M. (2010). Methane mitigation in ruminants: from
microbe to the farm scale. Animal : An International Journal of Animal Bioscience, 4, 351—
365. https://doi-org.login.ezproxy.library.ualberta.ca/10.1017/S1751731109990620

Mathot, M., Stilmant, D., Decruyenaere, V., & Lambert, R. (2016). Deep litter removal
frequency rate influences on greenhouse gas emissions from barns for beef heifers and
from manure stores. Agriculture, Ecosystems and Environment, 233, 94-105-105.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2016.08.022

Melillo, E. D. (2012). The First Green Revolution: Debt Peonage and the Making of the Nitrogen
Fertilizer Trade, 1840—1930. The American Historical Review, 117(4), 1028—1060.
https://search-ebscohost-
com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr& AN=edsjsr.2342
7879&site=eds-live&scope=site.

Menegat, S., Ledo, A., & Tirado, R. (2022). Greenhouse gas emissions from global production
and use of nitrogen synthetic fertilisers in agriculture. Scientific Reports, 12(1). https://doi-
org.login.ezproxy.library.ualberta.ca/10.1038/s41598-022-18773-w

Meyer-Aurich, A., Karatay, Y. N., Nausediene, A., & Kirschke, D. (2020). Effectivity and cost
efficiency of a tax on nitrogen fertilizer to reduce GHG emissions from agriculture.
Atmosphere, 11(6). https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/atmos 11060607

Mohankumar Sajeev, E. P., Winiwarter, W., & Amon, B. (2018). Greenhouse Gas and Ammonia
Emissions from Different Stages of Liquid Manure Management Chains: Abatement
Options and Emission Interactions. Journal of Environmental Quality, 47(1), 30—41.
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2017.05.0199

Montes, F., Meinen, R., Dell, C., Rotz, A., Hristov, A. N., Oh, J., Waghorn, G., Gerber, P. J.,
Henderson, B., Makkar, H. P. S., & Dijkstra, J. (2013). SPECIAL TOPICS--Mitigation of
methane and nitrous oxide emissions from animal operations: II. A review of manure
management mitigation options. Journal of Animal Science, 91(11), 5070-5094.
https://doi-org.login.ezproxy.library.ualberta.ca/10.2527/jas.2013-6584

Moraes, L. E., Kebreab, E., Fadel, J. G., Strathe, A. B., Dijkstra, J., France, J., & Casper, D. P.
(2015). Multivariate and univariate analysis of energy balance data from lactating dairy
cows. Journal of Dairy Science, 98(6), 4012—4029. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2014-8995

153


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2016.08.022
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsjsr&AN=edsjsr.23427879&site=eds-live&scope=site
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2017.05.0199
https://doi-org.login.ezproxy.library.ualberta.ca/10.2527/jas.2013-6584
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2014-8995
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2014-8995

Morrison, C.L., and Y. Lawley. (2021). 2020 Prairie Cover Crop Survey Report. Department of
Plant Science, University of Manitoba. https://umanitoba.ca/agricultural-food-
sciences/make/make-ag-food-resources#crops

Moss, A.R., Jouany, J.-P., and Newbold, J. (2000). “Methane Production by Ruminants: Its
Contribution to Global Warming.” Animal Research 49 (3): 231-253-253.
doi:10.1051/animres:2000119.

Munger, H., Vanasse, A. and Legere, A. (2014). Bread wheat performance, fusarium head blight
incidence and weed infestation response to low-input conservation tillage systems in
eastern Canada. Canadian Journal of Plant Science, 94(2), 193-201. https://doi-
org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132

Muhammad, 1., Sainju, U. M., Zhao, F., Khan, A., Ghimire, R., Fu, X., & Wang, J. (2019).
Regulation of soil CO2 and N20O emissions by cover crops: A meta-analysis. Soil &
Tillage Research, 192, 103—112. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2019.04.020

Narmilan, A., & Puvanitha, N. (2020). Mitigation Techniques for Agricultural Pollution by
Precision Technologies with a Focus on the Internet of Things (IoTs): A
Review. Agricultural Reviews, 41(3), 279-284. https://doi-
org.login.ezproxy.library.ualberta.ca/10.18805/ag.R-151

National Farmers Union. (2022). Agricultural Greenhouse Gas Emissions in Canada: A New,
Comprehensive Assessment. Saskatoon, Canada. Retrieved from: https://www.nfu.ca/wp-
content/uploads/2022/03/Comprehensive-Ag-GHG-Emissions-EN-final-1.pdf

Ngwabie, N. M., Gordon, R. J., Dunfield, K., Sissoko, A., Wagner-Riddle, C., & VanderZaag, A.
(2016). The Extent of Manure Removal from Storages and Its Impact on Gaseous
Emissions. Journal of Environmental Quality, 45(6), 2023—-2029. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2016.01.0004

Nguyen, L. T. T., & Kravchenko, A. N. (2021). Effects of cover crops on soil CO2 and N20
emissions across topographically diverse agricultural landscapes in corn-soybean-wheat
organic transition. European Journal of Agronomy, 122. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.ja.2020.126189

Ni, J. Q., Vinckier, C., Coenegrachts, J., & Hendriks, J. (1999). Effect of manure on ammonia
emission from a fattening pig house with partly slatted floor. Livestock Production
Science, 59(1), 25-31-31. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/S0301-
6226(99)00002-0

Onwosi, C. O., Igbokwe, V. C., Odimba, J. N., Eke, I. E., Nwankwoala, M. O., Iroh, I. N., &

Ezeogu, L. I. (2017). Composting technology in waste stabilization: On the methods,
challenges and future prospects. JOURNAL OF ENVIRONMENTAL MANAGEMENT,

154


https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjps2013-132
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2019.04.020
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.still.2019.04.020
https://doi-org.login.ezproxy.library.ualberta.ca/10.18805/ag.R-151
https://doi-org.login.ezproxy.library.ualberta.ca/10.18805/ag.R-151
https://www.nfu.ca/wp-content/uploads/2022/03/Comprehensive-Ag-GHG-Emissions-EN-final-1.pdf
https://www.nfu.ca/wp-content/uploads/2022/03/Comprehensive-Ag-GHG-Emissions-EN-final-1.pdf
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2016.01.0004
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2016.01.0004
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.eja.2020.126189
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.eja.2020.126189
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/S0301-6226(99)00002-0
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/S0301-6226(99)00002-0

190, 140-157. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2016.12.051

Oregon State University. (2018). The importance of energy nutrition for cattle.
Retrieved from: https://extension.oregonstate.edu/animals-livestock/beef/importance-
energy-nutrition-cattle

Outhouse, J.B., Johnson, K.D., Rhykerd, C.L. (2007). Managing and Utilizing Pasture and
Harvested Forages for Sheep. Agronomy Extension. Perdue University. Retrieved from:
https://www.agry.purdue.edu/ext/forages/publications/ID-153.htm

Owusu-Twum, M., Loick, N., Cardenas, L. M., Coutinho, J., Trindade, H., & Fangueiro, D.
(2017). Nitrogen dynamics in soils amended with slurry treated by acid or DMPP
addition. Biology and Fertility of Soils: Cooperating Journal of International Society of
Soil Science, 53(3), 339. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s00374-
017-1178-0

Pal, S., Chattopadhyay, B., & Mukhopadhyay, S. K. (2016). Importance of agriculture and crop
residues in carbon sequestration and nutrient enrichment at agricultural farms of East
Kolkata Wetland area, a Ramsar site. Current Science, 110(7), 1330-1337.

Patra, A. K. (2013). The effect of dietary fats on methane emissions, and its other effects on
digestibility, rumen fermentation and lactation performance in cattle: A meta-
analysis. Livestock Science, 155(2-3), 244-254. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.1ivsci.2013.05.023

Pennock, D., Bedard-Haughn, A., & Viaud, V. (2011). Chernozemic soils of Canada: Genesis,
distribution, and classification. Canadian Journal of Soil Science, 91(5), 719-747.
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjss10022

Pereira, P., Misselbrook, T.H., Chadwick, D.R., Coutinho, J., and Trindade, H. (2012). Effects of
temperature and dairy cattle excreta characteristics on potential ammonia and greenhouse
gas emissions from housing: A laboratory study. Biosystems Engineering, 112(2), 138—
150. https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.biosystemseng.2012.03.011

Petersen, S. O., Baral, K. R., Hellwing, A. L. F., Brask, M., Hgjberg, O., Poulsen, M., Zhu, Z., &
Lund, P. (2015). Dietary nitrate for methane mitigation leads to nitrous oxide emissions
from dairy cows. Journal of Environmental Quality, 44(4), 1063—1070. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2015.02.0107

Petersen, S. O. (2018). Greenhouse gas emissions from liquid dairy manure: Prediction and
mitigation. Journal of Dairy Science, 101(7), 6642-6654—6654. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2017-13301

Philippe, F.-X., & Nicks, B. (2015). Review on greenhouse gas emissions from pig houses:
Production of carbon dioxide, methane and nitrous oxide by animals and

155


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2016.12.051
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2016.12.051
https://extension.oregonstate.edu/animals-livestock/beef/importance-energy-nutrition-cattle
https://extension.oregonstate.edu/animals-livestock/beef/importance-energy-nutrition-cattle
https://www.agry.purdue.edu/ext/forages/publications/ID-153.htm
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s00374-017-1178-0
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s00374-017-1178-0
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.livsci.2013.05.023
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.livsci.2013.05.023
https://doi-org.login.ezproxy.library.ualberta.ca/10.4141/cjss10022
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.biosystemseng.2012.03.011
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2015.02.0107
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2015.02.0107
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2017-13301
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2017-13301

manure. Agriculture, Ecosystems & Environment, 199, 10-25. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2014.08.015

Pickering, N. K., Oddy, V. H., Basarab, J., Cammack, K., Hayes, B., Hegarty, R. S., Lassen, J.,
McEwan, J. C., Miller, S., Pinares-Patifio, C. S., de Haas, Y., (2015). Animal board invited
review: genetic possibilities to reduce enteric methane emissions from ruminants.

Animal, 9(9), 1431-1440. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1017/S1751731115000968

Pinto, A., Yin, T., Konig, S., Reichenbach, M., Schlecht, E., Bhatta, R., & Malik, P. K. (2020).
Enteric methane emissions of dairy cattle considering breed composition, pasture
management, housing conditions and feeding characteristics along a rural-urban gradient in
a rising megacity. Agriculture (Switzerland), 10(12), 1-18-18. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/agriculture10120628

Rasby, R., and Martin, J. (2022). Understanding Feed Analysis. Institute of Agriculture and
Natural Resources. University of Nebraska-Lincoln. Retrieved from:
https://beef.unl.edu/learning/feedanalysis.shtml

Rasmussen, J & Harrison, A P. (2011). The benefits of supplementary fat in feed rations for
ruminants with particular focus on reducing levels of methane production., ISRN
Veterinary Science, vol 2011, 613172 . 2011. Accessed January 12, 2023. https://search-
ebscohost-

com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsoai& AN=edsoai.ocn
854821679&site=eds-live&scope=site

Reckling, M. Hecker, J. M., Bergkvist, G., Watson, C. A., Zander, P., Schlifke, N., Stoddard, F.
L., Eory, V., Topp, C. F. E., Maire, J., Bachinger, J. (2016). A cropping system assessment
framework—Evaluating effects of introducing legumes into crop rotations, European
Journal of Agronomy, Volume 76, Pages 186-197, ISSN 1161-0301,
https://doi.org/10.1016/j.€ja.2015.11.005.

Redfearn, Daren D., & Bidwell, Terrence G., (2017). Stocking Rate: The Key to Successful
Livestock Production, Oklahoma State University, Id: PSS-2871,
https://extension.okstate.edu/fact-sheets/stocking-rate-the-key-to-successful-livestock-
production.html.

Regueiro, 1., Siebert, P., Liu, J., Muller-Stover, D., & Jensen, L. S. (2020). Acidified Animal
Manure Products Combined with a Nitrification Inhibitor Can Serve as a Starter Fertilizer
for Maize. AGRONOMY-BASEL, 10(12), 1941. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/agronomy10121941

Ribaudo, M.; Delgado, J.; Hansen, L.; Livingston, M.; Mosheim, R.; Williamson, J. Nitrogen in
Agricultural Systems: Implications for Conservation Policy. Dept. Agric. Econ. Res. Serv.
Retrieved from: https://www.mdpi.com/2071-1050/9/8/1339/htm#B53-sustainability-09-
01339

156


https://doi-org.login.ezproxy.library.ualberta.ca/10.1017/S1751731115000968
https://doi-org.login.ezproxy.library.ualberta.ca/10.1017/S1751731115000968
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture10120628
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture10120628
https://beef.unl.edu/learning/feedanalysis.shtml
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsoai&AN=edsoai.ocn854821679&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsoai&AN=edsoai.ocn854821679&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsoai&AN=edsoai.ocn854821679&site=eds-live&scope=site
https://search-ebscohost-com.login.ezproxy.library.ualberta.ca/login.aspx?direct=true&db=edsoai&AN=edsoai.ocn854821679&site=eds-live&scope=site
https://doi.org/10.1016/j.eja.2015.11.005

Rochette, P., Angers, D. A., Chantigny, M. H., Bertrand, N., & Cote, D. (2004). Carbon dioxide
and nitrous oxide emissions following fall and spring applications of pig slurry to an
agricultural soil. Soil Science Society of America Journal, 68(4), 1410-1420.

Rochette, P., Worth, D.E., Huffman, E.C., Brierley, J.A., McConkey, B.G., Yang, J.,
Hutchinson, J.J., Desjardins, R.L., Lemke, R., and Gameda, S. (2008). Estimation of N2O
emissions from agricultural soils in Canada. II. 1990-2005 inventory. Canadian Journal of
Soil Science = Revue Canadienne de La Science Du Sol, 88(5), 655—669.

Ruser, R., Flessa, H., Russow, R., Schmidt, G., Buegger, F., & Munch, J. C. (2006). Emission of
N20, N2 and CO2 from soil fertilized with nitrate: effect of compaction, soil moisture and
rewetting. Soil Biology & Biochemistry, 38(2), 263-274.

Ruser, R., & Schulz, R. (2015). The effect of nitrification inhibitors on the nitrous oxide (N20)
release from agricultural soils-a review. JOURNAL OF PLANT NUTRITION AND SOIL
SCIENCE, 178(2), 171-188. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1002/jpIn.201400251

Sapkota, A., Haghverdi, A., Avila, C., & Ying, S. (2020). Irrigation and Greenhouse Gas
Emissions: A Review of Field-Based Studies. Soil Systems, 4(20), 20. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/soilsystems4020020

Sarauskis, E., Kazlauskas, M., Naujokiene, V., Bruciene, 1., Steponavicius, D., Romaneckas, K.,
& Jasinskas, A. (2022). Variable Rate Seeding in Precision Agriculture: Recent Advances
and Future Perspectives. AGRICULTURE-BASEL, 12(2), 305. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/agriculture12020305

Schmutz, E. M. (1973). A Deferred-Rotation Grazing System for Southwestern Ranges.
Retrieved from: https://repository.arizona.edu/bitstream/handle/10150/300465/pa-25-02-
12-13.pdf?sequence=1&isAllowed=y

Sheppard, S. C., & Bittman, S. (2012). Farm practices as they affect NH3 emissions from beef
cattle. Canadian Journal of Animal Science, 92(4), 525-543—-543. https://doi-
org.login.ezproxy.library.ualberta.ca/10.4141/CJAS2012-055

Shreck, A. L., Zeltwanger, J. M., Bailey, E. A., Jennings, J. S., Meyer, B. E., & Cole, N. A.
(2021). Effects of protein supplementation to steers consuming low-quality forages on
greenhouse gas emissions. Journal of Animal Science, 99(7), skab147. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1093/jas/skab147

Singh, J. (2020). Crop Rotations, Tillage and Cover Crops Influences on Soil Health,
Greenhouse Gas Emissions and Farm Profitability.

Skiba, U., & Ball, B. (2002). The effect of soil texture and soil drainage on emissions of nitric
oxide and nitrous oxide. Soil Use and Management, 18(1), 56—60.

157


https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/soilsystems4020020
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/soilsystems4020020
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture12020305
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture12020305
https://repository.arizona.edu/bitstream/handle/10150/300465/pa-25-02-12-13.pdf?sequence=1&isAllowed=y
https://repository.arizona.edu/bitstream/handle/10150/300465/pa-25-02-12-13.pdf?sequence=1&isAllowed=y

Smith, W., Grant, B., Q1, Z., He, W., VanderZaag, A., Drury, C. F., Verge, X., Balde, H.,
Gordon, R., & Helmers, M. J. (2019). Assessing the Impacts of Climate Variability on
Fertilizer Management Decisions for Reducing Nitrogen Losses from Corn Silage
Production. Journal of Environmental Quality, 48(4), 1006—1015. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2018.12.0433

Smith, D. R., Owens, P. R., Leytem, A. B., & Warnemuende, E. A. (2007). Nutrient losses from
manure and fertilizer applications as impacted by time to first runoff event. Environmental
Pollution (1987), 147(1), 131-137.

Smith, S. A., Popp, M. P., Keeton, D. R., West, C. P., Coffey, K. P., & Nalley, L. L. (2016).
Economic and Greenhouse Gas Emission Response to Pasture Species Composition,
Stocking Rate, and Weaning Age by Calving Season, Farm Size, and Pasture
Fertility. Agricultural and Resource Economics Review, 45(1), 98—123.

Snyder, C. S., Bruulsema, T. W., Jensen, T. L., & Fixen, P. E. (2009). Review of greenhouse gas
emissions from crop production systems and fertilizer management effects. Agriculture,
Ecosystems and Environment, 133(3), 247-266. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2009.04.021

Sokolov, V., VanderZaag, A., Habtewold, J., Dunfield, K., Wagner, R. C., Venkiteswaran, J. J.,
& Gordon, R. (2019). Greenhouse Gas Mitigation through Dairy Manure
Acidification. Journal of Environmental Quality, 48(5), 1435—1443. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2018.10.0355

Sokolov, V., VanderZaag, A., Habtewold, J., Dunfield, K., Tambong, J. T., Wagner-Riddle, C.,
Venkiteswaran, J. J. & Gordon, R. (2020). Acidification of Residual Manure in Liquid
Dairy Manure Storages and Its Effect on Greenhouse Gas Emissions. Frontiers in
Sustainable Food Systems, 4. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fsufs.2020.568648

Sommer, S. G., Petersen, S. O., & Moller, H. B. (2004). Algorithms for calculating methane and
nitrous oxide emissions from manure management. Nutrient Cycling in Agroecosystems,
69(2), 143. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1023/b:fres.0000029678.25083.fa

Sommer, S. G., Petersen, S. O., Serensen, P., Poulsen, H. D., Mgller, H. B. (2007). Methane and
carbon dioxide emissions and nitrogen turnover during liquid manure storage. Nutrient
Cycling in Agroecosystems, 78(1), 27-36. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s10705-006-9072-4

Statistics Canada. (2017). A Portrait of Canadian Farmers. Retrieved from:
https://www150.statcan.gc.ca/nl/pub/11-627-m/11-627-m2017010-eng.htm

158


https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2018.12.0433
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2018.12.0433
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2009.04.021
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2009.04.021
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10705-006-9072-4
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s10705-006-9072-4
https://www150.statcan.gc.ca/n1/pub/11-627-m/11-627-m2017010-eng.htm

Statistics Canada. (2017). Since Confederation (1867), the number of agricultural operations in
Canada has shrunk, but agricultural operations have grown in acreage and sales. 150 years
of Canadian Agriculture. Retrieved from: https://www150.statcan.gc.ca/nl/pub/11-627-
m/11-627-m2017018-eng.htm

Statistics Canada. (2020). Production of Principal Field Crops. November 2020.
Retrieved from: https://www150.statcan.gc.ca/nl/en/daily-quotidien/201203/dq201203b-
eng.pdf?st=5N6ppdF8

Statistics Canada. (2021). Table 32-10-0151-01 Cattle and calves statistics, number of farms
reporting and average number of cattle and calves per farm. Retrieved from:
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210015101&pickMembers%5B0%
5D=1.9&cubeTimeFrame.startYear=2017&cubeTimeFrame.endYear=202 1 &referencePeri
0ds=20170101%2C20210101

Statistics Canada. (2021b). Table: 32-10-0153-01 (formerly CANSIM 004-0002). Land use,
Census of Agriculture historical data
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210015301

Statistics Canada. (2022). Estimated areas, yield, production, average farm price and total farm
value of principal field crops, in metrics and imperial units.
Retrieved from: https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901

Stosi¢, M., Ivezi¢, V., & Tadi¢, V. (2021). Tillage systems as a function of greenhouse gas
(GHG) emission and fuel consumption mitigation. Environmental Science and Pollution
Research, 28(13), 16492. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-
020-12211-y

Subbarao, G. V., Gao, X., Yoshihashi, T., Iwanaga, M., Kishii, M., Ortiz-Monasterio, 1., Ibba,
M. 1., Karwat, H., Kommerell, V., Braun, H.-J., Bozal-Leorri, A., Gonzalez-Moro, M. B.,
Gonzalez-Murua, C., & Tobita, S. (2021). Enlisting wild grass genes to combat
nitrification in wheat farming: A nature-based solution. Proceedings of the National
Academy of Sciences of the United States of America, 118(35). https://doi-
org.login.ezproxy.library.ualberta.ca/10.1073/pnas.2106595118

Subharat, S., Shu, D., Zheng, T., Buddle, B. M., Kaneko, K., Hook, S., Janssen, P. H., &
Wedlock, D. N. (2016). Vaccination of Sheep with a Methanogen Protein Provides Insight
into Levels of Antibody in Saliva Needed to Target Ruminal Methanogens. PLoS
ONE, 11(7), 1-14. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1371/journal.pone.0159861

Teague, W. R., Dowhower, S. L., Baker, S. A., Haile, N., DeLaune, P. B., & Conover, D. M.

(2011). Grazing management impacts on vegetation, soil biota and soil chemical, physical
and hydrological properties in tall grass prairie. Agriculture, Ecosystems and

159


https://www150.statcan.gc.ca/n1/pub/11-627-m/11-627-m2017018-eng.htm
https://www150.statcan.gc.ca/n1/pub/11-627-m/11-627-m2017018-eng.htm
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210015101&pickMembers%5B0%5D=1.9&cubeTimeFrame.startYear=2017&cubeTimeFrame.endYear=2021&referencePeriods=20170101%2C20210101
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210015101&pickMembers%5B0%5D=1.9&cubeTimeFrame.startYear=2017&cubeTimeFrame.endYear=2021&referencePeriods=20170101%2C20210101
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210015101&pickMembers%5B0%5D=1.9&cubeTimeFrame.startYear=2017&cubeTimeFrame.endYear=2021&referencePeriods=20170101%2C20210101
https://www150.statcan.gc.ca/t1/tbl1/en/tv.action?pid=3210035901
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-020-12211-y
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11356-020-12211-y
https://doi-org.login.ezproxy.library.ualberta.ca/10.1371/journal.pone.0159861
https://doi-org.login.ezproxy.library.ualberta.ca/10.1371/journal.pone.0159861

Environment, 141(3), 310-322. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2011.03.009

The World Bank. (2019). Population, total. Retrieved from:
https://data.worldbank.org/indicator/SP.POP.TOTL

Tonitto, C., David, M. B., & Drinkwater, L. E. (2006). Replacing bare fallows with cover crops
in fertilizer-intensive cropping systems : A meta-analysis of crop yield and N dynamics.
Agriculture, Ecosystems & Environment, 112(1), 58—72.

Toro-Mujica, P. (2021). Evaluation of Feed Strategies and Changes of Stocking Rate to Decrease
the Carbon Footprint in a Traditional Cow-Calf System: A Simulation Model. Frontiers in
Veterinary Science, 8. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fvets.2021.587168

Trost, B., Prochnow, A., Drastig, K., Meyer-Aurich, A., Ellmer, F., & Baumecker, M. (2013).
Irrigation, soil organic carbon and N20 emissions. A review. Agronomy for Sustainable
Development, 33(4), 733-749.

Trujillo-Barrera, A. (2016). Understanding producers’ motives for adopting sustainable
practices: the role of expected rewards, risk perception and risk tolerance. European
Review of Agricultural Economics Vol.43 (2016) Nr.3 p.359-382 [ISSN 0165-1587].

Tullberg, J., Antille, D. L., Bluett, C., Eberhard, J., & Scheer, C. (2018). Controlled traffic
farming effects on soil emissions of nitrous oxide and methane. Soil & Tillage
Research, 176, 18-25. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.sti111.2017.09.014

Turner, K. M., Ravetta, D., and Van Tassel, D. (2018). Effect of Puccinia silphii on Yield
Components and Leaf Physiology in Silphium integrifolium: Lessons for the Domestication
of a Perennial Oilseed Crop. Sustainability 2018, 10(3),
696; https://doi.org/10.3390/su10030696

Ungerfeld, E.M. (2018). Inhibition of Rumen Methanogenesis and Ruminant Productivity: A
Meta-Analysis. Frontiers in Veterinary Science, 5. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fvets.2018.00113

University of Massachusetts, (2022). Dairy Cow Stocking Rates. Center for Agriculture, Food,
and the Environment. University of Massachusetts Amherst. Retrieved from:
https://ag.umass.edu/crops-dairy-livestock-
equinUniversity%200f%20Massachusetts,%202022¢/fact-sheets/dairy-cow-stocking-rates

Van Gastelen, S., Dijkstra, J., & Bannink, A. (2019). Are dietary strategies to mitigate enteric
methane emission equally effective across dairy cattle, beef cattle, and sheep? Journal of
Dairy Science, 102(7), 6109-6130—-6130. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3168/jds.2018-15785

160


https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2011.03.009
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2011.03.009
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fvets.2018.00113
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fvets.2018.00113
https://ag.umass.edu/crops-dairy-livestock-equinUniversity%20of%20Massachusetts,%202022e/fact-sheets/dairy-cow-stocking-rates
https://ag.umass.edu/crops-dairy-livestock-equinUniversity%20of%20Massachusetts,%202022e/fact-sheets/dairy-cow-stocking-rates
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2018-15785
https://doi-org.login.ezproxy.library.ualberta.ca/10.3168/jds.2018-15785

van Lingen, H. J., Niu, M., Kebreab, E., Valadares Filho, S. C., Rooke, J. A., Duthie, C.-A.,
Schwarm, A., Kreuzer, M., Hynd, P. 1., Caetano, M., Eugéne, M., Martin, C., McGee, M.,
O’Kiely, P., Hiinerberg, M., McAllister, T. A., Berchielli, T., Messana, J. D., Peiren, N.
Chaves, A.V.Charmley, E., Cole, N.A., Hales, K.E., Lee, S.-S., Berndt, A., Reynolds,
C.K., Crompton, L.A., Bayat, A.-R., Yanez-Ruiz, D.R., Yu, Z., Bannink, A., Dijkstra, J.
Casper, D.P., Hristov, A. N. (2019). Prediction of enteric methane production, yield and
intensity of beef cattle using an intercontinental database. Agriculture, Ecosystems and
Environment, 283. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2019.106575

Van Middelaar, C. E., Berentsen, P. B. M., Dijkstra, J., & De Boer, 1. J. M. (2013). Evaluation of
a feeding strategy to reduce greenhouse gas emissions from dairy farming: The level of
analysis matters. Agricultural Systems, 121, 9-22. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2013.05.009

Vaidya, S., Hoffmann, M., Holz, M., Macagga, R., Monzon, O., Thalmann, M., Jurisch, N.,
Pehle, N., Augustin, J., Verch, G., & Sommer, M. (2023). Similar strong impact of N
fertilizer form and soil erosion state on N20 emissions from croplands. Geoderma, 429.
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2022.116243

Vargas, J. E., Andrés, S., Lopez-Ferreras, L., Lopez, S., Snelling, T. J., Yanez-Ruiz, D. R., &
Garcia-Estrada, C. (2020). Dietary supplemental plant oils reduce methanogenesis from

anaerobic microbial fermentation in the rumen. Scientific Reports, 10(1). https://doi-
org.login.ezproxy.library.ualberta.ca/10.1038/s41598-020-58401-z

Vilakazi, B. S., Zengeni, R., & Mafongoya, P. (2022). The Effects of Different Tillage
Techniques and N Fertilizer Rates on Nitrogen and Phosphorus in Dry Land Agriculture.
Agronomy, 12(10). https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/agronomy12102389

Voltr, V., Wollnerova, J., Fuksa, P., & Hruska, M. (2021). Influence of Tillage on the Production
Inputs, Outputs, Soil Compaction and GHG Emissions. Agriculture, 11(456), 456.
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture1 1050456

Wang, K., Huang, D., Ying, H., & Luo, H. (2014). Effects of acidification during storage on
emissions of methane, ammonia, and hydrogen sulfide from digested pig
slurry. Biosystems Engineering, 122, 23-30. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.biosystemseng.2014.03.002

Wang, Y., Saikawa, E., Avramov, A., & Nicholas S. Hill. (2022). Agricultural Greenhouse Gas
Fluxes Under Different Cover Crop Systems. Frontiers in Climate, 3. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320

Webb, J., Sommer, S.G., Kupper, T., Groenestein, K., Hutchings, N.J., Eurich-Menden, B.,
Rodhe, L., Misselbrook, T.H., and Amon, B. (2012). Emissions of ammonia, nitrous oxide

161


https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://eds-s-ebscohost-com.login.ezproxy.library.ualberta.ca/eds/detail/detail?vid=1&sid=d72e9e58-75a6-43e9-8db8-c55b95f7030c%40redis&bdata=JnNpdGU9ZWRzLWxpdmUmc2NvcGU9c2l0ZQ%3d%3d
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2013.05.009
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agsy.2013.05.009
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.geoderma.2022.116243
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/agriculture11050456
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.biosystemseng.2014.03.002
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.biosystemseng.2014.03.002
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320
https://doi-org.login.ezproxy.library.ualberta.ca/10.3389/fclim.2021.742320

and methane during the management of solid manures. Lichtfouse (Ed.), Agroecology and
Strategies for Climate Change, Springer, Netherlands, Dordrecht pp. 67-107. DOI:
10.1007/978-94-007-1905-7 4

Wegner, B. R., Osborne, S. L., Lehman, R. M., & Kumar, S. (2018). Seven-Year Impact of
Cover Crops on Soil Health When Corn Residue Is Removed. BioEnergy Research, 11(2),
239-248. https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s12155-017-9891-y

Williams, S., Fisher, P., Berrisford, T., Moate, P., & Reynard, K. (2014). Reducing methane on-
farm by feeding diets high in fat may not always reduce life cycle greenhouse gas
emissions. International Journal of Life Cycle Assessment, 19(1), 69—78. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s11367-013-0619-8

Willms W., B. Adams, and R. McKenzie. (2011). Overview: Anthropogenic Changes of
Canadian Grasslands. In Arthropods of Canadian Grasslands (Volume 2): Inhabitants of a
Changing Landscape. Edited by K. D. Floate. Biological Survey of Canada. pp. 1-22. ©
2011 Biological Survey of Canada. ISBN 978-0-9689321-5-5
doi:10.3752/9780968932155.chl

Wilson, C.B., Erickson, G.E., Macken, C.N., and Klopfenstein, T.J., (2004). Impact of Cleaning
Frequency on Nitrogen Balance in Open Feedlot Pens. Nebraska Beef Cattle Reports. 214.
https://digitalcommons.unl.edu/animalscinbcr/214

Wright, A. D. G., Kennedy, P., O’neill, C. J., Toovey, A. F., Popovski, S., Rea, S. M., Pimm, C.
L., & Klein, L. (2004). Reducing methane emissions in sheep by immunization against
rumen methanogens. Vaccine, 22(29-30), 3976-3985.

Wyngaarden, S. L., Lightburn, K. K., & Martin, R. C. (2020). Optimizing livestock feed
provision to improve the efficiency of the agri-food system. Agroecology & Sustainable
Food Systems, 44(2), 188-214. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1080/21683565.2019.1633455

Xiao, H., Shi, Q., Sun, J., Chen, Y., Sui, P., van Es, H. M., & Amsili, J. P. (2022). Lowering soil
greenhouse gas emissions without sacrificing yields by increasing crop rotation diversity in
the North China Plain. Field Crops Research, 276. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.fcr.2021.108366

Yaman, C. (2020). Monitoring of Biochemical Parameters and GHG Emissions in Bioaugmented
Manure Composting. PROCESSES, 8(6), 681. https://doi-
org.login.ezproxy.library.ualberta.ca/10.3390/pr806068 1

Yang, Y., Zou, J.,, Wu, Y., Li, W., Huang, W., Hu, S., Wen, X., Chen, F., Yin, X., Ti, J., Rees, R.
M., Harrison, M. T., & Liu, K.. (2023). Optimizing crop rotation increases soil carbon
and reduces GHG emissions without sacrificing yields. Agriculture, Ecosystems and
Environment, 342. https://doi-

org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2022.108220

162


https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s12155-017-9891-y
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11367-013-0619-8
https://doi-org.login.ezproxy.library.ualberta.ca/10.1007/s11367-013-0619-8
https://digitalcommons.unl.edu/animalscinbcr/214
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/pr8060681
https://doi-org.login.ezproxy.library.ualberta.ca/10.3390/pr8060681
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2022.108220
https://doi-org.login.ezproxy.library.ualberta.ca/10.1016/j.agee.2022.108220

Yanni, S. F., De laporte, A., Rajsic, P., Wagner-Riddle, C., & Weersink, A. (2021). The
environmental and economic efficacy of on-farm beneficial management practices for
mitigating soil-related greenhouse gas emissions in Ontario, Canada. Renewable
Agriculture and Food Systems, 36(3), 307-320. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1017/S1742170520000320

Zebarth, B.J., Drury, C.F., Tremblay, N., Cambouris, A.N. (2009). Opportunities for improved
fertilizer nitrogen management in production of arable crops in eastern Canada: A review.
Canadian Journal of Soil Science = Revue Canadienne de La Science Du Sol, 89(2), 113—
132.

Zhang, X., Bi, J., Sun, H., Zhang, J., & Zhou, S. (2019). Greenhouse gas mitigation potential
under different rice-crop rotation systems: from site experiment to model evaluation. Clean
Technologies & Environmental Policy, 21(8), 1587—-1601. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1007/s10098-019-01729-6

Zheng, J., Stewart, C. E., and Cotrufo, M. F. (2012). Biochar and Nitrogen Fertilizer Alters Soil
Nitrogen Dynamics and Greenhouse Gas Fluxes from Two Temperate Soils. Journal of
Environmental Quality, 41(5), 1361-1370. https://doi-
org.login.ezproxy.library.ualberta.ca/10.2134/jeq2012.0019

Zhuang, M., Lu, X., Caro, D., Gao, J., Zhang, J., Cullen, B., & Li, Q. (2019). Emissions of non-
CO2 greenhouse gases from livestock in China during 2000-2015: Magnitude, trends and
spatiotemporal patterns. Journal of Environmental Management, 242, 40—45. https://doi-
org.login.ezproxy.library.ualberta.ca/10.1016/j.jenvman.2019.04.079

163


https://doi-org.login.ezproxy.library.ualberta.ca/10.1017/S1742170520000320
https://doi-org.login.ezproxy.library.ualberta.ca/10.1017/S1742170520000320
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2012.0019
https://doi-org.login.ezproxy.library.ualberta.ca/10.2134/jeq2012.0019

Appendix

Raw Data for Tillage Type and Fertilizer Rate

Alberta
Black Chemnozem
ER: 744 002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20  227119.33 26991121 312559.24 227119.33 26091121 312559.24 311122.37 36974138 428163.34
Indirect N20 3825648 52444 82 66585.46 38256.48 52444.82 66585.46 38256.48 52444.82 66585.46
EnergyCO2 7225125 B4519.81  96797.86 11028645 122555.01 134833.06 11979525 132063.81 14434186
02 2520779 45039.16 6488588 25207.79 45039.16 6488588  25207.79 45039.16 64885388
Total COZe  337230.86 406875.83 47594256 37566226 44491103 513977.76 4691741 554250 639090.66
Dark Grey Chemozem
ER: 727 008 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20  54707.02 6501444 75287.22  54707.02 6501444  75287.22 7494112  89060.88 103133.18
Indirect N20 3825648 5244482 6658546 38256.48 5244482 6658546 3825648  52444.82  G66585.46
Energy CO2 7225125 B84519.81 96797.86 11028645 122555.01 13483306 119795.25 132063.81 14434186
coz 2520779 45039.16 6488588  25207.79  45039.16  GABBS.BB 2520779  45039.16 6488588
Total COZe 16521474 201979.06 238670.58 203249.94 240014.26 27670574 232992.85 2735695 3140605
Gray Luvisol
ER: 732001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Consenvative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  341337.71 405649.622 469745.36 341337.71 405649.622 46974536 4675859 555684.42 643486.79
Indirect N20 3825648 5244482 6658546 38256.48 5244482 6658546 3825648 5244482  G66585.46
EnergyCO2 7225125 84519.81 96797.86 110286.45 122555.01 13483306 11979525 13206381 14434186
oz 2520779  45039.16 6488588  25207.79 45039.16 GABESBE 2520779  45039.16 6488588
Total COZe 45184544 54261425 63312869 48988060 58064945 67116389 625637.63 74019304 850414.12
3B
ER: 731002 No-till Reduced Tillage Intensive Tillage
Conservative Maderate Fe High Fert  Conservative Moderate FeHigh Fert  Conservative Moderate Fe High Fert
Direct N20 22724695 270062.87 312734.86 22724695 27006287 312734.86 311297.19 369949.14 42840392
Indirect N20 3825648 5244482 6658546 3825648 5204482 6658546 325648  52444.82  G6585.46
Energy CO2 72251.25 84519.81 96797.86 11028645 12255501 13483306 11979525 132063.81 14434186
o2 25207.79  45039.16  64885.88  25207.79 4503916  G4BB5.B8  25207.79  45039.16  GABBS.8B.
Total CO2e 33775468 40702749 47611819 375789.88 44506269 51415339 46934892 554457.76 63933125
ER: 586011 No-till Reduced Tillage Intensive Tillage
Conservative Maderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20 1125181 1337178 15484623 1125181 1337178 15484623 15413439 183175.06 21211812
Indirect N20 3825648 5244482 6658546 3825648 5244482 6658546 3825648 5244482  G66585.46
EnergyCO2 7225125 8451981 96797.86 11028645 12255501 13483306 11979525 13206381 14434186
o2 25207.79 45039.16 5488588 25207.79 45039.16 64885 88 25207.79 45039.16 64885 88
Total CO2e  223025.83 27068242 31822955 26106103 308717.62 356264.75 31218612 367683.69 423045.45
ER: 678 002 No-till Reduced Tillage Intensive Tillage
Conservative Maderate Fe High Fert  Conservative Moderate FeHigh Fert  Conservative Moderate Fe High Fert
DirectN20  111497.16 13250449 15344121 111497.16 13250449 15344121 15273583 181513 210193.44
Indirect N20  38256.48 5244482 6658546 3825648 5204482 6658546 3825648 5244482  66585.46
EnergyCO2 7225125 8451981  96797.86 11028645 12255501 13483306 11979525 13206381 14434186
coz 25207.79  45039.16  64385.88  25207.79 4503916 64B8S.BE  25207.79  45039.16  GABES.SE
Total CO2e 222004.89 269469.11 316824.54 260040.09 30750431 35485974 31078756 36602163 42112077
SAB
ER: 727002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  54707.02 6501444  75287.22 54707.02 6501444 75287.22 7494112  89060.88 103133.18
Indirect N20  38256.48 52444 82 66585.46 38256.48 52444 82 66585.46 38256.48 52444 82 66585.46
EnergyCO2 7225125 84519.81 96797.86 11028645 12255501 13483306 11979525 132063.81 14434186
coz 25207.79 4503916 6488588  25207.79  45039.16  64885.88  25207.79  45039.16  64BBS.88
Total COZe  165214.74 201579.06 238670.54 203249.94 240014.26 27670574 23299285  273569.5 3140605
ER: 687 011 No-till Reduced Tillage Intensive Tillage
Conservative Moderate FeHigh Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20O 2659153 316016.77 365949.83 2659153 316016.77 365949.83 36426753 43289968 501301.14
Indirect N20 3825648 5244482 6658546 3825648 5244482 6658546 3825648  52044.82  G6585.46
EnergyCO2 7225125 8451981 96797.86 11028645 12255501 13483306 11979525 132063.81 14434186
w2 25207.79 4503816  64885.88  25207.79  45039.16  64885.88  25207.79  45039.16 6488588
Total COZe 37642302 45298139 52933316 41445822 49101659 567368.36 52231926 61740831 71222846
ER: 682 009 No-till Reduced Tillage intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20  230437.41 27385444 31712554 23043741 27385444 31712554 315667.68 375143.07 43441854
Indirect N20  38256.48 5244482 6658546 3825648 5244482 6658546 3825648 5204482 6658546
Energy 002 7225125 8451381 96797.86 11028645 12255501 13483306 11979525 13206381 14434186
2 25207.79 4503916  648BS.B8  25207.79 45039.16  G4BES.B8  25207.79  45039.16  G64BAS.88
Total COZe 34094514 41081507 480508865 378980.34 44885427 51854406 47371941 5596517 64534587

248
ER: 750 006 No-till

Conservative Moderate Fe High Fert
DirectN20  258641.05 30737198 355939.09
Indirect N20 38256.48 52444.82 66585.46
EnergyCO2 7225125  BAS19.81  96797.86
02 2520779  45039.16 6488588
Total COZe  369148.78 4443366 519322.42
ER: 681 005 No-till

Conservative Moderate Fe High Fert
DirectN20 5419654 6440779 7458471
Indirect N20  38256.48 5244482  66585.46
Energy CO2 72251.25 84519.81 9679786
o2 2520779  45039.16 6488588
Total CO2e  164708.27 20137241 237968.04
ER: 708 001 No-till

Conservative Moderate Fe High Fert
DirectN20 22648124 26015289 3116811
Indirect N20  38256.48 5244482 6658546
EnergyCO2 7225125 8451981  96797.86
o2 2520779  45039.16 6488588
Total CO2e | 336988.97 40BL17.51 475064.43
a8
ER: 746 001 No-till

Conservative Moderate Fe High Fert
DirectN20  255705.83 303883.73 35189967
Indirect N20  38256.48  52444.82  66585.46
Energy CO2 72251.25 84519.81 96797 .86
o2 2520779 4503916 6488588
Total CO2e  366213.56 440848.35 515283
ER: 683 003 No-till

Conservative Moderate Fe High Fert
DirectN20  115836.18 137661.04 15941253
Indirect N2 38256.48  52444.82  66585.46
EnergyCO2 7225125 BAS19.81  96797.86
co2 25207.79 45039.16 64885 88
Total CO2e  226343.91 274625.66 322795.86
ER: 650 005 No-till

Conservative Moderate Fe High Fert
DirectN20  206189.93 245038.47 283756.41
Indirect N20  38256.48 5244482  66585.46
EnergyCO2 7225125  B4519.81  96797.86
o2 2520779 4503916  64885.88
Total CO2e 316697.66 382003.09 447139.74
Saskatchewan
ER: 736012 No-till

Conservative Moderate Fe High Fert
DirectN20  175433.92 20B487.68 24143032
Indirect N20 38256.48 52444 82 66585.46
EnergyCO2 7225125  BAS19.81  96797.86
coz 2520779 45039.16  64885.88
Total COZe 28594165 3454523 404813.64
ER: 733004 No-till

Conservative Moderate Fe High Fert
Direct N20 18614012 215551.67
Indirect N20 114834.74  137762.97
Energy CO2 84519.81  96797.86
02 45039.16  64885.88
Total COZe 32031359 385434.66 450112.51
ER: 714001 No-till

Conservative Moderate Fe High Fert

Direct N20 21244323 252469.96 292362.14
Indirect N20 3825648 5244482  66585.46
Energy CO2 7225125 8451981  96797.86
coz 25207.79 4503916  64885.88
Total CO2e 32295096 38943453 455745.46

Reduced Tillage
Conservative Moderate Fe High Fert
25864105 30737198 355939.09
38256.48 52444.82 66585.46
11028645 12255501 134833.06
25207.79  45039.16 6488588
40718398 4823718 55735762

Reduced Tillage
Conservative Moderate Fe High Fert
5419654 6440779 7458471
3825648 5244482 6658546
110286.45 12255501 134833.06
520779 45039.16  64885.88
20273947 239407.61 27600324

Reduced Tillage
Conservative Moderate Fe High Fert

22648124 269152.89 3116811

3825648 5244482 6658546

11028645 12255501 134833.06

25207.79 45039.16 64885.88

375024.17 44415271 513099.63
Reduced Tillage

Conservative Moderate Fe High Fert
255705.83  303883.73 351899.67
3825648 5244482  66585.46
11028645 12255501 134833.06
25207.79  45039.16  64885.88
40424876 47888355 5533182

Reduced Tillage
Conservative Moderate Fe High Fert
115836.18 137661.04 15941253
3825648 5244482 6658546
110286.45 122555.01 134833.06
25207.79 4503916  64885.88
264379.11  312660. 360831.06

Reduced Tillage
Consenvative Moderate Fe High Fert
20618993 24503847 283756.41
3825648  52444.82  66585.46
11028645 12255501 13483306
25207.79  45039.16  64885.88
35473286 420038.29 485174.94

Reduced Tillage
Conservative Moderate Fe High Fert
17543392 208487.68 24143032
3825648 5244482  66585.46
110286.45 122555.01 134833.06
25207.79  45039.16 6488588
323976.85 3834875 44284884

Reduced Tillage
Conservative Moderate Fe High Fert
156629.36 186140012 21555167
91829.18 11483474 13776297
110286.45 122555.01 134833.06
25207.79  45039.16 6488588
358744.99 423529.86 488147.71

Reduced Tillage
Conservative Moderate Fe High Fert
21244323 252469.96 292362.14
3825648 5244482  66585.46
11028645 12255501 134833.06
25207.79  45039.16 6488588
360986.16 427469.78 493780.66

Intensive Tillage
Conservative Moderate Fe High Fert
35430281 4210575  4B7SE7.8
38256.48 52444 82 66585 .46
11979525 13206381 14434186
2520779 4503916 6488588
51235454 60556612 69851512

Intensive Tillage
Conservative Moderate Fe High Fert
7424184 8822985 10217084
3825648 5244482 6658546
11979525 132063.81 14434186
2520779 4503916 6488588
23229357 27273847 31309816

Intensive Tillage
Conservative Moderate Fe High Fert
310248.28 36870259 42696041
3825648 5244482 6658546
11979525 13206381 14434186
25207.79 4503916  64885.88
468300 55321121 637887.74

Intensive Tillage
Conservative Moderate Fe High Fert
35028196 416279.08 48205435
6.48 52444.82 B66585.46
11979525 132063.81 144341.86
25207.79 45039.16  64885.88
508333.69  600787.7 69298167

Intensive Tillage
Conservative Maderate Fe High Fert
158679.7 188576.76 218373.33
3825648  52444.82  B6585.46
11979525 132063.81 14434186
25207.79  45039.16 6488588
31673143 373085.38 429300.65

Intensive Tillage
Conservative Maderate Fe High Fert
28245196 335669.13 388707.42
3825648 5244482  66585.46
11879525 13206381 14434186
25207.79  45039.16 6488538
440503.69 520177.76 599634.74

Intensive Tillage

Consenvative Moderate Fe High Fert
24032044 28559955 33072646
38256.48 52444 82 66585 46
11979525 13206381 14434186
2520779 45039.16  64885.88
39837217 47010818 541653.79

Intensive Tillage
Conservative Moderate Fe High Fert
214560.77 254986.46 295276.27
9182918 114834.74 137762.97
11979525 13206381 14434186
2520779 45039.16  64885.88
426185.2 501885.01 5773811

Intensive Tillage
Conservative Moderate Fe High Fert
29101812 345849.26 400496.08
3825648 5244482  66585.46
119795.25 13206381 14434186
25207.79 45039.16 64885.88
44906985 53035788 6114234
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ER: 752003 No-till

Conservative Moderate Fe High Fert
Direct N20 21231561 252318.29 29218651
Indirect N20 44359.29 63339.69 82256.29
Energy CO2 72251.25 84519.81 96797.86
02 25207.79 45039.16  64885.88
Total CO2e 32892615 400177.79 471240.66
ER: 699001 No-till

Conservative Moderate Fe High Fert
Direct N0 14158295 168258.79 194844.96
Indirect N20 9182918 114834.74 137762.97
Energy CO2 72251.25 84519.81 96797.86
co2 25207.79 45039.16 64885.88
Total CO2e  305663.38 36761334 42940579
ER: 710008 No-till

Conservative Moderate Fe High Fert
Direct N20 32398162 385023.45 445860.09
Indirect N20 3825648  52444.82  66585.46
EnergyCO2 7225125 8451981  96797.86
o2 25207.79 45039.16 64885.88
Total CO2e 434489.35 521988.07 60924342
ke
ER: 748012 No-till

Conservative Moderate Fe High Fert
DirectN20 20159567  239578.6 277433.84
Indirect N20  44359.29 63339.69 B2256.29
Energy CO2 7225125 8451981 96797.86
2 2520779 45039.16  64885.88
Total COZe 31820622  387438.1 456488
ER: 729010 No-til

Consenvative Moderate Fe High Fert
Direct N20 16229801 1928768 22335281
Indirect N20 9182918 114834.74 13776297
Energy CO2 7225125 84519.81 96797.86
o2 25207.79 45039.16 64885.88
Total CO2e 32637844 39223135 457913.64
ER: 714010 No-till

Conservative Moderate Fe High Fert
Direct N20 21244323 252469.95 292362.14
Indirect N20 3825648  52444.82  66585.46
EnergyCO2 7225125  B4519.81  96797.86
o2 25207.79 45039.16 64885 88
Total CO2e  322950.96 389434.58 455745.46
Manitoba
ER: 724008 No-ill

Conservative Moderate Fe High Fert
Direct N20 5830127 7047431  81605.79
Indirect N20  44359.29 6333969  82256.29
Energy CO2 72251.25 84519.81 96797 86
0z 25207.79 45039.16 6488588
Total CO2e 17591182 218333.81 260663.94
ER: 841001 No-till

Conservative Moderate Fe High Fert
Direct N20 13791414 163898.74 189795.99
Indirect N20 4435529 63339.69 8225629
Energy CO2 72251.25 B4519.81  96797.86
02 25207.79 45039.16 6488588
Total CO2e  254524.69 31175824 368850.15
ER: 715003 No-till

Conservative Moderate Fe High Fert
Direct N20 16037496 19059144 22070634
Indirect N20 3825648  52444.82  66585.46
EnergyCO2 7225125 8451981  96797.86
o2 25207.79 45039.16 64885 88
Total CO2e 270882.69 327556.06 3B4089.66

Reduced Tillage
Conservative Moderate Fe High Fert
21231561 25231829 292186.51
4435929 6333969 8225629
110286.45 12255501 134833.08
25207.79  45039.16 6488588
366961.35 43821299 509275.86

Reduced Tillage
Conservative Moderate Fe High Fert
141582.95 168258.79 19484496
9182918 114834.74 137762.97
110286.45 12255501 134833.06
2520779  45039.16 688588
343698.58 40564854 46744099

Reduced Tillage
Conservative Moderate Fe High Fert
32398162 38502345 44586009
3825648 5244482  66585.46
11028645 12255501 134833.06
25207.79 45038.16 64885 88
47252455 560023.27 647278.62

Reduced Tillage
Conservative Moderate Fe High Fert
20159567 2395786 27743384
44359.29 6333969  82256.29
110286.45 12255501 134833.06
25207.79 45039.16 6488588
35624142 4254733 4945232

Reduced Tillage
Conservative Moderate Fe High Fert
16229801 1928768 22335281
91829.18 11483474 13776257
110286.45 122555.01 134833.06
25207.79 45039.16  64885.88
36441364 43026655 495948.84

Reduced Tillage
Conservative Moderate Fe High Fert
21244323 252469.96 29236214
3825648 5244482 6658546
11028645 122555.01 134833.06
25207.79 450398.16 64885 88
360986.16  427469.78 493780.66

Reduced Tillage
Conservative Moderate Fe High Fert
5930127 7047431  B1609.79
44359.29 6333969  B2256.29
11028645 12255501 134833.06
25207.79  45039.16  64885.88
21394702 256369.01 298699.14

Reduced Tillage
Consenvative Moderate Fe High Fert
13791414 16389874 18979599
4435329 63339.68  B2256.29
11028645 12255501 134833.06
25207.79 45039.16 6488588
292559.89 34979344 40688535

Reduced Tillage

Conservative Moderate Fe High Fert
160374.95 19059144 22070634
3825648  52444.82  66585.46
11028645 12255501 134833.06
25207.79 45039.16 64885 88
308917.89 36559126 422124.86

Intensive Tillage

Conservative Moderate Fe High Fert

290843.3
44359.29
119795.25
25207.79
454997.85

3456415
63339.69
132063.81
45039.16
541045

Intensive Tillage

400255.49
82256.29
144341.86
64885 88
626853.65

Conservative Moderate Fe High Fert

193949.24
91829.18
119795.25
25207.79
405573.67

230491.49
114834.74
132063.81

45039.16
477390.04

Intensive Tillage

266910.9
137762.97
144341.86

64885.88
54901574

Canservative Moderate Fe High Fert

443810.44
38256.48
119795.25
25207.79
601862.17

527429.39
52444.82
132063.81
45039.16
711938.01

Intensive Tillage

610767.25
66585.46
14434186
64885 88
821694.58

Conservative Moderate Fe High Fert

276158.46
44359.29
119795.25
25207.79
440313

328189.86
63339.69
132063.81
45039.16
523593.36

Intensive Tillage

38004636
82256.29
14434186
64885.88
B06644.52

Conservative Moderate Fe High Fert

222326.04
91829.18
119795.25
pra)
43395047

264214.8
114834.74
132063.81

45039.16
511113.35

Intensive Tillage

305962.97
137762.97
144341.86

64885.88
588067.59

Conservative Moderate Fe High Fert

291018.12
38256.48
119795.25
25207.79
443069.85

345849.26
52444.82
132063.81
45039.16
530357.88

Intensive Tillage

400496.08
66585.46
14434186
64885 88
611423.4

Conservative Moderate Fe High Fert

8123462
44359.29
119795.25
25207.79
245389.17

96540.15
63339.69
132063.81
45039.16
291943 65

Intensive Tillage

11179423
82256.29
144341.86
64885.88
338392.39

Conservative Moderate Fe High Fert

18892349
44359.29
119795.25
25207.79
353078.03

224518 82
63339.69
132063.81
45039.16
41992232

Intensive Tillage

259994.51
82256.29
14434186
64885.88
486592.67

Conservative Moderate Fe High Fert

21969173
38256.48
119795.25
25207.79
I77743.46

261084.16
52444.82
13206381
45039.16
44559278

302337.45
66585.46
144341 86
£4885.88
513264.77

sK3
ER: 756006 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  212060.37 25201497 29183525 21206037 252014.97 291835.25 290493.66 34522598 39977432
Indirect N20 44359.29 63339.69 82256.29 44359.29 63339.69 82256.29 44359.29 63339.69 82256.29
Energy CO2 72251.25 84519.81 96797.86 11028645 122555.01 134833.06 119795.25 132063.81 14434186
co2 25207.79  45039.16 6488588 2520779 4503916 6488588  25207.79  45039.16 64885388
Total CO2e  328670.92 399874.47 A470889.41 36670612 437909.67 50B924.61 A454648.21 540629.48 62637248
ER: 687010 No-til Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  175174.94 208179.89 2410739 17517494 208179.88 2410739 23996567 285177.94 330238.22
Indirect N20  91829.18 11483474 13776257 9182918 11483474 137762.97 9182918 11483474 137762.97
Energy CO2 7225125 84519.81 9679786 11028645 122555.01 13483306 119795.25 132063.81 144341.86
co2 25207.79 45039.16 64885.88 25207.79 45039.16 64885.88 25207.79 45039.16 64885.88
Total CO2e 33925537 40753444 47563474 37729057 44556064 513699.34 4515901 532076.48 612343.06
ER: 711001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  274210.48 325874.87 37736558 27421048 32587487 37736558 3756308 44640393 516939.15
Indirect N2 38256.48 5244482  66585.46 3825648  52444.82  66585.46 3825648 52444.82  66585.46
EnergyCO2 7225125 B4519.81 96797.86 11028645 12255501 134833.06 11979525 132063.81 14434186
coz2 25207.79 45039.16 64885 B8 25207.79 45039.16 64885 88 25207.79 45039.16 64885.88
Total CO2e 384718.21 462839.49 5407 1 42275341 50097469 578784.11 533682.53 63091255 727866.48
SKS
ER: 733005 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  198277.6 23563536 272867.54 1S8277.6 235635.36 27286754 27161315 32278816 37375116
Indirect N20  38256.48 52444.82 66585.46 38256.48 52444.82 B6585.46 38256.48  52444.82 66585.46
Energy CO2 72251.25 84519.81 9679786 110286.45 12255501 134833.06 11979525 13206381 14434186
co2 25207.79  45039.16 6488588  25207.79  45039.16 64885.88  25207.79 45039.16 6488588
Total CO2e 30878533 372599.98 436250.87 34682053 410635.18 47428607 42966488 50729678 584718.48
ER: 694004 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20  146271.83 17383111 201297.75 14627183 17383111 20129775 200372.37 23812481 27575034
Indirect N20  97931.99 12572062 15343375 9793199 125729.62 15343375 9793199 12572962 15343375
Energy CO2 72251.25 84519.81 9679786 110286.45 122555.01 134833.06 11979525 132063.81 14434186
co2 25207.79 45039.16 64885.88 25207.79 45039.16 64885.88 25207.79  45039.16 64885.88
Total CO2e  316455.08 38408053 45152941 35449028 42211573 48956461 41880062 49591823 573526.01
ER: 704002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20 | 6657552 791191 9162053 6657552  79119.1 9162053 9119934 10838233 12550757
Indirect N20  38256.48 5244482 6658546 3825648 52444.82  66585.46 3825648 5244482  66585.46
EnergyCO2 7225125 8451981 96797.86 11028645 122555.01 134833.06 11979525 13206381 14434186
co2 25207.79 45039.16 64885 .88 25207.719 45039.16 64885.88 25207.79 45039.16 64885 .88
Total CO2e 177083.25 216083.73 255003.85 21511845 25411893 293039.05 249251.07 29289096 336434.89
mMa2
ER: 764003 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 14187031 1686003 19524043 14187031 1686003 19524043 19434289 23095931 26745264
Indirect N20  44359.29  63339.69 8225629 44359.29  63339.69 82256.29 44359.29 63339.69 82256.29
Energy CO2 72251.25 8451981 96797.86 11028645 12255501 134833.06 11979525 132063.81 14434186
coz 2520779 4503916 6488588  25207.79 45039.16 6488588  25207.79  45039.16 6488588
Total COZe 25848086 31645979 37429458 29651606 35449499 41232978 358497.44 42636281 4940508
718004 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 5419654  64407.79 7458471 5419654 6440779 7458471 7424184  B8229.85 10217084
Indirect N20 4435929  63339.68  82256.29 4435929 6333969 8225629  44359.29 6333969 8225629
Energy CO2 7225125 84519.81 96797.86 110286.45 122555.01 134833.06 11979525 132063.81 144341.86
co2 25207.79 45039.16 54885.88 25207.79 45039.16 64885 88 25207.79 45039.16 54885.88
Total CD2e  170807.09 212267.29 253638.87 20884229 25030249 291674.07 23839638 28363335 328768.99
ER: 379001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 9733153 1156699 13394662 9733153  115669.9 13394662 133330.86 15845191 18348846
Indirect N20 3825648  52444.82 6658546 3825648 5244482 6658546 3825648  52444.82  66585.46
EnergyCO2 7225125  84519.81  56797.86 11028645 12255501 13483306 11979525 132063.81 14434186
co2 25207.79 45039.16 64885.88 25207.79 45039.16 64885 88 25207.79 45039.16 64885.88
Total CO2e 207839.25 25263452 297329.95 24587445 290669.72 335365.15 291382.59 342960.53 334415.85
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ER: 841002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20 13791414 163898.74 18979599 137914.14 16389874 189795.99 18892349 22451882 259994.51
Indirect N20  44359.20  63339.69  B2256.29 44350.29 63330.69 8225629 4435029 6333960 8225629
Energy CO2 7225125 84519 81 96797.86 110286.45 122555.01 13483306 11979525 132063.81 14434186
coz 25207.79  45039.16  64885.88  25207.79 45039.16 6488588  25207.79  45039.16  64885.88
Total COZe 25452469 31175824 368850.15 292550.80 349793.44 40688535 35307803 41992232 486592.67
ER: 726001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20 5419654  64407.79  74584.71 5419654 6440779 7458471 7424184 29.85  102170.84
Indirect N20  44353.29  63339.69  B2256.29 44350.29 63339.69 8225629 4435029 82256.29
Energy 002 7225125 84519.81 96797.86 11028645 122555.01 13483306 11979525 144341.86
o2 25207.79 45039.16 64885 88 25207.79 45039.16 5488588 25207.79 B 6488588
Total COZe  170807.09 212267.29 253638.87 208842.29 25030249 291674.07 23839638 28363335 328768.99
ER: 724002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN2O 5930127 7047431 11179423 5930127 7047431 B81609.79 8123462 9654015 111794.23
indirect N20 3825648 5244482 6658546 38256.48 52444.82  66585.46 3825648 5244482  66585.46
EnergyCO2 7225125 84519.81 O06797.86 11028645 122555.01 134833.06 11979525 132063.81 14434186
o2 25207.79 45039.16 6488588 25207.79 45039.16 6488588 25207.79 45039.16 64885.88
Total COZe 169809 20743893 32272156 207844.2 245474.13 28302831 23928635 28104877 32272156
MBS
ER: 753002 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 6746884 8018074 9284991 67468.84 8018074 9284991 9242308 109836.64 12719166
Indirect N20 4435029 6333060 8225629  44359.20 6333069 8225629 4435920  63339.69  82256.29
EnergyCO2 7225125 8451981 96797.86 11028645 122555.01 134833.06 11979525 132063.81 14434186
02 2520779 4503016  64885.88 2520779 45039.16  64885.88  25207.79  45039.16  64885.88
Total CO2e  184079.39 22804024 27190407 22211450 26607544 309939.27 256577.62 30524014 353789.82
ER: 720001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 5419654  64407.79 7458471 54196.54  64407.79 7458471 7424184  88229.85 102170.84
Indirect N20 4435029 6333060 8225620  44359.20  63330.69 8225629 4435020  63339.60  82256.29
EnergyCO2 7225125 8451981 96797.86 11028645 122555.01 134833.06 11979525 132063.81 14434186
o2 25207.79 4503916 6488588  25207.79 45039.16  64885.88  25207.79 4503916  64885.88
Total CO2e 170807.09 21226729 253638.87 208842.29 25030249 29167407 23839638 28363335 328768.99
ER: 376001 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 5419654  64407.79 7458471 5419654 6440779 7458471 7424184  88229.85 102170.84
Indirect N2O 3825648 5244482 6658546 3825648 5244482 6658546 3825648  52444.82  66585.46
EnergyCO2 7225125 8451981 96797.86 11028645 12255501 134833.06 11979525 132063.81 144341.86
o2 25207.79  45039.16 6488588  25207.79 45039.16  64885.88  25207.79 4503916  64885.88
Total CO2e  164704.27 20137241 23796804 20273947 239407.61 276003.24 23229357 27273847 313098.16
AB1 Eutric Brunisol
ER: 614002 No-till Reduced Tillage Intensive Tillage

Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert

Direct N20 24055101 27065354 20964017 24055001 27065354 299640.17 32952193 370758.27 410465.98
Indirect N20 30297.81 3872553 46840.84 30297.81 38725.53 46840.84 30297.81 3872553 46840.84
EnergyCO2 6531689 7273884 7996123  79580.09 B7002.04 9422443 BO9088.B9  96510.84 10373323
€02 1463926 2663633 3831093  14639.26 2663639 3831093  14639.26 2663639 3831093
Total COZe 33656191 382117.91 42644224 350428.91 39638111 44070544 44890863 50599465 561040.06
Regasal
ER: 821008 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Maderate Fe High Fert  Conservative Maderate Fe High Fert
Direct N2O 1264285 15024907 17398957 126428.5 150249.07 17398957 173189.72 205820.64 23834187
Indirect N20 3825648 5244482 6658546 3825648 5244482 6658546  38256.48 5244482  66585.46
EnergyCD2 7225125 2451981 06737.85 11028645 122555.01 134833.06 11579525 13206381 14434186
o2 25207.79  45039.16  64885.88  25207.79 45039.16 6488588  25207.79  45039.16  64885.88
Total COZe 23693623 28721369 33737280 27497143 32524889 37540809 30707325 39032926  449269.2
Humic Gleysol
ER: 592010 No-till Reduced Tillage Intensive Tillage
Conservative Moderate Fe High Fert  Conservative Maderate Fe High Fert  Conservative Moderate Fe High Fert
DirectN20 4846875 5453412 6037465 4846875 5453412 6037465 6639554 7470427 82705
Indirect N20  30297.81 3872553 4684084  30297.81 3872553  46840.84  30297.81 3872553  46840.84
Energy (02 6531689 7273884 7996123  79580.09 8700204 9422443  BS088.89  96510.84 12790143
o2 14639.26 2663633 3831093  14639.26 2663639 3831093  14639.26 2663639 3831093
Total COZe 14408345 1659985 18717673 15834665 1802617 20143993 18578224 20994065 257447.28

259685.52
82256.29
96797.86
64885.88
4374968

81609.79
82256.29
9679786
64885 88
260663.94  213947.02

loderate Fe High Fert

74584.71

66585.46
96797.86 110286.45
64885 88
237968.04

603374.65
46840.84
79961.23
3831093

187176.73

loderate Fe High Fert

160290.66
66585.46
96797.86
64885.88

323673.99

252298.86
4684084
79961.23
3831093

MB4
ER: 846001 No-til
Consenvative Moderate Fe High Fert
DirectN20 18870623  224260.63
Indirect N20 4435929 63339.69
Energy CO2 7225125 84519.81
02 2520779 45039.16
Total COZe 30531677 37212013
ER: 724008 No-till
Conservative Moderate Fe High Fert
DirectN20 5930127 7047431
Indirect N20 4435929 63339.69
EnergyCO2 7225125  84519.81
2 25207.79 45039.16
Total COze  175911.82 21833381
ER: 714015 No-till
Conservative M
Direct N20 5419654  64407.79
Indirect N20 3825648 52444.82
EnergyCO2 7225125  84519.81
o2 25207.79 45039.16
Total CO2e 164704.27 20137241
AB2
ER: 616001 No-til
Consenvative Moderate Fe High Fert
Direct N20  48468.75 3412
Indirect N20 30297.81 3872553
Energy CO2 65316.89 72738.84
02 1463926 2663639
Total COZe 14408345  165998.5
ER: 623018 No-til
Consenvative M
Direct N20 11647427 138419.35
Indirect N20 3825648 52444.82
Energy 002 72251.25 84519.81
w2 2520779 45039.16
Total COZe 226982  275383.97
ER: 708001 No-till
Conservative Moderate Fe High Fert
Direct N20 20254543 22789194
indirect N20  30297.81 3872553
EnergyCO2 6531685  72738.84
o2 14639.26 26636.39
Total COZe 29816013 33935632

379100.94

Reduced Tillage

Consenvative Moderate Fe High Fert
18870623 22426063 25969552
4435029 63339.69  82256.29
11028645 122555.01 134833.06
2520779 45039.16  64885.88
34335197 41015533 47678488

Reduced Tillage
Conservative Moderate Fe High Fert

5930127 7047431 81609.79
4435929  63339.69  B2256.29
11028645 122555.01 134833.06
25207.79 4503916 6488588

256369.01 298639.14

Reduced Tillage
Conservative Moderate Fe High Fert
5419654  64407.79 7458471
3825648 5244482 6658546
122555.01 13483306
45039.16 64885.88
239407.61 276003.24

25207.79
202739.47

Reduced Tillage
Consenvative Moderate Fe High Fert

48468.75 5453412 603374.65
3029781 3872553 46840.84
79580.09 8700204  94224.43
1463926 2663639 3831093
15834665 1802617 20143993

Reduced Tillage
Consenvative Moderate Fe High Fert
11647427 13841935 16025066
3825648 5244482 6658546
11028645 12255501 134833.06
2520779 4503916 6488588
265017.2 31341917 361709.19

Reduced Tillage
Conservative Moderate Fe High Fert
20254543 22789194 25229886
30297.81 3872553  46840.84
7958008 8700204  94224.43
14639.26 2663639  38310.93
31242333 35361952 39336414

Intensive Tillage
Conservative Moderate Fe High Fert
25850168 30720634 355747.29
4435029 63339.69 8225629
11979525 132063.81 144341.86
25207.79  45039.16 6488588
42265622 502609.84 58234545

Intensive Tillage
Conservative Moderate Fe High Fert
BI123462  96540.15 11179423
44359.29 6333969 8225629
11979525 132063.81 144341.86
25207.79 45039.16 6488588
245389.17 291943.65 33839239

Intensive Tillage
Conservative Moderate Fe High Fert
74241.84 8822985 102170.84
38256.48  52444.82  66585.46
11979525 132063.81 14434186
25207.79  45039.16  64885.88
23229357 27273847 313098.16

Intensive Tillage
Conservative Moderate Fe High Fert

66395.54 7470427 B2705
30297.81 3872553 46840.84
BIDBE.EY 9651084 103733.23
14639.26 2663639 3831093
185782.24 209940.65 233279.08

Intensive Tillage
Conservative Moderate Fe High Fert
159553.8 18961555 21957625
3825648  52444.82 6658546
11979525 132063.81 144341.86
2520779 45039.16  64885.88
31760552 374124.17 43050358

Intensive Tillage
Conservative Moderate Fe High Fert
27745949 312180.74 34561488
30297.81 3872553  46840.84
8908889  96510.84 12790143
1463926 2663639 3831093
39684619 447417.12 49518896
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AB3
ER: 631002 No-till

Conservative Moderate Fe High Fert

Reduced Tillage
Conservative Moderate Fe High Fert

Direct N20 23130641 26025207 28812472 23130641 26025207 288124.72
Indirect N20  33712.61 44986.77 55843 3371261 44986.77 55843
Energy CO2 65316.89 72738.84 79961.23  79580.09 87002.04 9422443
0z 14639.26 2663639 3831093 1463926 2663639 3831093
Total CO2e 33033592 377977.68 423928.95 344599.12 39224088 43819215
ER: 750006 No-till Reduced Tillage

Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 25864105 30737198 355939.09 25864105 30737198 355939.09
Indirect N20 3825648 5244482 6658546 3825648 5244482 6658546
Energy CO2 72251.25 84519.81 96797.86 11028645 122555.01 134833.06
02 25207.79  45039.16 6488588 2520779 4503915 6488588
Total CO2e 36914878 4443366 51932242 40718398 4823718 55735762
ER: 798008 No-till Reduced Tillage
Conservative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  218067.23 24535614 271633.45 21806723 24535614 27163345
Indirect N20  30297.81 3872553  46840.84 3029781 3872553  46840.84
EnergyCO2  65316.89 7273884 7996123 7958009 8700204 9422443
o2 14639.26 26636.39 3831093 14639.26 26636.39 3831093
Total CO2e 31368193 35682051 39843553 32794513 37108371 41269873
ABS
ER: 650006 No-til Reduced Tillage
Consenvative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20 18433862 207474.24 229634.46 18439862 207474.24 229694.46
indirect N20  30297.81  38725.53  46840.84  30297.81 3872553  46840.84
Energy CO2 65316.89 7273884 7996123 79580.09 87002.04 94224.43
o2 1463926 2663639 3831093  14639.26 2663639 3831093
Total COZe 28001332 31893862 35649653 20427652 33320182 370759.73
ER: 815003 No-tll Reduced Tillage
Consenvative Moderate Fe High Fert  Conservative Moderate Fe High Fert
Direct N20  168032.06 19969122 23124395 16803206 19969122 23124395
indirect N20 3825648 5244482 6658546 3825648  52444.82 6658546
Energy CO2 72251.25 84519.81 96797.86 110286.45 122555.01 134833.06
o2 25207.79 45039.16 64885 88 25207.79 45039.16 6488588
Total CO2e  278539.79 336655.84 394627.28 31657499 37469104 432662.48
ER: 809001 No-till Reduced Tillage
Consenvative Moderate Fe High Fert  Conservative Maderate Fe High Fert
Direct N20 29065447 32702693 36205108 29065447 32702693 36205108
Indirect N20  30297.81  38725.53  46840.84  30297.81 3872553  46840.84
EnergyCO2 6531688 7273884 7956123 7958009 8700204 9422443
o2 14639.26 26636.39 3831093 14639.26 26636.39 3831093
Total CO2e 386269.17 43849131 48853.15 40053237 45275451 503116.35
k2
ER: 694002 No-till Reduced Tillage
Consenative Moderate Fe High Fert  Conservative Moderate Fe High Fert

Direct N20 143539.77 16150232 178799 14353977 161502.32 178799

Indirect N20 30297 .81 3872553 46840 .84 30297 81 3872553 4684084

EnergyCO2 6531689 7273884 7996123  79580.09 8700204 9422443

2 1463926 2663639 3831093 1463926  26636.39  38310.93

Total CO2e 23915447 27296669 30560107 25341767 287229.89 319864.27

ER: 698002 No-till Reduced Tillage

Consenative Moderate Fe High Fert  Conservative Moderate Fe High Fert

Direct N20 185771.01 22077238 255656.1 185771.01 220772.38 255656.1

Indirect N20 3825648 5244482 6658546 3825648 5244482 6658546

EnergyCO2 7225125  84519.81 96797.86 11028645 12255501 134833.06

w2 2520779 4503916  64BES.B8 2520779 4503916 6488588

Tatal CO2e 296278.73 357737 419039.43 33431393 3957722 457074.63

ER: 815006 No-till Reduced Tillage

Conservative Moderate Fe High Fert Conservative Moderate Fe High Fert

Direct N20 15027349 169078.69 1871868 15027349 16907869 1871868

indirect N2O  30297.81  38725.53  46B40.84  30297.81 3872553  46840.84

EnergyCO2 6531688 7273884 7996123  79580.03 8700204 5422443

w02 1463926 2663639 3831093 1463926 2663639  38310.93

Total CO2e 24588819 280543.07 31398887 26015139 294806.27 328252.07

Intensive Tillage
Conservative Moderate Fe High Fert

316858.1 356509.68 39469139
3371261 44986.77 55843
8908889 9651084 10373323
14639.26 2663639 3831093
4396596 4980073 55426762

Intensive Tillage
Conservative Moderate Fe High Fert

354302.81 4210575  487587.8
38256.48 5244482 6658546
11979525 132063.81 14434186
25207.79  45039.16 6488588

512354.54 G605566.12 698515.12

Intensive Tillage
Conservative Moderate Fe High Fert
29872223 33610429 37210062
30287.81 3872553 4684084
8908889 9651084 10373323
14639.26 26636.39 3831093
41810893 47134067 52267469

Intensive Tillage
Conservative Moderate Fe High Fert
25260085 28421129 314649.94
30297.81 3872553 4684084
89088 89 96510.84 103733.23
1453926 2663639 3831093
371987.55 419446.67 465224.01

Intensive Tillage
Conservative Moderate Fe High Fert
23018091 273549.61 31677254
3825648 5244482 6658546
11979525 13206381 14434186
25207.79 45039.16 64885 88
388232.64 45BOSB.24 527699.87

Intensive Tillage
Conservative Moderate Fe High Fert

3981568  447982.1 495960.38
30297.81 3872553  46840.84
8908383 9651084 103733.23
14639.26 2663639 38310.93
5175435 58321847 646534.46

Intensive Tillage
Consenvative Moderate Fe High Fert
196629.82 22123605 24493013
3029781 3872553 46840 84
890BEBI  96510.84 103733.23
1463926 2663639 3831093
31601652 35647243 39550421

Intensive Tillage
Consenvative Mederate Fe High Fert
254480.83 30242792 3500213.84
3825648 5244482 6658546
11979525 13206381 14434186
2520779 45039.16  64885.88
41253256 48693654 561141.16

Intensive Tillage
Conservative Moderate Fe High Fert
205854.09 23161465 25642027
30297.81  38725.53 4684084
8908888 9651084 103733.23
1463926 2663639 3831093
32524079 366851.03 40699435

ABA
ER: 687002 No-till
Conservative Moderate Fe High Fert
Direct N20 68555.78  77134.84 8539588
Indirect N20  30297.81 3872553  46840.84
EnergyCO2 6531689 7273884 7996123
co2 14639.26 2663639 3831093
Total CO2e  164170.48 188599.22 212197.96
ER: 838012 No-till
Conservative Moderate Fe High Fert
Direct N20 79082.11  93982.08 108831.97
Indirect N20  38256.48 5244482 6658546
Energy CO2 7225125  B4519.81  96797.86
o2 25207.79  45039.16  64835.88
Total CO2e  189589.84  230946.7 272215.29
ER: 771005 No-till
Conservative Moderate Fe High Fert
Direct N20  272165.26 306223.99 339020.17
Indirect N20  30297.81 3872553 4684084
Energy CO2 65316.89  72738.84  79961.23
co2 14639.26  26636.39 3831093
Total CO2e  367779.96 41768837 465822.25
SKL
ER: 691009 No-till
Conservative Moderate Fe High Fert
Direct N20 4846B.75 5453412  B0374.65
Indirect N20  30297.81 3872553  46840.84
Energy €02 6531689 7273884  79961.23
o2 14639.26 2663639 3831093
Total CO2e  144083.45 1659985 187176.73
ER: 634004 No-till
Conservative Moderate Fe High Fert
Direct N20  160502.58 1907431 220881.96
Indirect N20 3825648 5244487  6B585.46
Energy CO2 7225125 84519.81  96797.86
w2 25207.79  45039.16  64885.88
Tatal CO2e 27101031 327707.72  384265.29
ER: 821003 No-till
Conservative Moderate Fe High Fert
Direct N20  113066.82 12721599 140840.65
Indirect N20  30297.81 3872553  46840.84
Energy CO2 6531689 7273884  79961.23
o2 14639.26 2663639  38310.93
Total COZe 20868152 23868037 26764273
5K3
ER: 693006 No-till
Conservative Moderate Fe High Fert
Direct N20  147306.09 16573995 18349048
Indirect N20  30297.81  38725.53  46840.84
Energy CO2 6531689  72738.84 7996123
o2 14639.26 2663639 3831093
Total COZe 24292079 277204.33 31029255
ER: 715004 Mo-till
Conservative Moderate Fe High Fert
Direct N20  160374.96 190591.44 220706.34
Indirect N20  44359.29  £3339.69 8225629
Energy CO2 7225125 B4519.81  96797.86
co2 25207.79  45039.16  64BE5.88
Total COZe  276985.51 338450.94 39976043
ER: 739003 No-till
Conservative Moderate Fe High Fert
Direct N20  147899.24 166407.33 18422934
Indirect N20  69651.19 8231746 9451419
Energy CO2 65316.89  72738.84 7996123
co2 14639.26 2663639 3831093
Total CO2e  282867.32 32146363 35870475

Reduced Tillage
Conservative Moderate Fe High Fert

68555.78  77134.84  85395.88
30297.81 38725.53  46840.84
79580.09 87002.04 94224.43
14639.26 2663639 3831093

178433.68 20286242 22646116
Reduced Tillage

Conservative Moderate Fe High Fert
7908211  93982.08 10883197
3825648  52444.82  66585.46

110286.45 122555.01 134833.06

25207.79  45039.16 6488588

22762504 2689819 31025049
Reduced Tillage

Conservative Moderate Fe High Fert
27216526 306223.99 339020.17

30297.81  38725.53  46840.84
79580.09  B7002.04  94224.43
14639.26 2663639 3831093

382043.16 431951.57 480085.45

Reduced Tillage
Conservative Moderate Fe High Fert

48468.75  54534.12 6037465
30297.81 3872553  46840.84
79580.09 8700204  94224.43
14639.26 2663639 3831093
15834665  180261.7 201439.93

Reduced Tillage
Conservative Moderate Fe High Fert
160502.58  190743.1 22088196
3825648 5244482  66585.46
110286.45 122555.01 134833.06
25207.79 45039.16 6488588
30904551 365742.92 42230049

Reduced Tillage
Conservative Moderate Fe High Fert

11306682 12721599 140840.65
30297.81 3872553 4684084
7958009 8700204 9422443
14639.26 26636.39 3831093

222944.72 25294357 28190593

Reduced Tillage

Conservative Moderate Fe High Fert

14730609 165739.95 183490.48

30297 81 3872553 46840.84

7958009 B7002.04 9422443

14639.26 2663639 3831093

25718399 291467.53 32455575
Reduced Tillage

Conservative Moderate Fe High Fert
16037496 19059144 220706.34
4435929 6333969  B2256.29
11028645 122555.01 134833.06
25207.79 4503916  64885.88
31502071 37648614 437795.69

Reduced Tillage
Conservative Moderate Fe High Fert
14783924 166407.33 184229.34
69651.19 8231746 94514.19
79580.09 8700204 94224.43
14639.26 2663639  38310.93
29713052 335726.83  372967.95

Intensive Tillage
Consenvative Moderate Fe High Fert
93912.03  105664.17 11680.66
3029781 38725.53 46840.84
89088.89 9651084 10373323
1463926 2663639 3831093
213298.73 24090055 26755474

Intensive Tillage
Conservative Moderate Fe High Fert
10833166 12874258 14908489
3825648 5244482 6658546
11979525 132063.81 14434186
2520779 4503916 6488588
26638339 3132512 36001221

Intensive Tillage
(Conservative Moderate Fe High Fert

372829.13 41948492 4644112
30297.81 3872553 4684084
B90BB.E9  96510.84 10373323
14639.26 2663639 3831093

49221583 5547213 61498527

Intensive Tillage
Consenvative Moderate Fe High Fert

6639554 7470427 82705
30297.81 3872553  46840.84
8908889 9651084 10373323
14639.26 2663639 3831093
185782.24 20994065 233279.08

Intensive Tillage
Conservative Moderate Fe High Fert
219866.55 26129192 302578.03
3825648 5244482 6658546
119795.25 13206381 14434186
25207.79 4503916 6488588
37791828 44580054 51350536

Intensive Tillage
Conservative Moderate Fe High Fert

15488606 17426848  192932.4
30297.81 3872553 4684084
8908889  96510.84 10373323
14639.26 2663639 3831093

27427276 30950486 34350648

Intensive Tillage
Conservative Moderate Fe High Fert
201789.16 22704103 251356.82
30297.81 38725.53 46840.84
89088.89  96510.84 10373323
14639.26 2663639 3831093
32117586 362277.41 4015309

Intensive Tillage
Conservative Moderate Fe High Fert
219691.73 261084.16 302337.45
4435929  63339.69 8225629
11979525 132063.81 14434186
25207.79  45039.16  64885.88
38384628 4S6487.66 5289356

Intensive Tillage
Conservative Maderate Fe High Fert
2026017 227955.25 25236896
6965119  B2317.46 9451419
83088.89  96510.84 103733.23
1462926 2663639 3831093
361341.78 406783.55 450616.37
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SKa.

ER: 698003 No-till
Conservative Moderate Fe High Fert
Direct N20 16613768 186928.13 20694788
Indirect N20 3029781 3872553  46B40.84
EnergyCO2 6531689 7273884 7996123
o2 14638.26 2663639  38310.93
Total COZe 26175238 29839251 333749.96
ER: 709018 No-till
Conservative Moderate Fe High Fert
Direct N20 138297 16435373 19032287
Indirect N20 4435929 6333969 8225629
EnergyCO2 7225125 8451981  96797.86
w2 25207.79  45039.16  64885.88
Total COZe  254907.54 31221323 369377.03
ER: 821001 No-till
Conservative Moderate Fe High Fert
Direct N20 11500425 12939587 14325399
Indirect N20 6965119  82317.46 9451419
EnergyCO2 6531689 7273884 7996123
2 14639.26 2663639 3831093
Total CO2e 249972.33 28445217 31772941
MB1
ER: 717002 No-till
Conservative Moderate Fe High Fert
Direct N20 6855578 7713484  B5395.88
Indirect N20 3029781 3872553 46840 84
Energy CO2 65316.89 7273884 79961.23
coz 14639.26 2663639  38310.93
Total COZe 16417048 188599.22 212197.95
ER: 669009 No-till
Conservative Moderate Fe High Fert
DirectN20 5419654  64407.79  74584.71
Indirect N20 4435929  63339.69  B2256.29
Energy CO2 7225125 84519.81 96797.86
coz 25207.79  45039.16  64885.88
Total COZe  170807.09 212267.29 253638.87
ER: 723011 No-till
Conservative Moderate Fe High Fert
DirectN20 9204434 10457538 115775.26
Indirect N20  73065.99  88578.69 103516.34
EnergyCO2 6531689 7273884 7996123
oz 14639.26 2663639  38310.93
Total CO2e 23132722 26589292 29925284
me3
ER: 724002 No-till
Conservative Moderate Fe High Fert
DifectN20 5303398 5967065  66061.29
Indirect N20 3371261  44986.77 55843
EnergyCO2 6531689 72738884 7996123
o2 1463926 2663639 38310.93
Total CO2e 15206349 177396.26 201865.53
ER: 852005 No-till
Conservative Moderate Fe High Fert
DirectN20  153355.96 182249.97 211046.86
Indirect N20 4435929 63339.69  82256.29
EnergyCO2 7225125  B4519.81  96797.86
o2 2520779 45039.06  64885.88
Total CO2e 2699665 330109.47 39010101
ER: 714015 No-till
Conservative Maderate Fe High Fert
DirectN20 9294434 10457538 11577526
Indirect N20  73065.99  B8578.69 10351634
EnergyCO2 6531689 7273884 7996123
oz 1463926 2663639 3831093
Total CO2e 231327.22 26589292 299252.84
MBS
ER: 726003 No-till
Conservative Moderate Fe High Fert
Direct N20 4846875 5453412 60374.65
Indirect N20  30297.81  38725.53  46840.84
Energy CO2 6531689 7273884 7996123
14639.26  26636.39  38310.93
Total COZe 14408345  165998.5 187176.73
ER: 715001 No-till
Conservative Moderate Fe High Fert
DirectN20 ~ 160374.956 190591.44 220706.34
Indirect N20  44359.29  63339.69  82256.29
EnergyCO2 7225125  84519.81  96797.86
o2 2520779 4503816 6488588
Total CO2e | 27698551 338450.94 399760.49
ER: 846002 No-till
Conservative Moderate Fe High Fert
DirectN20 1340241 150795.86 1669459
Indirect N2O  73065.99  88578.69 103516.34
Energy CO2 6531689  72738.84 7996123
o2 14639.26 2663639 3831093
Total COZe = 27240699 3121134 35042347

Reduced Tillage
Conservative Moderate Fe High Fert
16613768 18692813 20694788
30297.81 3872553 46840.84
7958009 8700204 9422443
14639.26  26636.39 3831093
276015.58 31265571 34801316

Reduced Tillage
Conservative Moderate Fe High Fert
138297 16435373 19032287
4435929 6333969  82256.29
11028645 122555.01 134833.06
25207.79  45039.16 6488588
29294274 35024843  407412.23

Reduced Tillage
Conservative Moderate Fe High Fert
11500425 12939587 14325399
6965119 8231746  94514.19
T9580.09  87002.04 9422443
14639.26  26636.39  38310.93
26423553 29871537 33199261

Reduced Tillage
Conservative Moderate Fe High Fert

68555.78  77134.84  B5395.88
30297.81 3872553 46840.84
79580.09  87002.04  94224.43
14639.26 2663639 3831093
17843368 202862.42 226461.16

Reduced Tillage
Conservative Moderate Fe High Fert
5419654  64407.79 7458471
4435029 63339.69  B2256.29
110286.45 12255501 134833.06
25207.79  45039.16 6488588
20884220 250302.49  291674.07

Reduced Tillage
Conservative Moderate Fe High Fert
9294434 10457538 11577526
73065.99  BES78.69 103516.34
79580.09 8700204 9422443
1463926 2663639 3831093
24559042 280156.12 313516.04

Reduced Tillage

‘Conservative Moderate Fe High Fert

53033.98
33712.61
79580.09
14639.26
166326.69

59670.65
44986.77
87002.04
26636.39
191659.46

66061.29
55843
9422443
3831093
216128.73

Reduced Tillage

Conservative Moderate Fe High Fert

153355.96
44359.29
110286.45
25207.79
308001.7

182249.97
63339.69
122555.01
45039.16
368144.67

211046.86
82256.29
134833.06
64885 88
428136.21

Reduced Tillage

Canservative Moderate Fe High Fert

92944.34
73065.99
79580.09
14639.26
245590.42

104575.38  115775.26
8857869 103516.34
87002.04  94224.43
26636.39  38310.93

28015612 313516.04

Reduced Tillage:

Conservative Moderate Fe High Fert

48468.75 5453412  60374.65
30297.81 3872553  46840.84
79580.09  §7002.04  94224.43
14639.26 2663639  38310.93
158346.65 1802617 201439.93

Reduced Tillage

Conservative Moderate Fe High Fert

160374.96
44359.29
110286.45
25207.79
315020.71

190591.44  220706.34
63339.65  82256.29
122555.01 134833.06
45039.16  64885.88
376486.14 437795.69

Reduced Tillage

Conservative Moderate Fe High Fert

1340241 15079586 1669459
7306599  88578.69 103516.34
79580.09  87002.04  94224.43
14639.26 2663639  38310.93
286670.19 3263766 364686.67

Intensive Tillage
Conservative Moderate Fe High Fert
22758586 25606593 28348025
30297.81 3872553 4684084
8908889 9651084 10373323
14639.26 2663639 3831093
346972.56 39130231 43406433

Intensive Tillage

Conservative Moderate Fe High Fert
18944794 2251421 26071627
44359.29  63339.69  82256.29
119795.25 132063.81 14434186
2520779 4503916 6488588
35360249 4205456 487314.42

Intensive Tillage
Conservative Moderate Fe High Fert
15754007 177254.61 19623834
69651.19  82317.46 9451419
89088.89 9651084 10373323
1463926 2663639 3831053
316280.15 35608291 39448576

Intensive Tillage
Conservative Moderate Fe High Fert
9391203 10566417 116980.66
30297.81 38725.53 46840.84
89088 89 96510.84 103733.23
1453926 2663639 3831093
213298.73  240900.55 267558.74

Intensive Tillage
Conservative Moderate Fe High Fert
7424184 8822985 102170.84
4435929 6333969  B2256.29
11979525 13206381 144341.86
25207.79 4503916  64885.88
23839638 283633.35 32876899

Intensive Tillage
Conservative Moderate Fe High Fert
12732101 143253.95 158596.25
7306599  BES78.60 10351634
8908883 9651084 10373323
1463926 2663639 3831093
2894759 32834348 36584582

Intensive Tillage
Conservative Moderate Fe High Fert

7264929  81740.61  90494.92
3371261 44986.77 55843
8908889  96510.84 103733.23
14639.26  26636.39 3831093
1954508 223238.23 25007116

Intensive Tillage
Conservative Moderate Fe High Fert
210076.66 249657.49 289105.28
44359.29  63339.69 8225629
11979525 132063.81 14434186
25207.79  45039.16  64885.88
374231.2  445060.99 515703.44

Intensive Tillage
Conservative Maderate Fe High Fert
127321.01 14325395 158596.25
7306599  B8578.69 10351634
83088.89  96510.84 103733.23
1462926 2663639 3831093
2894759 32834348 365845.82

Intensive Tillage
Conservative Moderate Fe High Fert

6639554  74704.27 82705
3029781 3872553  46840.84
8908889 9651084 103733.23
1463926 2663639 3831093
185782.24  209940.65 233279.08

Intensive Tillage
Consenvative Moderate Fe High Fert
21969173 261084.16 302337.45
44359.29  63339.69  82256.29
11979525 132063.81 144341.86
25207.79  45039.16  64885.88
38384628 456487.66  528935.6

Intensive Tillage
Conservative Moderate Fe High Fert
183504.66  206569.67 228693.01
73065.99  88578.69 10351634
89088.89 9651084 10373323
14639.26 2663639 3831093
345749.55 391659.21 43594258

SKS
ER: 711001 No-till

Conservative Moderate Fe High Fert
Direct N20 24523038 27591848 30546898
Indirect N20 3029781 3872553 46840.84
Energy CO2 6531683 7273884  79961.23
co2 14639.26 2663639 3831093
Total CO2e  340B45.08 38738285 432271.05
ER: 822004 No-till

Conservative Moderate Fe High Fert
Direct N20 2248222 26718127 309397.95
Indirect N20  44359.29 6333969  82256.29
Energy CO2 7225125 B4519.81  96797.86
co2 25207.79 4503916 6488588
Total CO2e 34143275 415040.77 488452.11
ER: 729006 No-till

Consenvative Moderate Fe High Fert
Direct N20  1155939.65 13044833 144419.17
Indirect N20 6965119 8231746  94514.19
Energy CO2 65316.89 7273884  79961.23
co2 14639.26 2663639 3831093
Total CO2e  250907.73 285504.63 31889458
[X:H
ER: 718001 No-till

Conservative Moderate Fe High Fert
Direct N20 48468.75 5453412 60374.65
Indirect N2O 3371261  44986.77 55843
Energy €02 6531689 7273884  79961.23
o2 14639.26 2663639 3831093
Total CO2e  147498.25 172259.74 196178.88
ER: 849007 No-till

Conservative Moderate Fe High Fert

DirectN20 16152353 1919564 222286.98
Indirect N20 4435029 6333969  B2256.29
Energy CO2 72251.25 84519.81 96797.86
co2 25207.79 4503916  64885.88
Total COZe 27813407 3398159 40134114
ER: 375001 No-till

Conservative Moderate Fe High Fert
Direct N20 9423052 10602251 117377.38
Indirect N20 7306599 8857869 10351634
Energy CO2 6531689 7273884 7996123
co2 1463926 2663639 3831093
Tatal CO2e 2326134 26734005 300854.95
MBa
ER: 723004 No-till

Conservative Moderate Fe High Fert
Direct N2O 4846875 5453412  60374.65
Indirect N20 3371261  44986.77 55843
EnergyCO2 6531689 7273884 7996123
o2 14639.26 2663633  38310.93
Total COZe 14749825 172259.74 196178.88
ER: 850003 No-till

Conservative Moderate Fe High Fert
DirectN2O 5611082 6668273  77219.12
Indirect N20  44359.29  63339.69 8225629
EnergyCO2 7225125 8451981  96797.86
2 25207.79  45033.16  64885.88
Total COZe 17272136 21454223 25627327
ER: 677002 No-till

Conservative Moderate Fe High Fert
Direct N20 9294434 10457538 11577526
Indirect N20  73065.99 8857869 10351634
EnergyCO2 6531689 7273884 7996123
oz 14639.26 2663639 3831093
Total CO2e 23132722 26589292 299252.84

Reduced Tillage
Conservative Moderate Fe High Fert
24523038 27591848 30546898
30297.81 3872553 4684084
79580.09 87002.04 9422443
14639.26 2663639 3831093
355108.28 401646.05 446534.25

Reduced Tillage
Conservative Moderate Fe High Fert
2248222 26718127 309397.95
44359.29  63339.69  82256.29
110286.45 122555.01 134833.06
2520779 4503916 6488588
379467.95 435075.97 52648731

Reduced Tillage
Conservative Moderate Fe High Fert
115939.65 144419.17
69651.19 9451419
79580.09 9422443
14639.26 3831093

26517093 299767.83 33315778

Reduced Tillage
Conservative Moderate Fe High Fert

48468.75 5453412 6037465
3371261 44986.77 55843
79580.09 8700204  94224.43
14639.26 2663639 3831093
16176145 186522.94 210442.08

Reduced Tillage
Conservative Moderate Fe High Fert

161523.53  191956.4 222286.98
4435529  63339.65  82256.29
11028645 122555.01 13483306
25207.79  45039.16  G4885.88
316169.27 3778511 439376.34

Reduced Tillage
Conservative Moderate Fe High Fert

94230.52 10602251 117377.38
7306599  88578.69 10351634
7958009 8700204 9422443
14639.26 26636.39 3831093
246876.6 28160325 315118.15

Reduced Tillage

Conservative Moderate Fe High Fert

68.75 5453412  60374.65

3371261  44986.77 55843

79580.09 8700204  94224.43

14639.26 2663639 3831093

16176145 186522.94 210442.08
Reduced Tillage

Conservative Moderate Fe High Fert
5611082  66682.73  77219.12
44359.29 6333969  82256.29

110286.45 122555.01 134833.06
2520779 4503916 6488588
21075656 252577.43  294308.47

Reduced Tillage
Conservative Moderate Fe High Fert
92944.34 10457538 11577526
7306599  88578.69 10351634
79580.09  87002.04 9422443
1463926 2663639 3831093
24559042 28015612 313516.04

Intensive Tillage
Conservative Mederate Fe High Fert
33593202 37797052 A18450.65
30297.81 38725.53 46840.84
8908889  96510.84 103733.23
1463926 2663635 3831093
45532872 51320685 563024.73

Intensive Tillage
Conservative Moderate Fe High Fert
30797562 36600174 42383281
4435929 63339.69  B2256.29
11979525 13206381 14434186
2520779 45039.16  64885.88
472130.17 56140524 650430.96

Intensive Tillage
Conservative Moderate Fe High Fert
15882144 17869634 19783448
6965119  82317.46 9451419
8508883  96510.84 103733.23
14639.26 2663639  38310.93
317561.52 357524.64 39608189

Intensive Tillage
Consenvative Moderate Fe High Fert

6639554 7470427 82705
3371261 44986.77 55843
8908889 9651084 10373323
14639.26 2663639 3831093
189197.05 21620189 24228123

Intensive Tillage
Conservative Moderate Fe High Fert
22126511 26295398 30450271
4435929  63339.69  B2256.29
11979525 13206381 14434186
25207.79  45033.16  64885.88
38541965 45835748 53110087

Intensive Tillage
Conservative Moderate Fe High Fert
1290829 14523632 160790.93
7306599  88578.69 10351634
8908888 9651084 10373323
14639.26 2663639  38310.93
29123779 33032586 36804051

Intensive Tillage
Conservative Moderate Fe High Fert
8270

6639554 7470427

3371261  44986.77 55843

8908889 96510.84 10373323

14639.26  26636.39 3831093
189197.05 21620189 24228123

Intensive Tillage
Conservative Moderate Fe High Fert
76864.13 9134621 10577961
4435929 63339.69  B2256.29
11979525 13206381 14434186
2520779 45039.16 6488588
241018.68 28674971 332377.76

Intensive Tillage
Conservative Moderate Fe High Fert
12732101 14325395 15859625
7306599  88578.69 10351634
8508883  96510.84 103733.23
1463926 2663635 3831093
2894759 32834348 36584582
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Beef Cattle Raw Data

16-4n Beef Cow-zalf 246 total 737005 numberare default
low-protein energy forall medium protein energy forall high protein energy for al default
s Replacemen Gawes  Subtotal Bs Replacemen Cows Cawes  subtotal s Replacemen Gows Galv Subtatal Replacems
EnericCHA 1560472 4964084 48213475 4913362 596613.94 EnericCH4  11717.95 3413769 36212122 50527.49 45850434 EnericCH4 969126 26955.35 293490.21 5058288 386719.69 EntericCHA 1054201 49640.84
Manue €41 480194 543207 14717860 4971125 207145.95 Manure G0 345115 35753 10577733 48949.08 161753.26 Manwe CHA 247027 245219 75989.16 4256516 12348578 Manure CHA 340,59 5432.07
Drecth20 36705 24063 1632661 DirectNZD 54102 442038 1541766 55526 2594256 Direct N20 5343 4512 151501 661322 2684275 Direct N20 522 320008
Indiecth20 21465 150902 591183 109269  8728.19 IndrecthN20  386.89 257227 1103422 292852 169219 IndrectN20 38102 242349 1085342 348371 1714164 Indrecth20 385.51  1509.02
Land use Change CO2 Land Use Change CO2 Land use Change CO2 Land Use Change CO2
EnegyC02 6426 9855 1578 291924 58968 Energy CO: 6426 9855 19028 2919 58968 Enegy€02 6426 9855 291924 191924 SE368 Enegy(0Z 6426 3855
Subtotal(kg 2105262 60768.52 GA7270.81 10561942 B3711.49 Subtotal (kg 16163.27 45700.04 496278.22 110877.3 66901886 Subtotal(kg 1315011 3696165 40107 1061642 55968666 Subtotal (kg 15061.57 6076852
2ufat compared to defaults awtar
Bl Replacemen Cows Cabes  Subtotal Replacemen Cows Cabes  Subtol
EntericCH4 957761 44676.76 293990 4551645 30376102 EntericCH4  BS1361 3971268 26132044 40459.07 3500098
Manure G4 M29.59 543207 105067 4360756 157535.92 Manure GHA 3429.59 543207 1050667 43607.56 157535.9
Direct N20 5422 30109 1538052 644005 2557386 Directnz0 S22 320109 1539052 644005 2557386
Indiecth20  3B51  1509.02 1038858 33811 1627122 Indirecth20 385,51 150902 1098858 3L 1627122
Land Use Change CO2 Land Use Change CO2
EnegyC02 6426 9855 15278 291924 SEI6E EnergyC02 6426 9855 19278 291924 58968
Subtoal(kg 1399937 55804.44 42736361 1018741 599038.83 Subtotal (kg 12935.17 50840.36 39469805 96814.02 S55287.6
tono 241 A
Replacemen Cows Caves  Subtotal Bl Replacemen Cows Cales  Subtotal s Replacemen Cows Caves  Subtotal
EntericCHe  10095.04 4832483 31064083 4807816 417638.88 EntercCHe 930437 4426875 28508264 4426862 38382434 EnteicCHe 824012 39304.67 25331709 3921123 34007311
Manure ©44 12959 543207 1050667 43607.56 157535.92 Manure A 3429.59 543207 1050667 43607.56 157535.92 Manure Q44 342959  5432.07 1050667 43607.56 15753592
Direct K20 5422 30109 1538052 644005 25573.86 Direct N20 S22 30009 1539052  6440.05 2557386 Direct N2 522 320109 1539052 644005 2557386
IndiectN20  3BS51  1509.02 1098B58 33811 1627122 Indirecth20 385,51  1509.02 1098858 338211 1627122 IndrectN20 38551 1509.02 109BES8 33811 162712
Land Use Change 02 Land Use Change CO2 Land Use Change CO2
EnergyC02 6426 9855 15278 201924 58968 EnergyC02 6426 9855 19278 291924 58968 EnergyC02 6826 9855 19208 291924 SEIE
Subtowalfkg  M516.6 5995251 44401445 10843312 622916.68 Subtotal (kg 13725.88  55396.43 419356.25 100623.57 56910214 Subtotalky 1266168  50432.35 7 9556619 55350.92
Housing
Confined no bam Housed in barn (solid) Housed inbam (shurry) Pasture 339 acZacfeow 0.5/ calf
cows Gaes  Subtotal Replacemen Cows Cawes  subtotal cemen Gows Gaves  Subtotal Buls Replacemen
EnericCH4  10B4201 4964084 32663555 5057383 437512.24 EmericCH 1054201 49640.84 32665555 5057183 437512.24 EnericCH4 1084201 49640.84 32663555 5057383 437512.24 ErtericCHA  15260.52  64336.87
Manue €14 42950 543207 1050667 43607.56 157535.92 Manure G 3429.59 543207 1050667 43607.56 157535.92 Manwe CHA 342959 543.07 1050667 43607.56 157535.92 Manure G4 177.83  827.23
DirectN20 5422 320009 1539052 2557386 DirectN20 5122 320109 1539052  6440.05 2557386 DirectN20 5422 30109 1539052  6440.05 385 DrectN20 11434 25355
Indrecth20 38551 1509.02 109BBSS 338811 1627122 Indiecth20  37L18 162215 10619.04 282095 15442.33 Indrecth20 38352 168108 1096863 209991 1603314 Indiecth20 7182 121677
Energy O 6426 9855 19278 291924 58968 Energy 02 26 9855 1928 2919.44 58968 EnegyCO2 6426 9855 19278 291924 SE968 Energy 02
Subtotal(kg 1506357 60769.52 46002516 10692879 642750.05 Subtotal (kg 15043.25  G0BS166 45965962 106370.63 64196116 Subtotal(kg  1S0FLSS  60340.59 45000521 10654058 64255197 Subtotal (g 162707 6669441
Manure Management
Deep Bedding Solid Storage Compost Intensive
Buls Replacemen Cows Gawes  Subtotal Bulls Replacemen Cows Cawes  subtotal Buts Replacemen Cows Calves  subtotal
EriericCHA 1064201 4964084 32665555 S0STALE3 43751224 EnericCHA 1064201 4964084 32665555 5057383 437512.24 EnteicCHé 1064201 @9640.81 32665555 5057383 43751224
ManureCH1 342050 5432.07 105066.7 4360756 157535.82 MarweCHA  #422 5422 1353658 471033 2412519 ManweCHe 17062 135800 521566 117853 792289
Direct N20 5422 320109 1539051  GMO0S 2557186 Direct K20 5412 320109 1539052 644005 2557385 Diecth20 30473 160055 865481 32002 13780.11
Indirecth20 38551  1509.02 1096B58 33811 1627122 IndrectN2D 38551 150902 1098858 338811 1627122 IndiectN20 48506 241682 1385355 465058 2141501
EnemyC02 6426 9855 19278 291924 58968 EnergyC02 6426 SESS 19278  2919.24 58968 EregyCO2 6426 9855 19278 291924 56963
Subtotal (kg 1506357 6O76A.52 46002916 10692879 642790.05 Subotal(kg  12076.18 6076852 368499.04 6803557 50937932 Subtotal(kg 1166668 5600173 35630737 6255126 AB6SS126
| compostPassive Anaerobic dgester
Buls Replacamen Cows Gawes  subtotal Bulls Rapiacemen Cows Cawes  subtotal
EntericCHA 1064201 4964084 32665555 SOSTALE3 43751224 EntericCHA 1064201 4964084 32665555 5057383 437512.24
ManureCHi 26115 271604 79893 235717 1332365 ManweCHA 17062 135802 521566 117858 792289
Directh20 30473 160055 865481 322002 1378011 Direct K20 9576 19207 27738 3864 MOLG
Indiecth20  485.06 241682 1385255 465858 2141501 IndrectN20 2518 657.82 715838 187083  993s@a
EneyC02 6426 9855 19278 291924 EnefyC02 6425 SESS 19278 291924 589638
Subtotal (kg 1175721 57350.74 35908101 63729.84 491927.81 Subtotal(kg 1122445 52834.25 34368077 S6928.89 46467237
16-Jun default numbers 737005 20 heifers
Dairy Heifers Scenario changes
High Fiber Low Fiber all default
Heifers Heifers Dry Calves Lactating  Subtotal
Enteric CH4 6410.73 5717.97 Enteric CH4 6410.73 2733.27 1243252 2157652
Manure CH4 78.01 59.98 Manure CHa 78.01 269.38 153.44 173.92 674.75
Direct N20 Direct N20 553.05 142.42 695.46
Indirect N20 125.32 104.37 Indirect N20 125.32 255.33 66.91 348.18 795.75
Energy CO2 Energy CO2 4893.04  4893.04
Subtotal 6614.06 5882.32 Subtatal 6614.06 3811.03 362.77  17847.66  28635.53
| —
Dairy Lactating Diet Changes
Legume Forage based diet Barley Silage based Diet Corn Silage based Diet
Heifers Dry Calves Lactating  Subtotal Heifers Dry Calves Lactating  Subtotal Heifers Dry Calves
Enteric CH4 12432.52 Enteric CH4 13014.08 Enteric CH4
Manure CH4 17392 Manure CH4 195.34 Manure CH4
Direct N20 Direct N20 Direct N20
Indirect N20 34818 29839 Indirect N20
Energy CO2 4893.04 Energy CO2 4893.04 Energy CO2
Subtotal 17847.66 Subtotal 18400.85 Subtotal

Calves

§

Cows
44532962
479114
3465.99
18313.43

471900.19

Lactating
11759.46
152.87

338.84
4893.04
17144.21

3
&
m

43607.56
6420.05
338811

2919.24
106928.78

363.01
2178.29

1627122

0
5896.8
642790.05

Calves  subtotal
54439114 57939114
55393 6350.13

4196.69
22486.7

57559.37 61242466

Subtotal
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Housing Scenarios
Tie-stall (salid litter)

“changed all cattle types

Heifers Dry Calves. lactating | Subtotal
Enteric CH4 641073 273327 1243252 2157652
Manure CHa 78.01 269.38 153.44 173.92 674.75
Direct N20 553.05 142.42 685.4
Indirect N20 12532 255.33 6691 348.18 78575
Energy CO2 489304 489304
Subtotal 661406 381103 36277 1784766 2863553
Free-stall barn [slurry scraping)
Heifers Dry Calves lactating | Subtotal
Enteric CH4 602907 233613 1076832 1913352
Manure CHa 7336 230.24 153.44 15064 607.68
Direct N20 [ 47269 14242 [} 615.11
Indirect N20 184.03 23871 66.91 47042 960.08
Energy CO2 483304 489304
Subtotal 628646 3270.77 36277 1628243 26209.43
Drylat
Heifers Dry Calves ladtating  Subtatal
Enteric CH4 641073 273327 1243252 2157652
Manure CHa 7801 269.38 15344 173.92 674.75
Direct N20 o 553.05 142.42 o 695.46
Indirect N20 227.04 28854 66.91 62948 121197
Energy CO2 4893.04 4893.04
Subtotal 6715.78 384424 362.77 18128.96 29051.75
Diet Additives for all cattle types
lonaphare
Heifers Dry Calves lactating  Subtotal
Enteric CHA 512850 218662 10006.66 1732186
Manure CH4 78.01 26938 153.44 173.92 674.75
Direct N20 o 553.05 14242 o 695.46
Indirect N20 125.32 25533 6691 348.18 795.75
Energy 002 4893 .04 4893.04
Subtotal 533191  3264.37 36277 154218 2438087
Manure Management
Solid Storage
Heifers ory Calves Lactating  Subtotal
Enteric CH4 641073 2733.27 1243252 2157652
Manure Cd 624.05 26938 15344 139135 243822
Direct N20 91162 553.05 14242 255035 415743
indirect N20 401.34 255.33 6691 112152 1845.1
Energy CO2 489304 4893304
Subtotal 834773 381103 36277 2238879 34910.32
Deep Bedding
Heifers ory Calves Lactating  Subtotal
Enteric CHY 641073 2733.27 1243252 2157652
Manure CHd 577247 249176 141934 1286999 2255356
Direct N20 91162 553.05 14242 2555035 415743
Indirect N20 401.34 255.33 66.91 112152 1845.1
Energy COZ 489304 489304
Subtatal 13496.15 6033.41 1628.67 33867.43 55025.66
Liquid w/ solid cover
Heifers ory Calves Lactating  Subtotal
Enteric CHa 641073 2733.27 12432.52 21576.52
Manure CH4 349531 1508.97 85052 78009 13664.7
Direct N20 45581 276.52 7121 1275.18 2078.72
Indirect N20 2318 146.12 37.81 640.29 1056.02
Energy 002 489304 489304
Subtotal 10593.65 4664.88 968.54 27041.93 43269

Tie-stall {slurry)

Heifers ory Calves lactating  Subtotal
Enteric CH4 641073 273327 1243252 2157652
Manure CH4 78.01 269.38 153.44 173.92 674.75
Direct N20 553.05 142.42 695.46
Indirect N20 147.43 262.55 66.91 403.33 886.23
Energy CO2 489304 489304
Subtatal 663617 381825 36277 1790881 2872601
Free-stall barn (ushing)
Heifers Dry Calves lactating  Subtotal
Enteric CHa 602907 233613 1076832 1913352
Manure CH4 7236 23024 153.44 15064 607.68
Direct N20 a 47268 142.42 a 615.11
Indirect N20 163.28 23254 66.91 41753 B880.26
Energy CO2 489308 483304
Subtotal 6265.71 32716 6277 1622953 26129.61
Pasture
Heifers Dry Calves Lactating Subtotal
Enteric CH4 630187 264917 16677.77 2623081
Manure CHA 7672 347.24 25.06 58.05 507.07
Direct N20 194.89 221.93 19.52 3072 467.06
Indirect N20 1197 213236 168.34 27601 258868
Energy CO2 4893.04 4893.04
Subtatal 7187.45 5350.7 21292 2193559 34686.65
5% Fat Additive
Heifers Dry Calves. lactating  Subtotal
Enteric CH 641073 273327 1243252 2157652
Manure CHa 7801 269.38 153.44. 17392 674.75
Direct N20O 553.05 142.42 695.46
Indirect N20 12532 25533 66.91 348.18 795.75
Energy CO2 489304 4893.04
Subtotal 661406 381103 36277 17847.66 2863553
Compost Intensive
Heifers Dry Calves. Lactating  Subtotal
Enterie CHa 641073 273327 1243252 2157652
Manure CH4 156.01 67.34 38.36 347.84 609.56
Direct N20 455.81 27652 7121 127518 207872
Indirect N20 601.21 3854 10246 167677 276584
Energy CO2 489304 4893.04
Subtotal 762376 346254 21203 2062534 3192368
Liquid w/ natural crust
Heifers ory Calves. lactating  Subtotal
Enteric CHa4 641073 273327 1243252 2157652
Manure CH4 419437 181076 103143 936108 16397.64
Direct N20 [ 0 [ o [
Indirect N2O o o o o o
Energy CO2 489304 4893.04
Subtotal 10605.1 454403 1031.43 26686 64 42867.2
Daily Spread
Heifers Dry Calves lactating _ Subtotal
Enteric CH4 6410.73 273327 1243252 21576.52
Manure CH4 7801 3367 19.18 17392 304.78
Direct N20O o o o o o
Indirect N20 125.32 78.19 2014 34818 571.84
Energy CO2
Subtatal 6614.06 284514 39.32 17847 66 27346.18

Free-stall barn {solid litter)

Heifers Dry
Enteric CH4 602007 233613
Manure CH4 73.36 23024
Direct N20 a72.69
Indirect N20 134.22 219
Energy CO2
Subtotal 623665 326296

Free-stall barn (milk parlour - slurry fushing)

Heifers Dry
Enteric CH4 602007 233613
Manure CHd 73.36 23024
Direct N20 [ 472.69
Indirect N2O 163.28 23254
Energy CO2
Subtotal 6265.71 32716

5% Fat Additive and lonophore

Heifers Dry
Enteric CH4 5769.66
Manure CH4 78.01
Direct N20 [}
Indirect N20 125.32
Energy €02
Subtotal 5072.99
Compost Passive

Heifers Dry
Enteric CHd 6410.73
Manure CHe 312.03
Direct N20 455.81
Indirect N20 601.21
Energy CO2
Subtotal 717877
Uiquid no crust

Helfers ory
Enteric CH4 6410.73
Manure CHé  6990.62
Direct N20 0
Indirect N20 2339
Energy COZ
Subtotal 13635.25
Anaerabic Digester

Heifers Dry
Enteric CH4 6410.73
Manure CH4 156.01
Direct N20 547
Indirect N20 12532
Energy CO2
Subtotal 6746.76

Calves Lactating  Subtotal
1076832 1913352
153.44 150.64 607 68
142.42 61511
66.91 34348 768.52
489304 489304
36277 1615548  26017.87
Calves latating  Subtotal
1076832 1913352
153.44 150.64 607.68
142.42 [ 615.11
66.91 417.53 88026
483304 489304
36277 1622953 2612961
Calves lactating  Subtotal
2459.94 1121959 19449.19
26938 153.44 17392 674.75
553.05 142.42 0 69546
255.33 66.91 348.18 79575
489304 489304
3537.7 36277 1663473 265082
Calves Lactating  Subtotal
2733.27 1243252 21576.52
13469 7672 69568 12191
27652 7121 127518 207872
3854 10246 167677 276584
489304 489304
3529.89 25039 2007318 3253323
Calves Lactating  Subtotal
2733.27 1243252 2157652
301793 171905 156018 2732939
[ 0 [ 0
147.46 38.15 646 106551
489304 489304
5898.66 1757.2 3357336 54864 47
Calves Lactating  Subtotal
2733.27 12432.52 21576.52
67.34 3836 347.84 609.56
3318 BSS 153.02 24945
78.19 2014 34818 571.84
0
2911.99 67.05 181746 2790041
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Sheep Raw Data

Sheep 16-Jun
Diet changes default s good forage
Good Quality Forage
Sheep Rams Lambs & Ew Subtotals

Enteric CH4 2784.2 27842 172419 7292.59
Manure CH4 264.53 264.53 163.82 692.89

Direct N20 558.16 558.16 345.65 1461.98
Indirect N20 64.19 64.19 39.75 168.13
Energy CO2 0 0 0 0

Subtotal (kg 3671.09 3671.09 2273.41 9615.59

Diet Additives *no diet additives yet June 16
2% Fat

Housing *Good Quality Forage
Confined

Sheep Rams Lambs & Ew Subtotals
Enteric CH4 2784.2 2784.2 1724.19 7292.59
Manure CH4 264.53 264.53 163.82 692.89

Direct N20 558.16 558.16 345.65 1461.98
Indirect N2O 64.19 64.19 39.75 168.13
Energy CO2

Subtotal(kg ~ 3671.09  3671.09  2273.41  9615.59

Manure *defaultis confined housing

Solid Storage

Sheep Rams Lambs & Ew Subtotals
Enteric CH4 2784.2 2784.2 1724.19 7292.59
Manure CH4 264.53 264.53 163.82 692.89
Direct N20 558.16 558.16 345.65 1461.98
Indirect N20 64.19 64.19 39.75 168.13
Energy CO2
Subtotal (kg 3671.09 3671.09 2273.41 9615.59

Deep Bedding

Sheep Rams Lambs & Ew Subtotals
EntericCH4  2784.59  2784.59  1724.19  7292.59
Manure CH4  2446.95  2446.95  1515.33  6409.22

Direct N20 55816  558.16 34565 146198
Indirect N20 142.33 142.33 88.14 372.8
Energy CO2

Subtotal (kg 5931.64 5931.64 3673.32 15536.6

Average Quality Forage
Sheep

Enteric CH4 4184.18

Manure CH4 432.39

Direct N20 484.09
Indirect N20 55.67
Energy CO2

subtotal (kg 5156.34

Housed Ewes

Sheep
Enteric CH4 2879.23
Manure CH4 273.56

Direct N20 577.21
Indirect N20 300.17
Energy CO2

Subtotal (kg 4030.17

Compost Intensive

Sheep Rams
2784.2 2784.2
66.13 66.13
279.08 279.08
86.51 86.51

321593 321593

Anaerobic Digester

Sheep
Enteric CH4 2784.2
Manure CH4 66.13
Direct N20 33.49
Indirect N20O 58.61

Energy CO2
Subtotal (kg 2942.43

Poor Quality Forage
Sheep

Enteric CH4 6876.89

Manure CH4 774.74

Direct N20 360.18
Indirect N2O 41.42
Energy CO2

Subtotal (kg 8053.24

Pasture

Sheep
Enteric CH4 2564.67
Manure CHA 28.63

Direct N20 30.85
Indirect N2O 289.28
Energy CO2

Subtotal (kg 2913.43

‘Compost Passive

Sheep Rams
Enteric CH4 27842 2784.2
Manure CH4 132.27 132.27
Direct N2O 279.08 279.08
Indirect N20 80.93 80.93
Energy CO2
Subtotal (kg 3276.48 3276.48

Lambs & Ew Subtotals
18103.69
2039.54

948.2
109.04

21200.47

117.81
508.09
5505.5
6131.4
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