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ABSTRACT 

 

The assessment of GHG emissions from spring wheat cropping system in 

Saskatchewan was conducted in this study. A general emission assessment model was 

developed. The main sources of GHG included emissions from farming operations, 

emissions from the manufacturing and transportation of N/P fertilizer, emissions from 

herbicides usage, and direct and indirect emissions from agricultural land. A case study 

based on spring wheat in Saskatchewan was then investigated. The results show that the 

total GHG emissions mainly come from the manufacture, storage, delivery, and 

application of nitrogen and environmental conditions have a significant effect on the total 

GHG emissions. In addition, a factorial analysis has been applied to evaluate the impact 

of uncertain parameters on system performance. In the case study of spring wheat crop in 

Saskatchewan, the total GHG emission is around 3,358,451 Mg CO2-eq. The results 

indicate that GHG emission is affected by environmental condition. From north to south 

Saskatchewan, the total GHG emission is decreasing as humidity decreased. The total 

GHG emission is mainly related to N fertilizer application, which accounts for about 80% 

of total emission. Through applying multivariate factorial analysis, the effects of 

uncertain parameters were identified, and the main effects and their interactions were also 

examined. The results have important implications for our efforts to evaluate the GHG 

emission from agricultural activities.  
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CHAPTER 1 

INTRODUCTION 

  

1.1. Background 

There has been a significant change in the concentrations of key greenhouse gases 

in atmosphere since the industrial revolution (Solomon et al. 2009). A drastic increase in 

the atmospheric concentration of carbon dioxide (CO2) and other greenhouse gases 

(GHGs) was observed over the last centuries. According to the report of IPCC 

(Hartmann et al. 2013), the atmospheric concentration of CO2 has increased from 278 in 

1750 to 390 ppm in 2011. The concentrations of atmospheric methane (CH4) and nitrous 

oxide (N2O) have increased from about 722 to 1803 ppb and from 270 to 324 ppb over 

the same period, respectively. It is believed that increased atmospheric GHG due to 

anthropogenic emissions may further lead to significant climate change (Lal 2004b). 

Climate change can result in shifting weather patterns and serious ecological imbalances 

(Pandey and Agrawal 2014). The global mean surface temperature keeps increasing and 

the first decade of the 21st century has been the warmest one among all previous decades 

since the start of the instrumental record (Hartmann et al. 2013). The amount of snow 

and ice is diminishing; sea level is rising; extreme precipitation events is becoming more 

intense. The pattern of GHG emissions can exert a significant influence on climate 

changes on both short and long time scales. There is an urgent need to identify this 

pattern and develop appropriate strategy to mitigate climate change.  
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Agriculture plays a central role for food security and sustainable development. It 

provides food for 7 billion people on earth, and other products for a variety of purposes. 

In the production activity of agriculture, plants can utilize CO2 in atmosphere and 

nitrogen (N) in soil, which will be distributed to living biomass, dead residues, and soil 

organic matter. CO2 and other GHG such as CH4 and N2O can in turn be released into 

the atmosphere through plant respiration, biomass decomposition, and combustion. The 

emission of CH4 and N2O can be also accompanied with the farming of 

ruminant livestock and manure storage. The agricultural sector is the largest contributor 

to global anthropogenic non-CO2 GHG (EPA 2012). Annual GHG emissions from 

agricultural production in 2000-2010 were estimated at 5.0-5.8 GtCO2eq/yr (Smith et al. 

2014). Agricultural activities can change the GHG fluxes between land and atmosphere, 

which will influence the patterns of climate change. Sustainable management of 

agriculture is an important requirement of climate change mitigation strategy. Although 

agriculture can be an emissions source of GHG, there are opportunities for reducing the 

emissions if better management practices are identified and adopted (Hutchinson et al. 

2007).  

 

1.2. Challenges in the Analysis of GHG Emissions 

Carbon footprint has received increasing attention in these years. Origin of carbon 

footprint can be traced back to as a subset of “ecological footprint”. Carbon footprint can 

be defined as a measure of the exclusive total amount of carbon dioxide emissions that is 

directly and indirectly caused by an activity or is accumulated over the life stages of a 
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product (Pertsova 2008). This definition can be further extended to include GHG other 

than CO2, such as N2O which has 300 times global warming potential than CO2. Carbon 

footprint can be used as a quantitative expression of GHG emissions from an activity or 

sector. After the quantification of emissions, the important emission sources can be 

identified, and areas of emission reductions and increasing efficiencies can be prioritized 

(Pandey et al. 2011). Carbon footprint analysis can therefore help in emission 

management and evaluation of mitigation measure, which are useful in pursuing more 

effective climate change policies (Matthews et al. 2008). Wheather a particular 

agricultural system is functioning as sink or source of GHG emission may change 

spatially, depending on the characteristics of crops and environmental conditions. Hence, 

mitigation options may be different for different regions. The knowledge to spatial 

characterization of agriculture carbon footprint is still limited and it is necessary to fill 

this gap. 

To avoid serious ecological and economic threats, it is also important to develop 

effective methods to limit the increase in global GHG concentration. Carbon offset has 

been regarded as an approach to account for both mitigation and adaptation. Emitters can 

obtain carbon credits when they adapt appropriate GHG reduction plan. These credits 

can then be sold to people and businesses who wish to offset their emissions. In previous 

efforts, Australia started the Carbon Farming Initiative (CFI) that allows farmers and 

land managers to earn carbon credits by storing carbon or reducing GHG emissions on 

the land (http://www.environment.gov.au/climate-change/emissions-reduction-fund/cfi/ 

out). The CFI also helps the environment by encouraging sustainable farming. In another 
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practice of carbon offset in Alberta, facilities that emit less than 100,000 tonnes of GHG 

can get one offset credit for every tonne of reduced emissions. Such offsets can be sold 

to large emitters that have not met their provincially mandated reduction targets. It is 

expected that appropriate carbon offset system can help achieve the goal of reducing 

GHG emissions while still allowing emitters to make economically responsible choices 

(Lee et al. 2010). To maximize the effectiveness of such efforts, offsets will need to be 

assessed in spatial accuracy to support local programs and policies. However, there are 

many barriers to design offset programs and policies that can maximize their potential 

benefits while minimizing their potential risks. Estimation methodologies that can 

explain how to carry out an abatement project and measure the resulting reductions in 

GHG emissions are still limited. There is an urgent need for scientists, government 

agencies and industry bodies to develop methodologies for different implementable 

carbon-offset activities.  

 

1.3. Objectives 

To address these issues, this dissertation research will assess the GHG emission of 

crop production in Saskatchewan. An approach for the analysis of GHG emissions from 

crop production will be developed. Spring wheat will be used as the representative crop 

for the estimation of total GHG emission. The emission will be quantified at different 

areas. The sensitivity of model parameters will be further analyzed using factorial 

analysis. This research will have important implications for our efforts to mitigate 

climate change. 
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1.4. Organization 

The dissertation is organized into six chapters: an introduction, a literature review 

chapter, a methodology chapter, two result analysis chapters, and a concluding chapter. 

In Chapter 2, a literature review is provided for the previous studies on GHG emission 

from agriculture. Chapter 3 introduces the methodology for crop GHG emission analysis. 

Chapter 4 shows the results of GHG emission of spring wheat in Saskatchewan. Chapter 

5 focuses on the factorial-based sensitivity analysis of results obtained in previous 

chapter. At last, conclusions of this dissertation research are drawn towards the end in 

Chapter 6. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1. GHG Emission from Agriculture 

GHG can absorb infrared radiation and trap heat in the atmosphere.  There was a 

balance for the rate of GHG entering the atmosphere and GHG lost and the gaseous 

composition of the atmosphere remained nearly constant for a long time. As influenced 

by human activities, more GHG were produced and entered the atmosphere. The 

balance has been disrupted and GHG accumulated in the atmosphere, changing the 

atmosphere composition (Hutchinson et al. 2007). GHG emission is regarded as a 

major contribution to climate change. The Intergovernmental Panel on Climate Change 

(IPCC) began producing scientific assessment of GHG emissions from 1990. It was 

introduced that the emissions from human activities led to increasing GHG 

concentration in the atmosphere, and warned that this could result in climate change 

and  many unknown consequences (Tegart et al. 1990). 

A large portion of land area is used in agricultural production. The emissions 

from agriculture may account for 5-20% of the annual increase in anthropogenic GHG 

emissions (Smith et al. 2001). The U.S. Environmental Protection Agency estimated 

that less than 10% of the total emissions of GHG was generated from agriculture in the 

U.S. (USEPA 2007). In Canada, GHG emission from agriculture in 2008 was about 62 

million tonnes of CO2 equivalent emissions, accounting for 8% of the emissions 

inventory (Gan et al. 2011b). The major source of GHG emission for the total economy 

is CO2. But the main GHG emission sources in agriculture incudes nitrous oxides and 
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methane. Nitrous oxides can come from soils and N inputs to crop and soil systems 

(Snyder et al. 2009). Agricultural GHG emission accounted for about 25%, 50%, and 

70% of the CO2, CH4 and N2O released globally via human sources (Hutchinson et al. 

2007). CO2, CH4, and N2O differ in their capacity in trapping heat.  

 

2.2. Carbon Footprint Analysis 

Carbon footprint can be used in the discussion of GHG emission reduction 

required for diminishing the threat of global climate change (Wiedmann and Minx 

2008). This term originated from “ecological footprint” introduced by Rees (Rees 

1992). Wiedmann and Minx (2008) defined carbon footprint as “a measure of the 

exclusive total amount of carbon dioxide emissions that is directly and indirectly 

caused by an activity or is accumulated over the life stages of a product”. This 

definition can be further extended to the emission from gases other than CO2. Carbon 

footprint can represent a certain amount of GHG emissions related to climate change 

and associated with human production or consumption activities. As the carbon 

footprint for agriculture, it can be defined as the total amount of GHG emission 

associated with agricultural products and processes (Gan et al. 2011b). It is usually 

expressed in carbon dioxide equivalence (CO2-eq). The carbon footprint for agriculture 

can be either the total emission per unit area per year or the emission per unit 

(kilograms) of product produced.  

Gan et al. (2012c) investigated the carbon footprint of spring wheat (Triticum 

aestivum L.) grown in different cropping systems over 25 years. Cropping systems 

included (a) fallow-wheat (FW), (b) fallow-wheat-wheat (FWW), (c) fallow-wheat-
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wheat-wheat-wheat-wheat (FWWWWW), and (d) continuous wheat (ContW). It was 

found the soil under the ContW system gained organic C of 1340 kg CO2-eq ha-1 

annually, which was more than those in other cropping systems. The highest grain 

yield along with highest SOC ( soil organic carbon) was in the continuous wheat 

system. It also had the smallest carbon footprint value at -0.441 kg CO2-eq kg-1 of 

grain, which was significantly lower than the carbon footprint values from other three 

systems. For the calculation without considering the SOC, wheat carbon footprint 

averaged in 0.343 kg CO2-eq kg-1 of grain in these systems. Decreased fallow 

frequency was favorable for the enhancement of soil carbon gains and annualized crop 

yields, as well as the reduction of carbon footprint of wheat production. 

Röös et al. (2010) investigated the carbon footprint of table potatoes. The carbon 

footprint of potato ranged from 0.10 to 0.16 kg CO2-eq per kilogram of potatoes. 

Emissions of N2O from soil had significant influence on carbon footprint results. A 

lower uncertainty was obtained when temporal variation was fixed in a specific year. 

The potato yield, soil humus content and emissions factors for N2O emissions from soil 

were the most sensitive parameters. Gan et al. (2014) studied the carbon footprint of 

alternative wheat production systems in the semiarid environment. It was found that 

using some improved farming practices such as reducing summer fallow frequencies 

and rotating cereals with grain legumes could lower the wheat carbon footprint 

effectively with an average reduction of 256 kg CO2-eq ha-1 yr-1. A net 0.027-0.377 kg 

CO2-eq per kg of wheat grain produced was sequestered into the soil. Wheat could take 

up more CO2 from the atmosphere based on some appropriate measures during its 

production.  
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Rochette et al. (2008) estimated the N2O emissions from agricultural soils in 

Canada. A country-specific methodology was developed to calculate the inventory of 

N2O emissions from agricultural soils. Regional fertilizer-induced emission factors 

(EFreg) were 0.0016 kg N2O-N kg-1 N and 0.008 kg N2O-N kg N-1 in the semi-arid 

Brown and in the sub-humid black soil zones of the Prairie region, respectively. In the 

humid provinces of Quebec and Ontario, EFreg was 0.017 kg N2O-N kg-1 N. It was 

estimated that emissions from fine-textured soils were 50% higher than those from 

coarse- and medium-textured soils in eastern Canada. Emissions during winter and 

spring thaw accounted for 40% of emissions during the snow-free season in eastern 

Canada.  

Gan et al. (2012b) reported that environment conditions played a major role in 

the estimation of carbon footprint of barley. There was an average carbon footprint of 

0.281 kg CO2-eq kg-1 of grain for Indian Head-produced barley, 11% lower than that of 

Swift Current-produced barley. The grain yield at Indian Head was higher than that of 

same crop produced at Swift Current. More than 50% of the total GHG emission 

derived from nitrogen fertilization in barley production. The carbon footprint of barley 

was correlated to both grain yield and total GHG emissions. Gan et al. (2012a) 

analyzed the carbon footprint of oilseeds and found that carbon footprint was closely 

related to the rate of N fertilizer applied. Nitrogen-related activities contributed 74% of 

the total GHG emission in crop production. When the rate of N fertilizer was lower 

than 50 kg N ha-1, the carbon footprint of the oilseeds increased slowly. When the rate 

of N fertilizer was higher than 50 kg N ha-1, there was a fast substantial increases of 
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carbon footprint. The carbon footprint for the production of oilseeds also varied with 

the environmental conditions and boundary selections.  

 

2.3. Literature Review Summary 

In the past decades, some research efforts have been made in the area of GHGs 

emission assessment. But many important issues in GHG emission from agricultural 

activities are still not clear. We are still lack of the knowledge regarding the crop GHG 

emission modeling. The variation of crop GHG emission at different scales were still 

not clear. The estimation of GHG emission is a complicated process and many factors 

are involved in such assessment. The roles of these factors and their interactions are 

not known in previous studies. Therefore, it is expected that integrated strategies and 

practices can be developed for maximizing agriculture’s productivity while minimizing 

GHG emissions in agricultural productions. Citizens are usually willing to pay for 

measures leading to the reduction of GHG emissions. Some food companies also have 

interest in showing the CO2 emissions released in the production of particular food 

products. The good assessment of GHG emission can help make the appropriate 

environmental policy and improve the agricultural management.  
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CHAPTER 3 

METHODOLOGY FOR THE ANALYSIS OF GHG EMISSION 

FROM SPRING WHEAT PRODUCTION 

3.1. Emission Sources 

GHG can be derived from many sources in the crop production process. As 

shown in Figure 3.1, the main sources of GHG included (1) emissions from farming 

operations, such as tillage, seeding, fertilizer application, chemical spraying, harvesting, 

(2) emissions from the manufacturing and transportation of N/P fertilizer, (3) 

emissions from herbicides usage, and (4) direct and indirect emissions from 

agricultural land. The system boundary for the GHG emission from crop production is 

shown in Figure 3.2. 
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Figure 3.1 Sources of GHG in crop production process 
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Figure 3.2  Boundary of GHG emission from crop production 
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3.2. Emission from Farming Practices 

Agricultural GHG emissions are closely related to farming practices, in which 

tillage and irrigation are two major sources of GHG emission (Lal 2004a). The 

operations in tillage can mechanically disturb soil for seeding preparation. In tillage 

process, GHG emissions can derive from the fuel consumption for operations. 

Emission from farming practices can be calculated as follows. Kern and Johnson (1993) 

estimated that the C emissions associated with crop production using conventional 

tillage, reduced tillage, and no-tillage were 52.8, 41.0, and 29.0 kg C ha-1 yr-1, 

respectively. West and Marland (West and Marland 2002) reported the C emissions 

from agricultural machinery with moldboard plow operation were 69.0, 42.2, and 23.3 

kg C ha-1 yr-1 for conventional tillage, reduced tillage, and no-tillage, respectively.  

GHGfarm = 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴 (3.1) 

𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑝𝑝𝑡𝑡𝑓𝑓𝑝𝑝 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑠𝑠𝑝𝑝𝑓𝑓𝑓𝑓 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_ℎ𝑓𝑓𝑓𝑓𝑎𝑎  (3.2) 

GHGfarm: GHG emission from farming practices, kg CO2-eq yr-1.  

Kfarm: GHG emission coefficient for farming practices, kg CO2-eq ha-1 yr-1. 

Kfarm_till: GHG emission coefficient for farming practices about tillage, kg CO2-eq ha-1 

yr-1. 

Kfarm_plan: GHG emission coefficient for farming practices about planting, kg CO2-eq 

ha-1 yr-1. 

Kfarm_spray: GHG emission coefficient for farming practices about spraying, kg CO2-eq 

ha-1 yr-1. 

Kfarm_harv: GHG emission coefficient for farming practices about harvesting, kg CO2-eq 

ha-1 yr-1. 
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A: area, ha.  

 

3.3. Emission from Fertilizer Production, Transportation, Storage and 

Delivery 

Fertilizers are widely used to enhance soil fertility and crop productivity. 

Fertilizer industry mainly focuses on the supply of nitrogen (N) and phosphorus (P) 

(Mudahar and Hignett 1987). The associated GHG emissions can derive from the 

energy consumption for their production, transport and application. The total emission 

can be calculate based on some major components including N and P2O5. 

𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 = (𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡_𝑁𝑁 × 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡_𝑃𝑃 × 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) × 𝐴𝐴  (3.3) 

GHGfert: GHG emission from fertilizer production and delivery, kg CO2-eq yr-1. 

Efert_N: GHG emission rate caused by manufacture, storage, and transportation of N 

fertilizer applied on farm, kg CO2-eq kg-1 of N.  

Napplied: N Fertilizer applied, kg N ha-1 yr-1. 

Efert_P: GHG emission rate caused by manufacture, storage, and transportation of P 

fertilizer applied on farm, kg CO2-eq kg-1 P2O5. 

Papplied: P Fertilizer applied, kg P2O5 ha-1 yr-1. 

 

3.4. Emission from Herbicide and Fungicide Usage  

Herbicides and fungicides are mainly produced from petroleum products. The 

GHG emissions in the pesticide production are related to both the feedstock materials 

and energy consumption. West and Marland (2002) summarized the carbon dioxide 

emissions from the production of herbicides and fungicides. It included the 
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contributions from the manufacture of main active ingredients, the post-production 

process such as emulsification, and those from packaging, transportation and 

application. The GHG emissions contributions from herbicides and fungicides can be 

calculated as follows.  

𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑓𝑓𝑓𝑓𝑒𝑒 = 𝐸𝐸ℎ𝑓𝑓𝑓𝑓𝑒𝑒 × 𝐴𝐴  (3.4) 

GHGherb: GHG emission from herbicide usage, kg CO2-eq yr-1. 

Eherb: GHG emission coefficient for herbicide usage, kg CO2-eq ha-1 yr-1. 

 

𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑓𝑓𝑝𝑝𝑓𝑓 × 𝐴𝐴  (3.5) 

 

GHGfung: GHG emission from fungicide usage, kg CO2-eq yr-1. 

Efung: GHG emission coefficient for fungicide usage, kg CO2-eq ha-1 yr-1. 

                                 

3.5. Emission from Agricultural Land due to N Input 

Once the fertilizers are added in the agricultural land, they cannot be fully 

utilized by crops. The recovery rates of N, P and K fertilizer by crops can be as low as 

50%, 25%, and 40%, respectively (Prasad 2009). GHG can derives from direct and 

indirect emissions from agricultural land. The fertilizer in land can result in the 

emission of N2O. The direct N2O emissions from copping land is mainly related to N 

inputs and can be influenced by soil properties, climatic conditions, and farming 

operation modes (Beauchemin et al. 2010). Total N inputs usually include N fertilizer, 

crop residue decomposition, and N mineralization (Beauchemin et al. 2010). N2O can 
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also derived from the lost N via volatilization, run-off and leaching. The direct and 

indirect emissions from agricultural land are shown in Figure 3.4. 

 

3.5.1. Fertilizer N Inputs 

N fertilizer is an important source of GHG emissions from land. When fertilizer 

N inputs exceed a certain level, N2O emissions can increase dramatically (Snyder et al. 

2009). Malhi et al. (2006) reported the N2O emissions when N input rates exceeded 80 

kg ha-1. Similar results were also observed when N input rates were above 100 kg ha-1 

in an irrigated corn study (Grant et al. 2006). The land GHG emission from fertilizer N 

inputs can be calculated as follows. 

𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 = 𝑁𝑁𝑓𝑓𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑓𝑓𝑎𝑎 × 𝐴𝐴 (3.6) 

Nfert: Fertilizer N input, kg N yr-1. 

Napplied: N Fertilizer applied, kg N ha-1 yr-1. (90 kg N ha-1 yr-1) 
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Figure 3.3 Direct and indirect emissions from agricultural land 

(FRACvolat: Fraction of N lost by volatilization; EFvolat: Emission factor for 

volatilization; FRACleach: Fraction of N lost by leaching; EFleach: Emission factor for 

leaching and runoff) 
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3.5.2. Residue N input 

When crop residues are retained in land, they have some benefits such as 

increasing carbon sequestration, providing erosion protection, improving soil aggregate 

stability, and enhancing water holding capacity. However, their decomposition beneath 

soil can also result in the emission of GHG. N in the crop residue (after harvest) 

provided an additional source of N for nitrification and denitrification, resulting in the 

emissions of N2O. It was estimated that crop residues produced 1,333 million tonnes 

equivalent of carbon per year worldwide (Lal 1995). The quantity of crop residue Nres 

can be obtained based on the aboveground and belowground crop residue biomass and 

corresponding N concentrations.  

(1) Aboveground residue  

AGresi_yield = [Yield − (Moisture_content × Yield)] × AGresi_ratio
Yield_ratio

     (3.7) 

AGresi_yield: Aboveground residue yield, kg residue ha-1 yr-1.  

Yield: Crop yield, kg crop ha-1 yr-1.  

Moisture_content: Moisture content of crop yield (w/w). 

AGresi_ratio: Ratio of aboveground residue. 

Yield_ratio: Ratio of yield. 

 

 AGresi_N = AGresi_yield × AGresi_N_conc 

 =[Yield − (Moisture_content × Yield)] × AGresi_ratio
Yield_ratio

× AGresi_N_conc  (3.8) 

AGresi_N: Aboveground residue N, kg N ha-1 yr-1.  

AGresi_N_conc: Aboveground residue N concentration, kg N kg-1 residue. 
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(2) Belowground residue 

BGresi_yield = [Yield − (Moisture_content × Yield)] × BGresi_ratio
Yield_ratio

     (3.9) 

BGresi_yield: Belowground residue yield, kg residue ha-1 yr-1. 

BGresi_ratio: Ratio of belowground residue. 

 

BGresi_N = BGresi_yield × BGresi_N_conc 

 =[Yield − (Moisture_content × Yield)] × BGresi_ratio
Yield_ratio

× BGresi_N_conc (3.10) 

BGresi_N: Belowground residue N, kg N ha-1 yr-1. 

BGresi_N_conc: Belowground residue N concentration, kg N kg-1 residue. 

 

(3) Total N inputs from crop residue returned to soil                              
 

Nresi = (AGresi_N + BGresi_N) × 𝐴𝐴 

= (1 − moisture_content) × Yield × �AGresi_ratio
Yield_ratio

× AGresi_N_conc + BGresi_ratio
Yield_ratio

×

BGresi_N_conc� × 𝐴𝐴 (3.11) 

Nresi: N inputs from crop residue returned to soil, kg N yr-1. 

 

3.5.3. Mineralization N inputs 

A decrease in soil C leads to N mineralization and hence N2O emission. Nitrogen 

input from nitrogen mineralization are a function of soil carbon as follows (IPCC 

2006).  

𝑁𝑁𝑓𝑓𝑡𝑡𝑝𝑝𝑓𝑓 = 𝐶𝐶𝑓𝑓𝑡𝑡𝑝𝑝𝑓𝑓 × 1
CN_Ratio

 (3.12) 

Nmine: N inputs from mineralization of native soil organic matter, kg N yr-1. This value 
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can only be positive. If the result is negative, then Nmineral is equal to 0.  

Cmine: C change, kg C yr-1. 

CN_Ratio: C:N ratio of soil organic matter. 

 

The change of land management practices can lead to the change of soil carbon. 

The carbon change due to change in tillage practice is calculated as (McConkey et al. 

2007):  

𝛥𝛥𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶𝑓𝑓𝑓𝑓𝑚𝑚_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × (𝑎𝑎[−𝐾𝐾𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡×(𝑌𝑌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−1)] − 𝑎𝑎[−𝐾𝐾𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡×𝑌𝑌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡])                     (3.13) 

∆Ctill: C change rate due to change in tillage practice, g m-2 yr-1.  

LumCmax_till: Maximum C produced by management change in tillage practice, g m-2. 

e: Exponential function 

Ktill: Rate constant for the change in tillage practice, yr-1. 

Ytill: Time since management change of tillage, yr. 

 

𝐶𝐶𝑓𝑓𝑡𝑡𝑝𝑝𝑓𝑓 = 𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛥𝛥𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 10 × 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡                                 (3.14)                

Ctill: C change for annual crop area due to change in tillage practice, kg C yr-1. 

Atill: Area of management change in tillage practice, ha.  

10: conversion from g m-2 yr-1 to kg ha-1 yr-1.  

 

3.5.4. Direct Emission 

𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁_𝑡𝑡𝑝𝑝𝑝𝑝𝑓𝑓𝑡𝑡_𝑎𝑎𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑𝑡𝑡 = �𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 + 𝑁𝑁𝑓𝑓𝑓𝑓𝑠𝑠𝑡𝑡 + 𝑁𝑁𝑓𝑓𝑡𝑡𝑝𝑝𝑓𝑓� × 𝐸𝐸𝐸𝐸𝑎𝑎𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑𝑡𝑡 × 44
28

× 298 (3.15) 

GHGN_input_direct: GHG emission due to direct emission from N input, kg CO2-eq yr-1. 

EFdirect: Emission factor from direct emission, kg N2O-N kg-1 N. 
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44/28: Conversion from N2O-N to N2O. 

298: global warming potential of N2O, kg CO2-eq kg-1 N2O. 

 

Direct N2O emission factors were estimated based on the ratio of growing season 

precipitation to spring wheat evapotranspiration (Rochette et al. 2008).  

𝐸𝐸𝐸𝐸𝑎𝑎𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑𝑡𝑡 = 0.022𝑃𝑃𝑓𝑓
𝑃𝑃𝑃𝑃

− 0.0048  (3.16) 

The evapotranspiration was calculated using the Blaney-Criddle method. The 

relationship between the reference grass crop and the crop actually grown was given by: 

𝑃𝑃𝐸𝐸 = 𝐾𝐾𝑑𝑑 × 𝑃𝑃𝐸𝐸𝑜𝑜  (3.17) 

where Kc is the crop factor and PE0 is reference evapotranspiration (mm/day). 

Reference crop evapotranspiration (mm/day) as an average for a period of one month 

can be calculated by:  

𝑃𝑃𝐸𝐸𝑜𝑜 = 𝐷𝐷𝐷𝐷𝑝𝑝𝑓𝑓𝑓𝑓𝑑𝑑 × (0.46 × 𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝 + 8) (3.18) 

where Tmean is the mean daily temperature (°C) and DTperc is the mean daily percentage 

of annual daytime hours (Armanuos et al. 2016). 

 

3.5.5. Indirect Emission 

(1) GHG emission due to leaching and runoff 

Soil mineral N can be leached out of the rooting zone (Campbell et al. 2004). 

This part of nitrogen, particularly in the form of nitrate, can undergone further 

transformation to N2O. The fraction of N subject to leaching (𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ ) was 

calculated as (Rochette et al. 2008):  

𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ = 0.3247𝑃𝑃𝑓𝑓
𝑃𝑃𝑃𝑃

− 0.0247                                                                        (3.19) 
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FRACleach: Fraction of N lost by leaching.  

Pr: Growing season precipitation (May-October), cm/month.  

PE: Growing season potential evapotranspiration (May-October), cm/month. 

 

𝑁𝑁𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ−𝑁𝑁2𝑂𝑂 = 𝐷𝐷𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎_𝑁𝑁𝑡𝑡𝑝𝑝𝑝𝑝𝑓𝑓𝑡𝑡 × 𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ × 𝐸𝐸𝐸𝐸𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ (3.20) 

Nleach-N2O: N emissions due to leaching, kg N2O-N yr-1. 

Total_Ninput: Total N inputs, kg N yr-1.  

EFleach: Emission factor for leaching and runoff. 0.0075 kg N2O-N kg-1 N (IPCC 2006).  

 

𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ = �𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 + 𝑁𝑁𝑓𝑓𝑓𝑓𝑠𝑠𝑡𝑡 + 𝑁𝑁𝑓𝑓𝑡𝑡𝑝𝑝𝑓𝑓� ∗ 𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙ℎ ∗ 𝐸𝐸𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙ℎ ∗
44
28
∗ 298 (3.21) 

GHGleach: GHG emission due to leaching, kg CO2-eq yr-1. 

 

(2) GHG emission due to volatilization 

A proportion of N can be volatilized as ammonia, resulting the GHG emission. 

GHG emission due to volatilization can derive from fertilizers, surface residues, and 

crop canopies (Janzen et al. 2003). This part of emission can be calculated as follows. 

𝑁𝑁𝑎𝑎𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡_𝑁𝑁2𝑂𝑂 = 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 × 𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑎𝑎𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡 × 𝐸𝐸𝐸𝐸𝑎𝑎𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡 (3.22) 

Nvolat_N2O: N emissions due to volatilization, kg N2O-N yr-1. 

FRACvolat: Fraction of N lost by volatilization. FRACvolat = 0.1 (IPCC 2006) 

EFvolat: Emission factor for volatilization, kg N2O-N kg-1 N. EFvolat=0.01 kg N2O-N kg-

1 N (IPCC 2006) 

 

𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡 = 𝑁𝑁𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡 × 𝐸𝐸𝐹𝐹𝐴𝐴𝐶𝐶𝑣𝑣𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 × 𝐸𝐸𝐸𝐸𝑣𝑣𝑇𝑇𝑎𝑎𝑎𝑎𝑇𝑇 × 44
28

× 298  (3.23) 
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GHGvolat: GHG emission due to volatilization, kg CO2-eq yr-1. 

 

3.4.6. Total GHG Emission from Agricultural Land 

𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁_𝑡𝑡𝑝𝑝𝑝𝑝𝑓𝑓𝑡𝑡 = 𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁_𝑡𝑡𝑝𝑝𝑝𝑝𝑓𝑓𝑡𝑡_𝑎𝑎𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑𝑡𝑡 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑓𝑓𝑓𝑓𝑑𝑑ℎ+𝐺𝐺𝐺𝐺𝐺𝐺𝑎𝑎𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡 

 

3.6. Total GHG Emission 

The total GHG emission from spring wheat production is calculated as: 

��𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡,𝑡𝑡𝑖𝑖

𝑝𝑝

𝑖𝑖=1

𝑓𝑓

𝑡𝑡=1

=𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑡𝑡𝑖𝑖 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡,𝑡𝑡𝑖𝑖 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑓𝑓𝑠𝑠𝑡𝑡,𝑡𝑡𝑖𝑖 + 𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑓𝑓𝑓𝑓𝑒𝑒,𝑡𝑡𝑖𝑖 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡,𝑡𝑡𝑖𝑖 

where i is the crop district and j is the copping year.   
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CHAPTER 4 

GHG EMISSION FROM THE PRODUCTION OF SPRING 

WHEAT IN SASKATCHEWAN 

 

4.1. Study Area 

4.1.1. Environmental Conditions of Saskatchewan 

Saskatchewan is a prairie province in Canada. It has a total area of 651,900 km2, 

including a land area of 592,534 km2 and the remaining water area. Province of 

Alberta and Manitoba are at the west and east of Saskatchewan, respectively. 

Saskatchewan is bordered on the north by the Northwest Territories and on the south 

by the U.S. states of Montana and North Dakota. The geography of Saskatchewan is 

unique among the provinces and territories of Canada in some respects. For example, it 

is one of only two landlocked regions (Alberta is the other) and it is the only region 

whose borders are not based on natural features like lakes, rivers or drainage divides. 

Saskatchewan can be divided into three regions, including grassland in the south, aspen 

parkland in the center, and forest in the north, part of the Canadian Shield. 

Saskatchewan is near the center of the continent and has a great distance from the 

moist and moderating influence of oceans. It is generally considered a continental 

climate, with temperatures and precipitation varying greatly between seasons. There 

are variable winds throughout the year. Saskatchewan receives more hours of sunshine 

than any other Canadian province. The majority of Saskatchewan's population is 

located in the southern third of the province. 
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4.1.2. Spring Wheat Production in Saskatchewan 

Agriculture is the root of Saskatchewan's economy, which accounts for over one-

third of the province's total exports. Over 40% of Canada's farmland (more than 60 

million acres) are in Saskatchewan (Figure 4.1). It is known worldwide as a consistent 

and reliable supplier of safe and high-quality agricultural products. Spring wheat is the 

principal crop in Canada. Saskatchewan is the largest contributor of Canada’s 

production of spring wheat (Figure 4.2). In 2015, the total spring wheat production 

from Saskatchewan is 8,216,500 tonnes, which accounts for 41.16% of Canada's total 

production (Canada 2014). The cropping area in Saskatchewan is mainly in the south 

and middle of the province. From the southeast to the northwest, crop area is divided 

into 20 crop districts named from 1A to 9B (Figure 4.3). Due to the data availability, 

the GHG emission of spring wheat for each crop district in Saskatchewan was 

evaluated based on the data of 2012. The seeding area and wheat production per unit 

area by crop district in 2012 are shown in Figures 4.4 and 4.5, respectively. It can be 

seen the largest seeding area were the crop districts 6A, 6B and 7B. Crop district 9B 

had the highest spring wheat production per unit area. The northern crop districts had a 

relatively higher seeding area and spring wheat production per unit area. 
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Figure 4.1 Provincial distribution of total field crop area in Canada 
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Figure 4.2 Spring wheat production yields of Canada and Saskatchewan 
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Figure 4.3 Crop districts and rural municipalities in Saskatchewan 
 (http://www.agriculture.gov.sk.ca/Crop_Districts_Map) 
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Figure 4.4 Spring wheat seeding area 
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Figure 4.5  Average crop district spring wheat production 
  

 
  



 

32 
 

4.2. GHG Emission from Farming Practice 

The GHG emissions are associated with various farming operations such as 

sowing, spraying, and harvesting crops. Reduced tillage may bring the benefits of less 

soil erosion, conserved soil moisture and improved soil structure (Baan et al. 2009). 

No-tillage farming emitted less CO2 from agricultural operations than did conventional 

tillage (West and Marland 2002). Changing from conventional tillage to no-tillage 

pattern can decrease CO2 emissions. In addition, no-tillage systems can also have an 

impact on N2O emissions and soil C sequestration (Malhi and Lemke 2007). The no-

tillage farming is the major pattern in the Prairie Provinces (Shrestha et al. 2014). It 

was assumed the land was no-tillage ecosystem in the emission calculation for 2012. 

The emission coefficients for tillage, planting, herbicide and fungicide spraying, and 

harvesting were estimated to be 14, 14, 5, 37 kg CO2-eq ha-1 yr-1, respectively (Lal 

2004a). The total emissions coefficients associated with various farming operations 

were around 70 kg CO2-eq ha-1 yr-1. 

GHGfarm = 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 × 𝐴𝐴 = �𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑝𝑝𝑡𝑡𝑓𝑓𝑝𝑝 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_𝑠𝑠𝑝𝑝𝑓𝑓𝑓𝑓 + 𝐾𝐾𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓_ℎ𝑓𝑓𝑓𝑓𝑎𝑎� × 𝐴𝐴 

= (14+14+5+37) × A = 70 kg CO2-eq ha-1 yr-1 × A (4.1) 

 

4.3. GHG Emission from Fertilizer Production, Transportation, 

Storage and Delivery  

GHG emission from production, transportation, storage and delivery of fertilizers 

for crops was calculated based on the emission factors and the amount fertilizers 

applied in seeding area (Gan et al. 2012c). According to previous studies conducted in 

North America, the emission factors for N and P fertilizers were estimated to be 4.8 kg 
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CO2-eq kg-1 of N and 0.73 kg CO2-eq kg-1 of P2O5 fertilizers, respectively (Gan et al. 

2011a). As recommended by Saskatchewan Ministry of Agriculture, N application rates 

are 90 and 73 kg N ha-1 for wheat grown on summer fallow and stubble, respectively. P 

fertilizer was recommended to be applied with the seed to all cropped treatments at the 

rate of 9-10 kg P2O5 ha−1 in Saskatchewan and the rate of 9.5 kg P2O5 ha-1 for P2O5 

fertilizer consumption was used in this study. 

𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝑮𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 = 𝑬𝑬𝑵𝑵𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 × 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝒂𝒂𝒇𝒇𝒇𝒇𝒂𝒂 + 𝑬𝑬𝑷𝑷𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 × 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 𝒂𝒂𝒇𝒇𝒇𝒇𝒂𝒂 

= 𝟒𝟒.𝟖𝟖 × 𝟗𝟗𝟗𝟗 × 𝒂𝒂𝒇𝒇𝒇𝒇𝒂𝒂 + 𝟗𝟗.𝟕𝟕𝟕𝟕 × 𝟗𝟗.𝟓𝟓 × 𝒂𝒂𝒇𝒇𝒇𝒇𝒂𝒂 = 𝟒𝟒𝟕𝟕𝟖𝟖.𝟗𝟗𝟕𝟕𝟓𝟓 × 𝒂𝒂𝒇𝒇𝒇𝒇𝒂𝒂 

 

4.4. GHG Emission from Herbicide and Fungicide Usage 

Herbicides and fungicides such as boscalid, bromoxynil, glyphosate, imazamox, 

imazethapyr, pyraclostrobin and sethoxydim are often used for the crop production of 

in the Canadian prairies (Gan et al. 2011a). Herbicides can be used to control broadleaf 

and grassy weeds and fungicides can be used to control crop fungal disease (Dyer and 

Desjardins 2007). The GHG emission is associated with their production, 

transportation, storage and field application. Based on the active ingredient of the 

product, the average emission factors for herbicides and fungicides were reported to be 

23.1 and 14.3 kg CO2-eq ha-1, respectively (Lal 2004a). The amount of herbicides used 

for spring wheat production is dependent on how and where the crop is grown. In more 

humid areas like Regina plains, the crop may require more herbicides than the crop 

grown in the semiarid areas such as Swift Current. Fungicide is normally not required 

for wheat production in Saskatchewan unless some leaf disease occurs. Some farmers 

occasionally use fungicide seed treatments for durum wheat but not for spring wheat. 

In this study, it was assumed there was no fungicide usage for spring wheat production. 
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4.5. GHG Emission from Agricultural Land 

4.5.1. Fertilizer N Inputs 

The N fertilizer was applied with the amount of 90 kg N ha-1 for spring wheat in 

Saskatchewan. 

 

4.5.2. Residue N Inputs 

The N content in wheat can exist in its dry matter yield, above-ground residue, 

and roots. Yields of spring wheat can be converted to a dry matter basis based on the 

estimated moisture content of 0.12. The total amount of N in aboveground crop tissues 

is significantly affected by crop species but rarely by year. In Canada, the ratio of 

aboveground residue for wheat is 0.51 and the ratio of wheat yield is 0.34 (Janzen et al. 

2003). The aboveground residue N concentration is 0.006 kg N kg-1 residue. The ratio 

of belowground residue is 0.15 and the belowground residue N concentration is 0.01 

kg N kg-1 residue. 

 

4.5.3. Mineralization N Inputs 

Mineralization N inputs are related to the soil C gain or loss (SOC). Emissions 

from nitrogen mineralization are a function of soil carbon (IPCC 2006). The C:N ratio 

of soil organic matter in Canada is around 10. The negative value of C change for 

mineral soils (Cmine) means the cropping system has C sequestration (gain) and the 

mineralization N  inputs equal zero. The positive of C change for mineral soils (Cmine) 

means the cropping system has CO2 emission (loss) from soils which could be 
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calculated by the mineralization N inputs. 

Hutchinson et al (2007) reported that the cool conditions for long time periods of 

the year and dry conditions in some regions are favorable to significant carbon 

sequestration with low rates of C decomposition and mineralization of organic matter. 

In another long-term experiment based on black chernozem in Saskatchewan, 

significant increases in carbon sequestration was observed even after the consideration 

of carbon from N fertilizer manufacture and transportation (Campbell et al. 2007). Gan 

et al. (2012c) quantified SOC changes and the rate of C gains or losses in soils during 

the 25-year period by converting the C concentrations to a mass per fixed depth basis. 

The results showed the soil under the continuous wheat system gained SOC at 1340 kg 

CO2-eq ha−1 annually, and gained an average of 726 CO2-eq ha−1 in the fellow-wheat-

wheat or fellow-wheat systems. The negative values of C change in these studies 

indicated that the mineralization N inputs ( 𝑁𝑁𝑓𝑓𝑡𝑡𝑝𝑝 ) could equal zero in Saskatchewan. 

 

4.5.4. Direct Emission 

Agricultural soils are the greatest single source of N2O in Canada which account 

for half of the anthropogenic emissions (Rochette et al. 2008). The amount of direct 

and indirect N2O emissions from agricultural lands can be estimated based on the 

quantity of N applied to the crop and environmental conditions (Gregorich et al. 2005).  

Growing season from May 1 to October 15 was used in this study, because crop 

residue decomposition and soil-related emissions would continue until the soil was 

frozen. Precipitation in each crop district were analyzed based on the data from crop 

report of 2012 (Saskatchewan 2002).  

Table 4.1 shows the relationship between the DTperc value with different latitudes 
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(Brouwer and Heibloem 1986). For spring wheat, values of the crop factor (Kc) and 

growth stages are shown in Table 4.2. The crop factor of 0.79 was obtained in the 

growing season. The weather data were obtained from weather stations of Environment 

Canada in Saskatchewan. PE data from each weather station was further calculated 

using IDW interpolation method to estimate PE in each crop district. 
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Table 4.1 Mean daily percentage (DTperc) of annual daytime hours at different 

latitudes 

Latitude May June July Aug Sept Oct 

55 0.36 0.39 0.38 0.33 0.28 0.23 

50 0.34 0.36 0.35 0.32 0.28 0.24 

45 0.34 0.35 0.34 0.32 0.28 0.24 

40 0.32 0.34 0.33 0.31 0.28 0.25 
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Table 4.2  Spring wheat growth stages and crop factor 

Spring Wheat Initial Stage Develop Stage 
Mid-season 

Stage 

Late Season 

Stage 

Days 18 35 70 45 

Crop factor 𝐾𝐾𝑑𝑑 0.35 0.75 1.15 0.45 
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Weather conditions varied substantially within Saskatchewan. Figure 4.6 shows the 

precipitation (mm) and evapotranspiration (mm) for each crop district during growing 

season. It can be found that the amount of precipitation showed an increasing trend 

from south to north in all crop districts. The average amount of precipitation from May 

1 to October 15 in 2012 was 325.08 mm. The amount of evapotranspiration in crop 

districts 5A, 5B, 7A and 8B was significant higher than that in other crop districts and 

the average amount of evapotranspiration in growing season was 803.21 mm. 
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Figure 4.6 (A) Total precipitation for growing season and (B) Evapotranspiration in 

growing season 

(A) 

(B) 
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The calculated direct N2O emission factors are shown in Figure 4.7 Emission 

factors from direct emission range from 0.00265 to 0.0102 kg N2O-N kg-1 N. The 

highest EF values can be found at crop districts 7B, 8A and 8B. A lower EF was 

obtained at southern crop districts. 
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Figure 4.7  N2O emission factor 
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4.5.5. Indirect Emission 

Leaching is an important source of GHG emission (Nevison 2000). The leaching 

losses of N vary among different regions. In the humid areas of Canada, the leaching 

losses may exceed 100 kg N ha-1 yr-1, while the losses can be in the range of 0-37 kg N 

ha-1 yr-1 in Ontario (Goss and Goorahoo 1995). There is less leaching leaching losses 

of N in the prairies of Canada due to high potential evapotranspiration. In this study, 

the fraction of N lost by leaching varied from 0.05-0.1 for prairie soils. The emission 

factor for leaching and runoff is 0.0075 kg N2O-N kg-1 N (IPCC 2006). The fraction of 

N lost by volatilization is 0.1 and the emission factor for volatilization is 0.01 kg N2O-

N kg-1 N (IPCC 2006). 

 

4.6. Total GHG Emission 

The total GHG emission from spring wheat production in Saskatchewan is 

calculated as: 

�𝐺𝐺𝐺𝐺𝐺𝐺𝑡𝑡𝑜𝑜𝑡𝑡𝑓𝑓𝑡𝑡,𝑡𝑡

𝑓𝑓

𝑡𝑡=1

= 𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,𝑡𝑡 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑓𝑓𝑓𝑓𝑓𝑓𝑡𝑡,𝑡𝑡 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝𝑓𝑓𝑠𝑠𝑡𝑡,𝑡𝑡 + 𝐺𝐺𝐺𝐺𝐺𝐺ℎ𝑓𝑓𝑓𝑓𝑒𝑒,𝑡𝑡 + 𝐺𝐺𝐺𝐺𝐺𝐺𝑁𝑁𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡,𝑡𝑡 

where i is the crop district. The corresponding parameters and their values are shown in 

Table 4.3. 
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Table 4.3  The parameters used in the calculation of total GHG emission from wheat production 

Parameters Values 

GHG emission coefficient for herbicide usage (Eherb) 23.1 kg CO2-eq ha-1 yr-1 

GHG emission coefficient for farming practices (Kfarm) 70 CO2-eq ha-1 yr-1 

GHG emission rate about manufacture, storage and transportation of N 
fertilizer (Efert_N) 

4.8 kg CO2-eq ha-1 yr-1 

N fertilizer applied on the farm (Napplied) 90 kg N ha-1 yr-1 

GHG emission rate about manufacture, storage and transportation of P 
fertilizer (Efert_P) 

0.73 kg CO2-eq ha-1 yr-1 

P fertilizer applied on the farm (Papplied) 9.5 kg P ha−1 yr-1 

Emission factor from direct emission  (EFdirect) 0.00266-0.0102 

Fraction of N lost by leaching (FRACleach) 0.0857-0.1799 

N inputs from crop residue to soil (𝑁𝑁𝑓𝑓𝑓𝑓𝑠𝑠𝑡𝑡/𝐴𝐴) 21.24-35.40 kg N ha−1 yr-1 

Emission factor for leaching and runoff (EFleach) 0.0075 

Fraction of N lost by volatilization (FRACvolat) 0.1 

Emission factor for volatilization (EFvolat) 0.01 
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4.7. Results and Analysis 

4.7.1. Contributors to the GHG Emission  

The total GHG emission intensities of various activities associated with 

Saskatchewan wheat production in 2012 are shown in Figure 4.8 and Table 4.4. The total 

GHG emission for all 20 crop districts are 3,358,451 Mg CO2-eq.  The largest emission 

contributor is agricultural land. The total emission from agricultural land is around 

1,550,182 Mg CO2-eq, which accounts for 46.2 % of total emission. The process of 

fertilizer production and delivery is the second largest emission contributor with the 

emission of 1,498,349 Mg CO2-eq GHG, which accounts for 44.6% of the total emission. 

The GHG emissions from farming operation and herbicide/pesticide usage are 238,952 

and 70,969 Mg CO2-eq, accounting for 7.1% and 2.1% of total emission, respectively.  
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Table 4.4  Inventory of total GHG emissions 

GHG emission contributor Emission  

(Mg CO2-eq) 

Emission range 

(kg CO2-eq ha-1) 

% of the total 
emission 

Fertilizer production and delivery 1,498,349 [438.9,438.9] 44.6 

Agricultural land  1,550,182 [224.4,701.2] 46.2 

Farming operation 238,952 [70,70] 7.1 

Herbicide and pesticide Usage 70,969 [20.8,20.8] 2.1 

Total emission 3,358,451 [754.2, 1230.9] 100 
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Figure 4.8  Total GHG emission for each crop district 
 



 

48 
 

The patterns of GHG emissions in each crop district varies with each other (Figure 

4.9). The average GHG emission of these districts ranges from 754 to 1231 kg CO2-eq 

ha-1. Among these 20 crop districts, the major contributors to GHG emissions are 

fertilizer production, transportation, storage and delivery, which account for 35.7% to 

58.2% of the total emissions in each crop district. The emission from agricultural land is 

major source, accounting for 19.5% to 46.8% of total emission. GHG emission from 

farming practice accounts for 5.7% to 9.3% of total emission in these districts, and the 

remaining 1.7% to 2.8% of the total emissions are associated with the production of 

phosphorus fertilizers, herbicides and fungicides. As a further analysis of the emission 

from agricultural land, it can be found the direct emissions from agricultural land 

accounts for another 19.5% to 46.8% of the total emissions. The different ratios in these 

crop districts are due to the different soil and environmental conditions. The GHG 

emissions from indirect emission were relatively stable with a range of 10.1% to 10.3% 

of the total emissions.  
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Figure 4.9  Total GHG emission and emission contributor for each cop district   

(GHGsN: GHG emission from agricultural land; GHGsfarm: GHG emission from 

farming operation; GHGsherb: GHG emission from herbicide and pesticide usage; 

GHGsfert: GHG emission from N and P fertilizer production and delivery) 
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4.7.2. Emission Contributors and Environmental Effects 

 
4.7.2.1. Geographic Variability of GHG Emissions in Crop Districts 

GHG emission can be impacted by environmental conditions. Based on the ratio of 

precipitation and evaporation, the 20 crop districts were grouped into 5 categories as 

shown in Table 4.5. The ratios of precipitation and evaporation in these districts are also 

shown in Figure 10 The value of Pr/PE is higher in North Saskatchewan compared with 

that in the South Saskatchewan.  The percentage of GHG emissions associated with N2O 

slightly increased from northern to southern crop districts, while the weather condition 

was changing from wet to normal.  

The spring wheat produced at crop district 8A in 2012 had the highest GHG 

emission of 1230.94 kg CO2-eq ha-1, which was 1.63 times of  the emission amount at 

crop district 4B (Figure 4.11). The average area GHG emissions from dry area, relative 

dry area, normal area, relative humid area and humid area were 773.34, 818.64, 916.67, 

1105.90, 1190.34 kg CO2-eq ha-1, respectively (Table 4.6). The emission from the humid 

area of North Saskatchewan was 53.9% greater than that from drier area in South 

Saskatchewan. The total GHG emission from the normal area in the middle of 

Saskatchewan was 18.5% greater than that at drier area of South Saskatchewan. From 

North to South Saskatchewan, the total GHG emission is decreasing due to change of 

environmental conditions. 

 

                                                     

  



 

51 
 

Table 4.5  Categorized crop districts in Saskatchewan 

Grouped Area Pr/PE Crop Districts 

Dry area 0.338956-0.369025 1A, 2A, 3BN, 4B 

Relative dry area 0.369026-0.424409 3AN, 3AS, 3BS, 4A 

Normal area 0.414410-0.488252 1B, 2B, 5A, 5B, 6A, 7A 

Relative wet area 0.488253-0.601405 6B, 9A, 9B 

Wet area 0.601406-0.681850 7B, 8A, 8B 
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Figure 4.10  Categorized crop districts in Saskatchewan 
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Table 4.6  GHG emission from fertilizer production and application 

Categorized 

Area 

Total emission 

(kg CO2-eq ha-

1) 

Emission from N, P fertilizer 

production 

Emission from N fertilizer 

application 

% (production+ 

application) 

(kg CO2-eq ha-1) % (kg CO2-eq ha-1) % 

Dry 773.34 438.94 56.79 243.62 21.20 77.99 

Relative dry 818.64 438.94 53.66 288.91 25.08 78.74 

Normal 916.67 438.94 47.94 386.95 31.92 79.86 

Relative humid 1105.90 438.94 39.69 576.17 41.87 81.56 

Humid 1190.34 438.94 36.92 660.61 45.26 82.18 

Average 937.15 438.94 47.00 431.25 33.07 80.07 
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The N&P fertilizer production, transportation, storage and delivery, as well as their 

application are two major contributors to total GHG emission (Figure 4.11). The emission 

from fertilizer accounts for 77.99% of the total emission. In dry area, the emission from 

fertilizer production accounts for 56.79% of total emission, while the emission from 

fertilizer application accounts for 21.20%. In humid area, the major contributor comes 

from fertilizer application, which accounts for 45.26% of total emission, while the 

emission from fertilizer production only accounts for 36.92%. 
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Figure 4.11  Total GHG emission from different sources  

(GHGsN: GHG emission from agricultural land; GHGsfarm: GHG emission from 

farming operation; GHGsherb: GHG emission from herbicide and pesticide usage; 

GHGsfert: GHG emission from N and P fertilizer production and delivery) 
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4.7.2.2. GHG Emission Related to N fertilizer 

About 90% of the GHG emissions associated with producing, harvesting and 

drying wheat derived from the manufacture and application of N fertilizer. As shown in 

Table 4.7, The emission from manufacture and delivery of N fertilizer is the largest 

contributor, taking an average of 47.23% of the total GHG emission related to N fertilizer. 

The average emission intensity from N fertilizer application is about 42.08% of total 

emission. The emissions associated with pesticide use and farming practice are much 

lower than those from N fertilizer use. Diesel used during farm operation contributed 

only 7.65% of total GHG emissions and pesticides (including fungicides) contributed 

about 2% of total emission. The contribution from P fertilizer to GHG emissions is minor, 

which is less than 1% of total emissions. Based on the average values of the five area 

categories, the GHG emission due to the use of N fertilizer was 39.3 times the emission 

from pesticide supply and 11.7 times the emission from various farming operations. With 

an increase of N fertilization, both crop productivity and the quantity of carbon in the soil 

could increase. More stable soil organic-mineral complexes will be favorable to the larger 

portion of plant residue carbon sequestered (Gan et al. 2014). 
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Table 4.7  GHG emission relating to N fertilizer and other activities 

Cropping 

Area 

Total emission 

(kg CO2-eq ha-1) 

Emission related to N fertilizer Emission related to input other 

than N fertilizer 

Farming 

operation 

N fertilizer 

production 

(%) 

N fertilizer 

application + 

Residue soil N + 

Mineralized soil N 

(%) 

Subtotal P fertilizer 

production (%) 

Herbicide 

and fungicide 

production 

% 

% 

Dry 773.34 55.90 31.40 87.30 0.90 2.69 9.06 

Relative dry 818.64 52.81 34.74 87.55 0.85 2.54 8.56 

Normal 916.67 47.18 42.45 89.63 0.76 2.27 7.65 

Relative 

humid 

1105.90 39.06 52.10 91.16 0.63 1.88 6.32 

Humid 1190.34 36.33 55.34 91.67 0.58 1.75 5.89 

Average 937.15 47.23 42.08 89.31 0.76 2.27 7.65 
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4.7.2.3. GHG Emission from Agricultural Land  

The GHG emissions from framing operation, fertilizer production and delivery, 

application of pesticide and herbicide and agricultural land are summarized in Table 4.8 

and Figure 4.12. It can be seen the emissions in dry and relative dry area are mainly 

caused by fertilizer production and delivery, which take account more than 50% of total 

emission. In normal area, about 47.94% of total emission derived from fertilizer 

production, delivery and storage. In dry and relative dry area, around 32% of total 

emission derived from fertilizer consumption. In humid and relative humid areas, 

however, the total GHG emission are mainly from agricultural land, taking account over 

50% of the total emission. In humid area, the emission comes from agriculture land 

represented 55.34% of the total annual emissions, while the emissions from relative 

humid, normal, relative dry and dry areas are 52.10%, 42.45%, 34.74% and 31.40% of 

total emissions, respectively. 

Emissions associated with pesticide usage are much lower than those from N 

fertilizer use. The average emission rate from pesticide and herbicide application is 20.79 

kg CO2-eq ha-1, which is 2.27% of total emission. From dry to humid areas, the 

percentage of the GHG emission over the total emission is decreasing because there is a 

significant increase of emission from other sources. The emission related to various 

farming operations such as sowing, spraying, windrowing and harvesting crops 

contributed to 7.65% of total emission. The average emission from farming operation is 

estimated to be 70 kg CO2-eq ha-1  by using the factors of 14, 14, 5 and 37 kg CO2-eq ha-1  

for tillage planting, no-tillage planting, herbicide and fungicide spraying and harvesting, 

respectively (Lal 2004a). 
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Table 4.8  GHG emissions from different activities 

Cropping Area Total 

emission 

(kg CO2-

eq ha-1) 

N and P fertilizer 

production 

 

Agricultural land Herbicide and fungicide 

production 

Farming operation 

Emission 

(kg CO2-eq 

ha-1) 

% Emission 

(kg CO2-eq 

ha-1) 

% Emission 

(kg CO2-eq 

ha-1) 

% Emission 

(kg CO2-eq 

ha-1) 

% 

Dry 773.34 438.94 56.79 243.62 31.40 20.79 2.69 70 9.06 

Relative dry 818.64 438.94 53.66 288.91 34.74 20.79 2.54 70 8.56 

Normal 916.67 438.94 47.94 386.95 42.45 20.79 2.27 70 7.65 

Relative humid 1105.90 438.94 39.69 576.17 52.10 20.79 1.88 70 6.33 

Humid 1190.34 438.94 36.92 660.61 55.34 20.79 1.75 70 5.89 

Average 937.15 438.94 48.00 407.43 42.08 20.79 2.27 70 7.65 
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Figure 4.12  Emission contributor in categorized areas  

(GHGsN: GHG emission from agricultural land; GHGsfarm: GHG emission from 

farming operation; GHGsherb: GHG emission from herbicide and pesticide usage; 

GHGsfert: GHG emission from N and P fertilizer production and delivery) 
 



 

61 
 

4.7.2.4. Direct and Indirect GHG emissions    

Fertilizer, residue and mineralization N inputs are the main sources of the direct 

and indirect emissions. Both quantity of N applied and environmental conditions can 

impact the direct and indirect emissions. The proportion of N2O emission decreased in 

dry area. This is because that the variation in Pr/PE could influence the amount of wheat 

straw and root biomass produced. Wheat grown in dry area produced an average straw 

biomass (above ground and below ground) of 3480 kg ha-1, which was significantly less 

than that produced in normal (4100 kg ha-1) and wet (4441 kg ha-1) areas (Gan et al. 

2012c). The emissions from crop residue decomposition accounted for 5.65%, 5.88%, 

8.96%, 12.46% and 12.66% of the total emission in dry, relative dry, normal, relative 

humid and humid area, respectively (Table 4.9).  

The decomposition of wheat crop residues can provide the nitrogen source for 

nitrification and denitrification. It resulted in 87.46 kg CO2-eq ha-1 for both direct and 

indirect emissions (8.76% of the total emission). N2O is mainly produced during 

denitrification, which is influenced by soil moisture (Gan et al. 2012c). The results 

indicate that the proportion of emission from the decomposition of spring wheat residue 

will increase with more rainfall in moisture-limited conditions (Figure 4.13). 

In agricultural land, fertilizer N is emitted through volatilization, leaching and 

runoff (indirect emission) and direct emission (Table 4.10). The average GHG emissions 

per area from direct emission is 316.04 kg CO2-eq ha-1. From dry to humid areas, the 

GHG emissions from direct emission increased from 148.28 to 543.36 kg CO2-eq ha-1 

and its proportion in total GHG emission increased from 21.39% to 45.75%. The direct 

emissions account for only about 21.39% of the total emissions in dry area, while the 
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direct emissions account for about 45.79% of total emission in the humid area. In 

addition, the GHG emission from indirect emission in humid area is two times as high as 

its emission in dry area. The amount of direct and indirect emission varied under different 

environmental conditions, largely influenced by total biomass of the straw and roots. 

When there are greater amounts of straw and root biomass, there would be higher total 

emission due to crop residue decomposition (Figure 4.14). 

The GHG emissions per area from fertilizer, pesticide and farming activity were 

assumed to be same for all crop districts. The average indirect emissions from the 

manufacture, transportation, storage and delivery of fertilizer (N and P) over cropping 

systems accounted for 35.7% of the total emissions. The direct emissions from N 

fertilizer (N2O emission) accounted for another 18.5% of the total emissions. The GHG 

emission from faming activity and pesticide consumption were low, making up about 5.8% 

and 3.0% of the total emission, respectively. The emission derived from the 

decomposition of spring wheat residue took 37.0% of total emission (Table 4.11). 
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Table 4.9  Emission from N inputs 

Cropping Area Total emission 

(kg CO2-eq ha-1) 

Emission from N fertilizer 

application 

Emission from residue N 

decomposition 

TOTAL   

% 

Emission 

 (kg CO2-eq ha-1) 

% Emission 

 (kg CO2-eq ha-1) 

% 

Dry 773.34 201.04 21.20 44.11 5.65 26.85 

Relative dry 818.64 237.97 25.08 48.50 5.88 30.96 

Normal 916.67 312.66 31.92 83.57 8.96 40.88 

Relative humid 1105.90 445.79 41.87 139.99 12.46 54.33 

Humid 1190.34 513.32 45.26 152.45 12.66 57.92 

Average 937.15 325.47 33.32 87.46 8.76 42.08 
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Figure 4.13  Direct and indirect GHG emissions  

(GHGsleach: GHG emission from N leaching caused by fertilizer N, Residue N and 

Mineralized N ; GHGsvolat: GHG emission from volatilization caused by fertilizer N 

application; GHGsinput: GHG emission from direct and indirect emission caused by  

fertilizer N, Residue N and Mineralized N) 
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Table 4.10  Direct and indirect emission in crop districts 

Crop district 

Indirect Emission Direct Emission 
 (kg CO2eq ha-1) 

 

Volatilization  
(kg CO2eq ha-

1) 

Leaching and 
runoff 

 (kg CO2eq ha-1) 

Total 
 (kg CO2eq ha-1) 

value mean value mean value %  of total emission value mean %  of total 
emission  

Dry 

1A 42.15 

42.15 

35.39 

37.22 79.72 10.32 

148.28 

165.43 21.39 2A 42.15 36.82 166.86 
3BN 42.15 35.89 163.05 
4B 42.15 39.04 183.52 

Relative 
Dry 

3AS 42.15 

42.15 

38.83 

41.02 83.68 10.30 

188.09 

202.79 24.94 
3AN 42.15 39.51 193.76 
3BS 42.15 39.80 198.55 
4A 42.15 43.21 230.77 

Normal 

1B 42.15 

42.15 

48.83 

51.59 95.35 10.35 

266.72 

300.88 32.64 

2B 42.15 51.01 288.11 
5A 42.15 53.70 308.44 
5B 42.15 52.69 312.49 
6A 42.15 51.47 303.37 
7A 42.15 54.34 326.16 

Relative 
humid 

6B 42.15 
42.15 

71.41 
70.94 114.95 10.39 

463.96 
470.83 42.57 9A 42.15 70.95 472.36 

9B 42.15 70.47 476.18 

Humid 
7B 42.15 

42.15 
74.92 

79.10 122.41 10.31 
515.60 

543.36 45.75 8A 42.15 77.88 535.95 
8B 42.15 83.27 578.55 
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Figure 4.14  Direct and indirect GHG emissions 
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Table 4.11  N2O emission factor and its relationship to climate factor 

Crop district Pr/PE EF FRACLEACH N2O Emissions (kg CO2eq ha-1) 

Dry 

1A 0.339 0.0027 0.085 224.44 
2A 0.358 0.0031 0.092 243.95 
3BN 0.359 0.0031 0.092 239.70 
4B 0.369 0.0033 0.095 262.79 

Relative dry 

3AS 0.377 0.0035 0.098 266.04 
3AN 0.382 0.0036 0.099 272.75 
3BS 0.390 0.0038 0.102 278.87 
4A 0.414 0.0043 0.110 311.78 

Normal 

1B 0.432 0.0047 0.115 355.75 
2B 0.451 0.0051 0.122 379.29 
5A 0.466 0.0055 0.127 404.29 
5B 0.469 0.0055 0.128 398.70 
6A 0.471 0.0056 0.128 391.24 
7A 0.488 0.0059 0.134 418.14 

Relative wet 
6B 0.576 0.0079 0.162 575.34 
9A 0.589 0.0082 0.167 576.52 
9B 0.601 0.0084 0.171 577.00 

Wet 
7B 0.629 0.0090 0.180 620.02 
8A 0.655 0.0096 0.188 650.74 
8B 0.682 0.0102 0.197 701.22 
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4.7.2.5. GHG Emission based on Crop Yield 

The GHG emission was further analyzed based on the crop yield. The average 

GHG emissions from dry area, relative dry area, normal area, relative wet and wet area 

were 334.91, 419.91, 391.72, 422.19, 391.72 kg CO2-eq t-1 of grain, respectively (Table 

4.12). In wet area, there was a GHG emission of 474.34 kg CO2 eq t-1 of grain, which was 

41% greater than that in dry area. The spring wheat produced at crop district 8A in 2012 

had the highest GHG emission of 494.29 kg CO2-eq t-1 of grain, 1.55 times higher than 

that at crop district 1A. 

In these crop districts, the higher GHG emission based on crop yield is not always 

associated with a higher GHG emission per area. The GHG emission per area in normal 

humidness area (916.67 kg CO2-eq ha-1) is greater than it in the relative dry area (818.64 

kg CO2-eq ha-1). In comparison, GHG emissions per ton grain production in normal 

humidness area (391.72 kg CO2-eq t-1 of grain) are lower than that in the relative dry area 

(419.91 kg CO2-eq t-1 of grain). This could be attributed to the spatial variance of soil 

texture in Saskatchewan (Figure 4.15). Among different soil zones, crops in the brown 

soil zone showed the lowest yields, while the crop yields of black soil zone were usually 

higher. The GHG emission can be impacted by both the climatic conditions and soil 

texture. The crop residue decomposition would increase as humidness increased, 

resulting the enhanced GHG emission. However, when the grain production increased 

significantly higher than the increasing from GHG emission, the GHG emissions per ton 

grain production would decrease (Figure 4.16). 
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Table 4.12  GHG emission mission based on crop yield 

Crop district 

Wheat 
production             
(kg ha-1) 

GHG emission per ton of grain 
(kg CO2-eq t-1 of grain)  

GHG emission per area 
(kg CO2-eq ha-1) 

Value Mean Value Mean Value Mean 

Dry 

1A 2390.28 

2334.93 

318.48 

334.91 

754.16   
773.34 
  
  

2A 2126.93 367.90 773.67 
3BN 1838.54 422.10 769.42 
4B 2279.58 351.33 792.52 

Relative dry 

3AS 2026.79 

1986.30 

399.05 

419.91 

795.76 
  
818.64 
  
  

3AN 1967.50 413.55 802.48 
3BS 1778.24 458.47 808.59 
4A 1945.82 440.77 841.51 

Normal 

1B 2586.42 

2388.97 

344.87 

391.72 

885.47 

916.67 
 

2B 2462.38 371.71 909.01 
5A 2576.27 362.54 934.01 
5B 2360.57 404.46 928.43 
6A 2114.53 443.94 920.97 
7A 2191.52 438.57 947.87 

Relative wet 
6B 3032.67  366.11 

422.19 
1105.06 

  
1105.90 
  

9A 2656.67 2702.72 424.43 1106.24 
9B 2372.77  478.27 1106.73 

Wet 
7B 2517.50 

2545.66 
468.18 

474.34 
1149.74 

 1190.34 8A 2411.74 494.29 1180.46 
8B 2573.82 480.54 1230.94 
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Figure 4.15  Soil texture in Saskatchewan 
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Figure 4.16  GHG emission based on crop yield 
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CHAPTER 5 

FACTORIAL-BASED SENSITIVITY ANALYSIS 

5.1 Parameter Uncertainties 

Uncertainty and sensitivity analysis can be used to determine the contribution to the 

end result uncertainty from uncertainties in the input data and model parameters (Huang 

et al. 1995a; Huang et al. 2005; Huang and Loucks 2000; Huang et al. 1994; Huang et al. 

1995b; Li et al. 2006; Liu et al. 2003; Qin et al. 2007). The results can help determine 

whether a system provides an acceptable level of precision. The uncertainty analysis can 

also help obtain a better understanding of the processes behind crop GHG emission. In 

the present study, eleven uncertain parameters, including EFdirect, EFleach, FRACleach, Nmin, 

Nrest/A, Eherb, Efert_N, Efert_P, Napplied, Papplied and Kfarm, were considered and their variability 

range and other major factors are discussed below. 

 

5.1.1. Emission Factor from Direct Emission (EFdirect) 

The N2O emission factor of 0.01 kg N2O-N kg-1 N was used in Tier I methodology 

by IPCC (2006) for estimating national inventories of agricultural soil N2O emissions. 

This is close to the emission factor of 0.012 kg N2O-N kg-1 N for average growing season 

in eastern Canada (Gregorich et al. 2005). However, the N2O emission factors have been 

found to be 4-10 times less than those in eastern Canada (Rochette et al. 2008). The use 

of IPCC default emission factor could result in the overestimation of emissions in 

western Canada, which accounts for about 80% of total agricultural production in Canada. 

In addition, it could also result in the underestimation of crop GHG emissions in eastern 

Canada, when emissions during spring thaw are considered (Wagner‐Riddle et al. 2007). 
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Previous experimental results showed that N2O emission in semi-arid and sub-humid 

regions of western Canada were generally reduced under no-tillage condition (Smith et al. 

2010), while it increased in humid regions of eastern Canada (Rochette et al. 2008).  

According to the results from Rochette (2008), the range of EF for west of Canada 

was [0.0016-0.0170] in which values less than 0.0016 were set to 0.0016 and  values 

higher than 0.0170 were set to 0.0170. EF values were 0.0016 (±25%) kg N2O-N kg-1 N 

in the semi-arid brown soil zone and 0.008 (±25%)  kg N2O-N kg-1 N in the sub-humid 

black soil zones of the Prairie region, and 0.017 (±35%)  kg N2O-N kg-1 N in the humid 

provinces of Quebec and Ontario. Based on the calculation in Saskatchewan in year 2012, 

the range of EF is [0.002657, 0.010201] kg N2O-N kg-1 N.  For better determination of 

the uncertainty of this factor, the range of [0.0016- 0.010201] kg N2O-N kg-1 N was used. 

 

5.1.2. Emission Factor for Leaching and Runoff (EFleach) 

The N2O emission factor EFleach associated with leaching and runoff is the largest 

agricultural N2O emission factor in the IPCC methodology (Nevison 2000). It can play an 

important role in determining both the magnitude and the uncertainty of the agricultural 

N2O source. In a research based on United States, EFleach changed from 0.0001 to 0.01kg 

N2O-N kg-1 N (Ueda et al. 1993). This emission factor is 0.0075 01kg N2O-N kg-1 N in 

the report from IPCC (2006). Ho (2011) used 0.0125 kg N2O-N kg-1 N as EFleach for all 

Canada soil types. In this study, 0.0075 was used to calculate leaching emission. For the 

uncertainty analysis, the range of EFleach was set to [0.0075, 0.0125] kg N2O-N kg-1 N. 
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5.1.3. Fraction of N Lost by Leaching (FRACleach) 

Leaching and runoff emissions are a particularly important part of in evaluation.  

They could account for over 1/4 of the total agricultural N2O emission and nearly half of 

the uncertainty (Nevison 2000). The estimation of total agricultural N2O emission can be 

significantly influenced by FRACleach regarding the fraction of synthetic fertilizer to 

leaching and runoff. The sensitivity from EFleach with leached nitrogen is much larger 

than those from other factors of agricultural fields.  A previous study using Monte Carlo 

simulations also indicated FRACleach was one of the major uncertainties in the estimation 

of total N2O (Mosier et al. 1998).   

FRACleach of 0.3 was used as the default value by IPCC (1996). It could reach as 

low as 0.05 in regions where rainfall is much lower than potential evapotranspiration. 

Such dry climatic conditions is the feature of the Prairie region (Rochette et al. 2008). 

Accordingly, the value of FRACleach would vary in the range between 0.05 and 0.3, in 

which values less than 0.05 are set to 0.05 and values higher than 0.3 are set to 0.3 (Gan 

et al. 2011a).  The calculation for Saskatchewan in year 2012 showed the range of 

FRACleach was [0.085359, 0.196697]. Considering both ranges, FRACleach was set to [0.05, 

0.3] eventually. 

 

5.1.4. Volatilization of NH3 and NOx (FRACvolat) and Volatilization Emission Factor 

(EFvolat) 

 

Nitrogen on farms can be lost to the air via volatilization or to ground or surface water 

via leaching and run-off. This part of nitrogen is also subject to nitrification and 
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denitrification after loss from the farm and it can produce N2O as indirect emissions 

(Little et al. 2008). IPCC (2006) reported FRACvolat is 0.1 and EFvolat is 0.01 kg N2O-N 

kg-1 N. Such values are barely affected by the soil texture and location.  

 

5.1.5. Mineralization N Inputs (Nmin) 

The net N mineralization from wheat residues has been reported in the range from 

2.0 to 2.6 kg N ha–1 for inputs of straw N ranging from 17 to 30 kg N ha-1 (Bremer and 

Van Kessel 1992; Wagger et al. 1985). Soon and Arshad (2002) conducted a no-tillage 

experiment in Alberta and they used 0 and 60 kg N ha–1 as fertilizer applied to different 

experimental plots. It was found the average net N mineralization from wheat straw was 

essentially 0 kg N ha-1, and the net N mineralization from root varied between 0.9 and 1.6 

kg N ha-1. The average N mineralized from wheat straw and root together was 1.6 kg N 

ha-1. Based on these results, the variation of mineralization N inputs 𝑁𝑁𝑓𝑓𝑡𝑡𝑝𝑝is [0, 2.6] kg N 

ha-1 in this study. 

 

5.1.6. Average Area Total N Inputs from Crop Residue Retuned to Soil (Nrest/A) 

The yields of above-ground residues and roots were calculated from product yields, 

based on the estimation of dry matter allocation derived from harvest index and root like 

shoot ratio (Janzen et al. 2003). The wheat grown in Canada typically has the dry matter 

allocation of wheat with yield ratio : AGresidue ratio : BGresidue ratio) of 0.34 : 0.51 : 0.15. 

Based on the annual wheat production in Saskatchewan, the estimated average above and 

below ground residue concentration ranges are [14.26, 20.59] and [6.99, 11.65] kg N ha-1, 

respectively. The average N input from wheat crop residue returned to soil (Nrest/A) is 
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[21.25, 35.41] kg N ha-1. In a previous study with no tillage, the nitrogen returned in 

straw wheat was 17-24 kg ha-1 and nitrogen returned in wheat root residues was 2-6 kg 

ha-1 (Soon and Arshad 2002). Altogether, the range of total nitrogen returned to soil is 

19-30 kg ha-1. Therefore, the variation range for total N inputs from crop residue retuned 

to soil per area (Nrest/A) is [19.00, 35.41] kg N ha-1 in this study. 

 

5.1.7. GHG Emission Coefficient for Herbicide Usage (Eherb)  

Lal (2004a) evaluated the carbon emission for production, transportation, storage 

and transfer of herbicides. The results showed that GHG emission range in kg carbon 

equivalent/kg of active ingredient of different pesticides was [1.7-12.6] which can be 

converted to [6.23, 46.2] kg CO2-eq/kg of active ingredient. Considering 900 g kg-1 

active ingredient in pesticide, GHG emission coefficient for herbicide usage (Eherb) is in 

the range of [5.61, 41.58] kg CO2-eq ha-1yr-1. 

 

5.1.8. GHG Emission Rate Caused by Manufacture, Storage and Transportation of 

N Fertilizer (Efert_N) and P Fertilizer (Efert_P) 

The GHG emission from manufacture, storage and transportation of fertilizer has 

been reported in previous studies. Lal (1998) reported that N fertilizer manufacture 

resulted in about 0.82 kg CO2/kg N GHG emission. West and Marland (2002) reported 

that GHG emissions from the production of fertilizers are 0.81 and 0.101 kg CO2/kg of N 

and P2O5, respectively. Izaurralde et al. (1998) reported a value of 1.23 kg CO2/kg of N 

for the GHG emission. Lal (2004a) found C emissions in kg carbon equivalent/kg for 

different fertilizer nutrients were 0.9-1.8 and 0.10.3 for N and P2O5, respectively.  
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In this study, GHG emission rates of N fertilizer (Efert_N) and P fertilizer (Efert_P) 

were set to 4.8 kg CO2-eq kg-1 of N and 0.73 kg CO2-eq kg-1 of P2O5. The recommended 

application amount for N and P fertilizer are 90 kg N ha-1 and 9.5 kg P2O5 ha-1, 

respectively. Therefore, the variation range of carbon emission for production, 

transportation, storage and transfer of nitrogen (Efert_N) is [0.9, 1.8] kg carbon 

equivalent/kg N, which is [3.3, 6.6] kg CO2 eq kg-1 of N. Similarly, the range of 

phosphorus emission for production, transportation, storage and transfer of P fertilizer 

(Efert_P) is [0.1, 0.3] kg carbon equivalent/kg P, which convert to [0.37, 1.1] kg CO2-eq kg-

1 of P2O5. 

 

5.1.9. N Fertilizer Applied on the Farm (Napplied) and P Fertilizer Applied on the 

Farm (Papplied) 

In the Canadian prairies, N is most often the yield‐limiting nutrient for crop production. 

When then requirement for N is met, the grain yield and protein level can be improved. 

The use of N fertilizer needs to be balanced with moisture and the availability of other 

plant nutrients, in order to obtain an optimum economic response. According to the 

recommendation from Saskatchewan Soil Testing Laboratory, the application rates of N 

fertilizer has increased to 90 kg N ha-1 yr-1 for wheat grown on summer fellow, and 73 kg 

N ha-1 year-1 for wheat grown on stubble since 1991. Government of Saskatchewan also 

suggested the applied amount of N fertilizer for spring wheat is 76‐93 kg N ha-1 year-1. In 

a previous study, P fertilizer was applied with the seed to all cropped treatments at the 

rate of 9-10 kg P ha-1year-1 (Gan et al. 2012c). Therefore, the variation rages for N 

fertilizer (Napplied) and P fertilizer (Papplied) are [73, 93] kg N ha-1year-1 and [9, 10] kg P ha-
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1 year-1, respectively. 

 

5.1.10. GHG Emission Coefficient for Farming Practices (Kfarm) 

The farming practices may contribute to GHG emission. The GHG emission from 

no-tillage seedbed preparation was estimated to be 4.0-7.1 kg carbon equivalent ha-1 (Lal 

2004a). Table 5.1 shows the data about GHG emission from fuel consumption based on 

some previous studies (Poincelot 2012; Swanton et al. 1996). The range of GHG 

emission coefficients for tillage, planting, spraying, and harvesting is listed in Table 5.2. 

GHG emission coefficient for tillage farming practices (Kfarm) is [15.4, 26.2] kg carbon 

equivalent ha-1, which is also [56.5, 96.1] kg CO2-eq ha-1. Holo (Little et al. 2008) 

investigated the energy requirement for common cropping systems in Western Canada. 

The energy primary consumption was 1.42 GJ ha-1 for no tillage system with brown, dark 

brown and black soil crop and the estimated (Kfarm) was 106.5 kg CO2-eq ha-1. Therefore, 

the variation of Kfarm was set in the range of [56.5, 106.5] kg CO2-eq ha-1 in this study. 
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Table 5.1  GHG emission from farming operations 

Farming operation Equivalent carbon emission (kg carbon equivalent ha-1) 

Range  Mean ± S.D. 

No-till planting 3.7-3.9 3.8 ± 0.1 

Spray herbicide & fertilizer 1.2-3.5 2.3 ± 1.7 

Corn harvesting combine 8.5-11.5 10.0 ± 1.5 

Plant/sow/drill 2.2-3.9 3.2± 0.8 
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Table 5.2  GHG emission coefficients for tillage, planting, spraying, and harvesting 

Farming operation Equivalent carbon emission 

Range (kg carbon 

equivalent ha-1) 

Range (kg CO2-eq ha-1) 

No-till planting 3.7-7.1 14.7-26.0 

Spray herbicide & 

fertilizer 

1.0-3.5 3.7-12.8 

Corn harvesting combine 8.5-11.5 31.2-42.2 

Plant/sow/drill 2.2-3.9 8.1-14.3 

Total 15.4-26.2 56.5-96.1 
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5.2. Factorial Analysis 

A 211-4 fractional factorial design was used for analyzing the effects from the 

various emission parameters and their interactions. Parameters EFdirect, EFleach, FRACleach, 

Nmin, Nrest/A, Eherb, Efert_N, Efert_P, Napplied, Papplied and Kfarm were denoted as A, B, C, 

D, E, F, G, H, J, K and L, respectively (Table 5.3). Let H = ABCG, J = BCDE, K = 

ACDF, L = ABCDEFG be design generators. A maximum resolution design can be 

obtained with its defining relation being I = ABCGH = BCDEJ = ACDFK= ABCDEFGL 

= ADEGHJ = BDFGHK = AFGJL = BEGKL= CEFGHJK = BCFHJL=ACEHKL= 

CDGJKL = ABDHJKL. Table 5.4 shows a full description of all 11 parameters' aliases. 

[A] in this design is the effect from parameter A. [AB] involves two effects, and is the 

sum of effect AB and CGH and so on. According to Yates' order, a randomized design is 

shown in Table 5.5, where the low and high levels are denoted by "-1" and "1". By 

multiplying the involved factors, the signs for multi-factor interactions can be obtained. 

Table 5.6 shows the result for GHG emission per area. The maximum GHG 

emission is 1672.326 kg CO2-eq ha-1 and the minimum emission is 441.1594 kg CO2-eq 

ha-1. The mean value is 961.2752 kg CO2-eq ha-1 and standard deviation is 293.043 kg 

CO2-eq ha-1. 
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Table 5.3  Parameters' aliases 

Aliases Parameter Range (upper and lower bound) 

A GHG emission coefficient for farming practices(Kfarm) [ 56.5, 106.5] kg CO2-eq ha-1 yr-1 

B N Fertilizer applied on the farm (Napplied) [73, 93] kg N ha-1 yr-1 

C GHG emission rate caused by manufacture, storage and 

transportation of N fertilizer (Efert_N) 
[3.3, 6.6] kg CO2-eq kg-1 of  N 

D P Fertilizer applied on the farm (Papplied) [9, 10] kg P ha-1 yr-1 

E GHG emission rate caused by manufacture, storage and 

transportation of P fertilizer (Efert_P) 
 [0.37, 1.1] kg CO2-eq kg-1 of P2O5 

F GHG emission coefficient for herbicide usage (Eherb) [5.61, 41.58] kg CO2-eq ha-1 yr-1 

G Average area N inputs from crop residue to soil (Nrest/A) [19, 35.41] kg N ha-1 yr-1 

H Mineralization N inputs (Nmin) [0, 2.6] kg N ha–1 yr-1 

J Emission factor for leaching and runoff (EFleach)  [0.0075, 0.0125] kg N2O-N kg-1 N 

K Fraction of N lost by leaching (FRACleach)  [0.05, 0.3] 

L Emission factor from direct emission (EFdirect)  [0.0016, 0.0102] kg N2O-N kg-1 N 
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Table 5.4  Alias relationships for 211-4 fractional factorial analysis 

     [A] = A      [DK] = DK + ACF      [AFH] = AFH 
     [B] = B      [DL] = DL + EFH      [AGK] = AGK 
     [C] = C      [EF] = EF + DHL      [AHJ] = AHJ + DEG 
     [D] = D      [EG] = EG + BKL      [AHK] = AHK + CEL 
     [E] = E      [EH] = EH + DFL      [AHL] = AHL + CEK 
     [F] = F      [EJ] = EJ + BCD      [AJK] = AJK + BEF 
     [G] = G      [EK] = EK + BGL      [AKL] = AKL + CEH 
     [H] = H      [EL] = EL + BGK + DFH      [BCF] = BCF + HJL 
     [J] = J      [FG] = FG + AJL      [BCK] = BCK 
     [K] = K      [FH] = FH + DEL      [BCL] = BCL + FHJ 
     [L] = L      [FJ] = FJ + AGL      [BDF] = BDF + GHK 
     [AB] = AB + CGH      [FK] = FK + ACD      [BDG] = BDG + FHK 
     [AC] = AC + BGH + DFK      [FL] = FL + AGJ + DEH      [BDH] = BDH + FGK 
     [AD] = AD + CFK      [GH] = GH + ABC      [BDK] = BDK + FGH 
     [AE] = AE      [GJ] = GJ + AFL      [BDL] = BDL 
     [AF] = AF + CDK + GJL      [GK] = GK + BEL      [BEH] = BEH 
     [AG] = AG + BCH + FJL      [GL] = GL + AFJ + BEK      [BFG] = BFG + DHK 
     [AH] = AH + BCG      [HJ] = HJ      [BFH] = BFH + CJL + DGK 
     [AJ] = AJ + FGL      [HK] = HK      [BFL] = BFL + CHJ 
     [AK] = AK + CDF      [HL] = HL + DEF      [BGJ] = BGJ 
     [AL] = AL + FGJ      [JK] = JK      [BHJ] = BHJ + CFL 
     [BC] = BC + AGH + DEJ      [JL] = JL + AFG      [BHK] = BHK + DFG 
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     [BD] = BD + CEJ      [KL] = KL + BEG      [BHL] = BHL + CFJ 
     [BE] = BE + CDJ + GKL      [ABD] = ABD      [BJL] = BJL + CFH 
     [BF] = BF      [ABE] = ABE + FJK      [CDG] = CDG + JKL 
     [BG] = BG + ACH + EKL      [ABF] = ABF + EJK      [CDH] = CDH 
     [BH] = BH + ACG      [ABJ] = ABJ + EFK      [CDL] = CDL + GJK 
     [BJ] = BJ + CDE      [ABK] = ABK + EFJ      [CEF] = CEF 
     [BK] = BK + EGL      [ABL] = ABL      [CEG] = CEG 
     [BL] = BL + EGK      [ACE] = ACE + HKL      [CFG] = CFG 
     [CD] = CD + AFK + BEJ      [ACJ] = ACJ      [CGJ] = CGJ + DKL 
     [CE] = CE + BDJ      [ACL] = ACL + EHK      [CGK] = CGK + DJL 
     [CF] = CF + ADK      [ADE] = ADE + GHJ      [CGL] = CGL + DJK 
     [CG] = CG + ABH      [ADG] = ADG + EHJ      [CJK] = CJK + DGL 
     [CH] = CH + ABG      [ADH] = ADH + EGJ      [DEK] = DEK 
     [CJ] = CJ + BDE      [ADJ] = ADJ + EGH      [DFJ] = DFJ 
     [CK] = CK + ADF      [ADL] = ADL      [EFG] = EFG 
     [CL] = CL      [AEF] = AEF + BJK      [EJL] = EJL 
     [DE] = DE + BCJ + FHL      [AEG] = AEG + DHJ      [FKL] = FKL 
     [DF] = DF + ACK + EHL      [AEH] = AEH + CKL + DGJ      [GHL] = GHL 
     [DG] = DG      [AEJ] = AEJ + BFK + DGH      [HJK] = HJK 
     [DH] = DH + EFL      [AEK] = AEK + BFJ + CHL 

      [DJ] = DJ + BCE      [AEL] = AEL + CHK 
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Table 5.5  The randomized design table 

Run A B C D E F G H J K L 

1 +1 -1 -1 -1 -1 +1 -1 -1 +1 +1 -1 

2 +1 -1 +1 -1 +1 -1 +1 -1 +1 +1 -1 

3 -1 +1 +1 -1 -1 -1 +1 -1 +1 -1 +1 

4 +1 +1 +1 -1 +1 +1 +1 +1 -1 -1 -1 

5 -1 +1 +1 -1 -1 +1 +1 -1 +1 +1 -1 

6 -1 +1 -1 +1 -1 -1 +1 +1 +1 -1 +1 

7 +1 -1 -1 -1 -1 -1 -1 -1 +1 -1 +1 

8 -1 -1 -1 +1 +1 +1 +1 -1 +1 +1 -1 

9 -1 -1 -1 -1 +1 -1 +1 -1 -1 +1 -1 

10 -1 +1 -1 +1 +1 -1 -1 -1 -1 -1 +1 

11 -1 -1 -1 +1 -1 -1 +1 -1 -1 -1 -1 

12 -1 -1 -1 +1 -1 -1 -1 +1 -1 -1 +1 

13 -1 -1 -1 +1 +1 +1 -1 +1 +1 +1 +1 

14 +1 -1 +1 -1 +1 -1 -1 +1 +1 +1 +1 

15 +1 +1 -1 +1 +1 +1 -1 +1 -1 -1 +1 

16 +1 +1 +1 -1 +1 -1 -1 -1 -1 +1 -1 

17 -1 +1 +1 +1 -1 +1 +1 -1 -1 -1 +1 

18 -1 -1 +1 +1 -1 +1 -1 -1 +1 -1 +1 

19 -1 +1 -1 +1 -1 +1 -1 -1 +1 +1 +1 

20 -1 +1 +1 +1 +1 -1 +1 -1 +1 +1 +1 

21 +1 +1 -1 +1 -1 -1 -1 +1 +1 +1 +1 

22 -1 -1 +1 +1 +1 -1 +1 +1 -1 +1 -1 

23 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 

24 +1 -1 +1 -1 -1 -1 +1 -1 -1 +1 +1 

25 -1 +1 +1 -1 -1 -1 -1 +1 +1 -1 -1 

26 +1 +1 -1 -1 +1 -1 +1 -1 +1 -1 -1 

27 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 +1 

28 -1 +1 +1 +1 -1 +1 -1 +1 -1 -1 -1 

29 +1 +1 -1 -1 -1 +1 +1 -1 -1 +1 -1 
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30 +1 -1 -1 +1 +1 +1 +1 +1 +1 -1 +1 

31 +1 -1 +1 -1 -1 +1 +1 -1 -1 -1 -1 

32 -1 +1 +1 +1 +1 +1 +1 -1 +1 -1 -1 

33 -1 -1 +1 +1 +1 +1 -1 -1 -1 -1 -1 

34 -1 -1 -1 -1 -1 +1 -1 +1 +1 -1 +1 

35 -1 -1 +1 -1 +1 -1 +1 +1 +1 -1 +1 

36 -1 -1 -1 +1 -1 +1 -1 +1 -1 +1 -1 

37 -1 -1 +1 +1 +1 +1 +1 +1 -1 -1 +1 

38 -1 -1 -1 -1 -1 -1 +1 -1 +1 +1 +1 

39 -1 -1 -1 -1 -1 -1 -1 +1 +1 +1 -1 

40 -1 -1 -1 -1 +1 +1 +1 -1 -1 -1 +1 

41 +1 -1 -1 +1 -1 +1 +1 +1 -1 -1 -1 

42 -1 +1 -1 +1 -1 -1 -1 -1 +1 -1 -1 

43 -1 -1 -1 +1 -1 +1 +1 -1 -1 +1 +1 

44 -1 +1 -1 -1 -1 -1 +1 +1 -1 +1 -1 

45 -1 -1 +1 +1 +1 -1 -1 -1 -1 +1 +1 

46 -1 +1 +1 -1 +1 -1 +1 -1 -1 -1 -1 

47 +1 -1 -1 +1 -1 -1 -1 -1 -1 +1 -1 

48 +1 -1 +1 +1 -1 +1 +1 -1 +1 +1 +1 

49 -1 +1 -1 -1 +1 -1 +1 +1 +1 +1 +1 

50 +1 -1 -1 +1 +1 -1 +1 +1 +1 +1 -1 

51 -1 +1 -1 -1 -1 -1 -1 -1 -1 +1 +1 

52 -1 -1 +1 +1 -1 -1 -1 -1 +1 +1 -1 

53 +1 -1 -1 -1 +1 -1 -1 -1 -1 -1 -1 

54 -1 +1 -1 -1 -1 +1 +1 +1 -1 -1 +1 

55 -1 -1 -1 -1 +1 -1 -1 +1 -1 +1 +1 

56 +1 +1 -1 +1 +1 +1 +1 -1 -1 -1 -1 

57 -1 +1 +1 -1 +1 -1 -1 +1 -1 +1 +1 

58 -1 +1 -1 +1 +1 -1 +1 +1 -1 -1 -1 

59 -1 +1 -1 -1 -1 +1 -1 -1 -1 -1 -1 

60 +1 -1 -1 -1 -1 -1 +1 +1 +1 -1 -1 
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61 -1 +1 +1 +1 +1 -1 -1 +1 +1 +1 -1 

62 +1 +1 +1 +1 -1 -1 -1 -1 -1 -1 -1 

63 -1 +1 -1 +1 -1 +1 +1 +1 +1 +1 -1 

64 -1 +1 -1 -1 +1 +1 -1 -1 +1 -1 +1 

65 +1 +1 -1 -1 +1 -1 -1 +1 +1 -1 +1 

66 -1 -1 +1 +1 -1 +1 +1 +1 +1 -1 -1 

67 -1 -1 +1 -1 -1 +1 -1 -1 -1 +1 -1 

68 +1 -1 +1 -1 +1 +1 +1 -1 +1 -1 +1 

69 -1 +1 +1 +1 +1 +1 -1 +1 +1 -1 +1 

70 +1 -1 -1 +1 +1 +1 -1 -1 +1 -1 -1 

71 -1 +1 +1 +1 -1 -1 -1 +1 -1 +1 +1 

72 +1 +1 -1 -1 +1 +1 +1 -1 +1 +1 +1 

73 -1 -1 -1 +1 +1 -1 -1 +1 +1 -1 -1 

74 +1 +1 +1 -1 +1 +1 -1 -1 -1 -1 +1 

75 +1 -1 +1 +1 -1 -1 -1 +1 +1 -1 +1 

76 +1 -1 -1 +1 -1 +1 -1 -1 -1 -1 +1 

77 +1 +1 +1 +1 -1 +1 +1 +1 -1 +1 -1 

78 +1 +1 -1 -1 -1 -1 -1 +1 -1 -1 -1 

79 +1 -1 -1 -1 +1 +1 +1 +1 -1 +1 -1 

80 -1 +1 +1 -1 +1 +1 +1 -1 -1 +1 +1 

81 -1 +1 +1 -1 -1 +1 -1 +1 +1 +1 +1 

82 -1 +1 -1 -1 +1 -1 -1 -1 +1 +1 -1 

83 -1 +1 +1 -1 -1 -1 +1 +1 -1 -1 -1 

84 -1 -1 +1 -1 -1 -1 +1 +1 -1 -1 -1 

85 +1 +1 +1 -1 -1 -1 -1 -1 +1 +1 +1 

86 +1 +1 +1 +1 +1 -1 -1 +1 +1 +1 -1 

87 -1 -1 -1 -1 -1 +1 +1 -1 +1 -1 -1 

88 +1 -1 -1 +1 +1 -1 -1 1 +1 +1 +1 

89 +1 +1 +1 +1 -1 +1 -1 -1 -1 +1 +1 

90 +1 -1 -1 -1 +1 +1 -1 -1 -1 +1 +1 



  

88 
 

91 +1 +1 -1 +1 -1 -1 +1 -1 +1 +1 -1 

92 +1 +1 -1 -1 -1 +1 -1 +1 -1 +1 +1 

93 +1 +1 +1 +1 +1 -1 -1 -1 +1 -1 +1 

94 +1 +1 -1 +1 -1 +1 -1 +1 +1 -1 -1 

95 +1 -1 -1 -1 -1 +1 +1 +1 +1 +1 +1 

96 +1 +1 +1 -1 -1 -1 +1 +1 +1 +1 -1 

98 -1 -1 +1 -1 +1 -1 -1 -1 +1 -1 -1 

99 +1 +1 +1 -1 +1 -1 +1 +1 -1 +1 +1 

100 +1 -1 -1 -1 +1 -1 +1 +1 -1 +1 +1 

101 +1 +1 -1 -1 -1 -1 +1 -1 -1 -1 +1 

102 +1 +1 +1 +1 -1 -1 +1 +1 -1 -1 +1 

103 +1 -1 +1 +1 +1 +1 +1 -1 -1 +1 -1 

104 +1 +1 -1 +1 +1 -1 -1 +1 -1 +1 -1 

105 +1 -1 +1 +1 +1 -1 -1 +1 -1 -1 -1 

106 +1 +1 -1 +1 +1 -1 +1 -1 -1 +1 +1 

107 +1 +1 +1 +1 +1 +1 -1 -1 +1 +1 -1 

108 +1 +1 -1 -1 +1 +1 -1 +1 +1 +1 -1 

109 -1 -1 +1 -1 +1 +1 -1 -1 +1 +1 +1 

110 -1 +1 -1 +1 +1 +1 -1 -1 -1 +1 -1 

111 -1 -1 +1 -1 +1 +1 +1 +1 +1 +1 -1 

112 +1 -1 +1 +1 -1 -1 +1 -1 +1 -1 -1 

113 -1 -1 -1 +1 +1 -1 +1 -1 +1 -1 +1 

114 -1 +1 -1 +1 +1 +1 +1 +1 -1 +1 +1 

115 +1 +1 +1 -1 -1 +1 -1 -1 +1 -1 -1 

116 +1 -1 +1 +1 -1 +1 -1 +1 +1 +1 -1 

117 +1 -1 +1 -1 -1 +1 -1 +1 -1 -1 +1 

118 -1 -1 +1 -1 -1 +1 +1 +1 -1 +1 +1 

119 -1 +1 +1 +1 -1 -1 +1 -1 -1 +1 -1 

120 +1 -1 +1 +1 +1 +1 -1 +1 -1 +1 +1 
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121 +1 -1 +1 -1 -1 -1 -1 +1 -1 +1 -1 

122 +1 -1 +1 -1 +1 +1 -1 +1 +1 -1 -1 

123 +1 -1 +1 +1 +1 -1 +1 -1 -1 -1 +1 

124 -1 -1 -1 -1 +1 +1 -1 +1 -1 -1 -1 

125 +1 -1 -1 +1 -1 -1 +1 +1 -1 +1 +1 

126 +1 +1 -1 +1 -1 +1 +1 -1 +1 -1 +1 

127 -1 +1 -1 -1 +1 +1 +1 +1 +1 -1 -1 

128 -1 -1 +1 +1 -1 -1 +1 +1 +1 +1 +1 
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Table 5.6  Variation of the GHG emissions per area 

Factor Name Minimum Maximum Coded  Values Mean Std. Dev. 

A Kfarm 56.5 106.5 -1.000=56.50 1.000=106.50 81.5 25 

B Napplied 73 93 -1.000=73.00 1.000=93.00 83 10 

C Efert_N 3.3 6.6 -1.000=3.30 1.000=6.60 4.95 1.65 

D Papplied 9 10 -1.000=9.00 1.000=10.00 9.5 0.5 

E Efert_P 0.37 1.1 -1.000=0.37 1.000=1.10 0.735 0.365 

F Eherb 5.61 41.58 -1.000=5.61 1.000=41.58 23.595 17.985 

G Nresi/S 19 35.41 -1.000=19.00 1.000=35.41 27.205 8.205 

H Nmin 0 2.6 -1.000=0.00 1.000=2.60 1.3 1.3 

J EFleach 0.0075 0.0125 -1.000=0.01 1.000=0.01 0.01 0.0025 

K FRACleach 0.05 0.3 -1.000=0.05 1.000=0.30 0.175 0.125 

L EFDIRECT 0.0016 0.010201 -1.000=0.00 1.000=0.01 0.005901 0.004301 

Y1 Emission 441.1594 1672.326 

  

961.2752 293.043 

 



  

91 
 

A normal probability plot is shown in Figure 5.1. The effects which lie along the 

line are negligible. The effects of significant factors and interactions are far away from 

the line. Factors L, C, B, K, G, A, J, F and interactions BL, GL, BC, JK,BK, GK had the 

significant effect on GHG emission. Factor L is the farthest factor away the line, 

indicating that emission factor from direct emission (EFdirect) has the most significant 

impact on the total GHG emission. Furthermore, the value of direct emission factor is 

related to environmental conditions, such as precipitation and evapotranspiration. The 

results also indicate that the total GHG emission are highly sensitive to environmental 

conditions. Factor C (GHG emission rate caused by manufacture, storage and 

transportation of N fertilizer) and factor B (N Fertilizer applied on the farm) is the second 

and third most significant factors. Both of these two factors are related to GHG emission 

caused by fertilizer production, transportation, storage and delivery. Factor K (fraction of 

N lost by leaching) and G (N inputs from crop residue to soil per area) also made 

contributions to the total GHG emission. These two factors are all related to the direct 

and indirect emissions derived from nitrogen fertilizer inputs. Moreover, factor K is also 

highly affected by environmental conditions of crop lands.   
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Figure 5.1  Standardized effect 

 

 

5004003002001000

99.8

98

95

90
85
80

70
60
50
40
30
20
10
0

K K
L L

A A
B B
C C
D D
E E
F F
G G
H H
J J

Factor Name

Absolute Effect

Pe
rc

en
t

Not Significant
Significant

Effect Type

HJK
GHL

CDL
BJLAHJ
AEF

JK
HL

HKHJ

GL
GK

GJ
DE

BL

BK
BJ

BC

ACAB

L

K

J

H

G

F

E
D

C
B

A

Half Normal Plot of the Effects
(α = 0.05)



  

93 
 

The standardized effects and sum of squares for significant factors and interactions 

are shown in Table 5.7. The percentage of contribution of each factors in the table 

quantified the sensitivity of each factors and interactions. Factor L, emission factor from 

direct emission (EFdirect), contributes more than 59% in the evaluation. GHG emission 

rate caused by manufacture, storage and transportation of N fertilizer (Efert_N) contributes 

around 22%. However, the largest contributor doesn't always result in the highest GHG 

emission. Based on the calculation in Chapter 4, the emission from manufacture storage 

and transportation of N fertilizer in dry and relative dry area are higher than the emission 

caused by direct and indirect emission from N fertilizer application. 

Significance levels of the effects are ranked in Figure 5.2 The Pareto chart shows 

the absolute values of the standardized effects from the largest effect to the smallest 

effect. The interaction effect BL is significantly higher than the main effects of factors F, 

H and E. This indicates a significant interrelationship between emission factors from 

direct emission and fertilizer N applied on the farm. Similarly, the interactions GL, BC, 

JK, BK, GK should also be analyzed. 
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Table 5.7  Effects of significant factors and interactions 

Source Standardized effects Sum of squares Percentage of contribution 

L: EFdirect 449.1 6454437 59.18 

C: Efert_N 273.9 2400679 22.01 

B: Napplied 180.02 1037009 9.51 

K: FRACleach 130.54 545306 5.00 

G: Nresi/S 58.79 110603 1.01 

A: Kfarm 50.00 80000 0.73 

J: EFleach 45.69 66800 0.61 

BL 40.28 51912 0.48 

F: Eherb 35.97 41403 0.38 

GL 33.05 34948 0.32 

BC 33.00 34848 0.32 

JK 32.64 34082 0.31 

BK 11.71 4386 0.04 

GK 9.606 2953 0.03 

H: Nmin 9.315 2777 0.03 

E: Efert_P 6.935 1539 0.01 
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Figure 5.2  Pareto chart of the effects 
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Figure 5.3 shows the plot of each main effect. The slope of GHG emission 

coefficient for farming practices (Kfarm), N fertilizer applied on the farm (Napplied), GHG 

emission rate caused by manufacture, storage and transportation of N fertilizer (Efert_N), 

GHG emission coefficient for herbicide usage (Eherb), N inputs from crop residue to soil 

per area (Nresi/s), emission factor for leaching and runoff (EFleach), and emission factor 

from direct emission (EFdirect) are positive. These eight factors have positive effect on the 

GHG emission results. The steeper the slope of each line, the greater the magnitude of the 

main effect. Emission factor from direct emission (EFdirect) has the steepest slope, 

indicating it has the most influential effect on the total GHG emissions. Relatively, the 

lines of P fertilizer applied on the farm (Papplied), GHG emission rate caused by 

manufacture, storage and transportation of P fertilizer (Efert_P), and mineralization N 

inputs (Nmin) are almost horizontal (parallel to the x-axis). It implies that these three 

factors have no significant effects on the GHG emission and they could be neglected. 
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Figure 5.3  Main effect plots for different factors 
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The interaction plot is used to show how the relationship between one factor and a 

continuous response depends on the value of the second factor. Figure 5.4 shows the 

interaction relationship between two main effects. There are totally fifty-five (𝐶𝐶112 ) 

interactions for eleven factors. The less parallel the lines are, the more likely there is to be 

a significant interaction.  

Figures 5.4-5.9 show the effects of  BL, GL, BC, JK, BK and GK interactions. The 

relationships between N fertilizer applied on the farm (Napplied) and emission factor from 

direct emission (EFdirect) are shown in Figure 5.4. With the high level of EFdirect, GHG 

emissions will increase faster compared with that at the low level of EFdirect when 

increasing the application amount of N fertilizer. On the other hand, with the high level 

application amount of N fertilizer, GHG emissions would increase faster than that at the 

low level application amount of N fertilizer when increasing EFdirect. Moreover, emission 

factor from EFdirect is related to environmental condition (Pr/PE). Wet crop lands have 

higher level of EFdirect. Thus, total GHG emission in wet area is more sensitive to the N 

fertilizer application. 
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Figure 5.4  Interaction of BL 
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The interaction between N inputs from crop residue to soil per area (Nrest/s) and 

emission factor from direct emission (EFdirect) is shown in Figure 5.5. The total GHG 

emissions at high level of EFdirect are around 1,200 kg CO2-eq ha-1, while the GHG 

emissions at low level of EFdirect are 800 kg CO2-eq ha-1. It indicates the nitrogen back to 

soil due to crop residue is highly affected by environmental conditions. In humid area, the 

wheat crops have significant higher amount of nitrogen back to soil from above and 

below ground residue than that in dry area.  

In addition, with the same rate of crop nitrogen residue to soil (Nresi/s), GHG 

emissions increase by increasing direct emission factor (EFdirect). The higher amount of 

nitrogen back to the soil from crop residue, the faster the GHG emissions increase. If 

environmental condition is getting humid, the total GHG emission will increase.  
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Figure 5.5  Interaction of GL 
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Figure 5.6 shows the interaction between N fertilizer applied on the farm (Napplied) 

and GHG emissions rate caused by manufacture, storage and transportation of N fertilizer 

(Efert_N). With the higher level of Napplied, total GHG emission will increase faster than that 

estimated at low level when increasing N fertilizer application amount. At the same time, 

if Efert_N is over estimated, the total GHG emissions would increase faster at high level of 

nitrogen application amount than that at the low level amount. Therefore, the 

overestimation of Efert_N would largely magnify total GHG emission when applying 

higher level amount of N fertilizer. 

Figure 5.7 shows the interaction between leaching and runoff emission factor 

(EFleach) and nitrogen leaching fraction (FRACleach). Both of these two factors are related 

to indirect emission caused by nitrogen input. With the increase of EFleach, the total GHG 

emissions would enhance faster at high level of FRACleach than that at low level.  

Similarly, when increasing FRACleach, the total GHG emissions would enhance 

significantly faster at high level of EFleach than that at low level. The nitrogen leaching 

fraction is related to environmental condition (Pr/PE). In humid crop lands, the total 

GHG emissions are more sensitive to the change of estimated EFleach. Furthermore, if the 

leaching and runoff emission factor has been overestimated, GHG emission would be 

largely overestimated in humid area than that in dry area. 

 

 

 



  

103 
 

 
Figure 5.6  Interaction of BC 
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Figure 5.7  Interaction of JK 
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Figure 5.8 shows the relationship between the amount of N fertilizer applied on the 

farm (Napplied) and fraction of N lost by leaching (FRACleach). Similar with direct emission 

factor (EFdirect), the nitrogen leaching fraction is also linearly related to Pr/PE. Therefore, 

the interaction BK is similar with the interaction BL. Both of them indicate that the total 

GHG emissions in humid area are more sensitive to the N fertilizer application than that 

in dry area. 

The interaction of N inputs from crop residue to soil per area (Nresi/s) and fraction 

of N lost by leaching (FRACleach) is shown in Figure 5.9. FRACleach is also linearly related 

to Pr/PE. Similar with the interaction between Nresi/s and EFdirect, the interaction also 

implies that nitrogen back to soil due to crop residue are highly affected by 

environmental conditions. In humid area, the wheat crops have significant higher amount 

of nitrogen back to soil from residue than that in dry area.  
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Figure 5.8  Interaction of BK 
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Figure 5.9  Interaction of GK 
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The GHG emission of wheat is mainly coming from the manufacture, storage, 

delivery, and application of nitrogen. To further investigate the contribution of factors to 

total GHG emissions, the three-factor relationships were also discussed. Figure 5.10 

shows the interactions among N fertilizer applied on the farm (Napplied), N inputs from 

crop residue to soil per area (Nresi/s) and direct emission factor (EFdirect).  These three 

factors are related to the direction emission from N fertilizer. As shown in Figure 5.10, 

the direct emission factor would have more effect on the results than N fertilizer 

application rate does. For example, if Nresi/s is at the lower bound, a growth of nitrogen 

application rate from 73 to 93 kg N ha-1 yr-1 would result in an increase of the total GHG 

emission from 653.98 to 793.72 kg CO2-eq ha-1. When the environmental condition of 

crop lands is changing to more humid (higher EFdirect), the total GHG emission would 

increase from 653.98 to 1029.76 kg CO2-eq ha-1. The change of environmental condition 

would cause more significant effect on total GHG emission than the change of N 

fertilizer application amount. Therefore, in the humid area, the increase of a small amount 

of nitrogen application might lead to a significant increase of direction emission and total 

GHG emission.  
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Figure 5.10 Cubic plot for BGL 
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The N inputs from crop residue to soil per area (Nresi/s), leaching and runoff 

emission factor (EFleach) and nitrogen leaching fraction (FRACleach) are factors associated 

with indirect emission derived from residue. The relationships among them are shown in 

Figure 5.11. Compared to EFleach, FRACleach is more influential on indirect emission and 

total GHG emission. When Nresi/s is at its lower level of 19 kg N ha-1, the total GHG 

emission would increase from 866.57 to 876.26 kg CO2-eq ha-1 by enhancing EFleach 

from 0.0075 to 0.0125 kg N2O-N kg-1 N. When FRACleach changed from 0.05 to 0.30, the 

total GHG emission will change from 866.57 to 954.87 kg CO2-eq ha-1. It suggests that 

the change of environmental conditions would have important impact on indirect nitrogen 

emission and total GHG emission. 

Figure 5.12 shows the interaction among N fertilizer applied on the farm (Napplied), 

leaching and runoff emission factor (EFleach) and direct emission factor (EFdirect). It 

indicates that the direct emission has significant effects on total GHG emission than 

indirection emission. For instance, when applying the lower level nitrogen to crop lands, 

changing environmental condition (EFleach) from 0.0016 to 0.010201 would result in an 

increase of GHG emissions from 646.05 to 1054.89 kg CO2-eq ha-1
. In comparison, when 

EFdirect changed from 0.0075 to 0.0125, the increase of total GHG emissions would be 

relatively imperceptible, merely from 646.05 to 687.64 kgCO2-eq ha-1.  
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Figure 5.11  Cubic plot for GJK 
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Figure 5.12  Cubic plot for BJL   
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CHAPTER 6 

CONCLUSIONS 

The assessment of GHG emissions from spring wheat cropping system in 

Saskatchewan was conducted in this study. A general emission assessment model was 

developed. The main sources of GHG included emissions from farming operations, 

emissions from the manufacturing and transportation of N/P fertilizer, emissions from 

herbicides usage, and direct and indirect emissions from agricultural land. A case study 

based on spring wheat in Saskatchewan was then investigated. The results show that the 

total GHG emissions mainly come from the manufacture, storage, delivery, and 

application of nitrogen and environmental conditions have a significant effect on the total 

GHG emissions. In addition, a factorial analysis has been applied to evaluate the impact 

of uncertain parameters on system performance. The significant system parameters and 

their interactions are effectively examined. 

The study is an attempt to estimate GHG emission at regional scale, based on the 

boundary from N fertilizer production to crop harvest. In the case study of spring wheat 

crop in Saskatchewan, the total GHG emission is around 3,358,451 Mg CO2-eq. The 

results indicate that GHG emission is affected by environmental condition. From north to 

south Saskatchewan, the total GHG emission is decreasing as humidity decreased. The 

total GHG emission is mainly related to N fertilizer application, which accounts for about 

80% of total emission. 

Through applying multivariate factorial analysis, the effects of uncertain 

parameters were identified, and the main effects and their interactions were also 

examined. The results show that emission factor from direct emission (EFdirect) has the 
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most significant impact on the total GHG emission and thus the total GHG emission are 

highly sensitive to environmental conditions. The total GHG emission in humid area is 

more sensitive to the N fertilizer application. In addition, the factorial analysis can also 

help reveal some facts related to the estimated emission rate. The analysis shows that the 

overestimation of GHG emissions rate (Efert_N) would largely magnify the total GHG 

emission when applying higher level amount of N fertilizer. If the leaching and runoff 

emission factor has been overestimated, GHG emission would be largely overestimated 

in humid area than in dry area. 

The aforementioned modeling results have important implications for our efforts to 

evaluate the GHG emission from agricultural activities. The understanding of detailed 

effects of parameters and interactions can help determine which would have significant 

effects on total GHG emission. It should be also noted that the assessments of GHG 

emission may vary in different cropping systems. Future study is required to consider 

more factors to improve the assessment of GHG emission. The soil carbon sequestration 

and appropriate carbon offset protocols can also be investigated.  
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