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Across all soil types, soil organic carbon (SOC) in switchgrass (Panicum virgatum), Miscanthus 

(Miscanthus spp.) and conventional agriculture fields were 78.29 (±2.69), 65.91 (±3.08) and 61.85 

(±4.14) Mg C ha-1, respectively. SOC in switchgrass grown in silt loam (98.50±3.64 Mg C ha-1) 

was significantly (p<0.05) greater than all other soil textures (sandy loam, loam and loamy sand) 

and crop types (Miscanthus and agriculture); suggesting that SOC sequestration is influenced by 

both biomass crop and soil type.  

When JumpStart® and inorganic fertilizer treatments were applied to established (2014) 

switchgrass plots, significantly (p<0.05) higher biomass yields of 14.49 (±1.37) and 10.80 (±0.21) 

Mg ha-1 were recorded for JumpStart® and inorganic fertilizer treatments, respectively, when 

compared to the zero-control biomass yield of 8.76 (±1.58) Mg ha-1. Results suggest that 

commercially available JumpStart® could replace inorganic fertilizer application to well-

established switchgrass fields but, its influence on long-term biomass yields need to be verified. 
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Chapter 1: Introduction 

The carbon (C) cycle is a biogeochemical cycle by which C is exchanged among the earth’s 

ecosystems and the atmosphere. When looking at the relative size of the C sinks in the earth, they 

include the oceans, all biota, atmosphere and the soil (Figure 1.1). Biomass crops can help increase 

the relative size of C in the soil while reducing C in the atmosphere. Global greenhouse gases 

(GHG) have been increasing yearly over the past several decades and without human intervention 

this trend will continue to be predominant (Bataille and Sawyer, 2016).  

 

Figure 1.1: The size of global carbon stocks (Pg C) excluding oceans. Pie chart adapted from data 

found in the University of New Hampshire (2014) report. 

Given the environmental attention at the 2015 United Nations Climate Change Conference 

held in Paris, France, also known as COP21, many of the World’s nations have taken a stand to 

reduce global GHG emissions (Ontario, 2016). Canada’s national COP21 contract is to reduce 

GHG emissions by 2030 to be equal to or greater than 30% below 2005 levels (Environmental 

Commissioner of Ontario, 2017). As a result of this agreement, Canadian provincial governments, 

including Ontario, are seeking viable solutions to reducing GHGs (NEG and ECP, 2001). 

Government of Ontario has taken it further to state that the province will try to meet 37% reduction 

in GHG emissions by 2030 (Ontario, 2016). Biomass crops, such as Panicum virgatum 

Biota (560 Pg C)

Atmosphere (750 Pg C)

Soil (1500 Pg C)



2 
 

(switchgrass) and Miscanthus spp. (Miscanthus), have been studied as a way to reduce atmospheric 

carbon dioxide (CO2) (Hall and Scrase, 1998; Samson et al., 2005). These crops have the ability 

to sequester C from the atmosphere into the soil through root turnover and their C4 photosynthetic 

pathway, which means that the plants are more efficient at accumulating C compared to C3 plants 

(Lemus and Lal, 2005). These crops are advantageous as they are perennial, fast growing and need 

minimal inputs to be sustained (Clifton-Brown, Breuer and Jones, 2007; Samson, 2007). The 

agricultural sector has had a fairly steady rate of GHG emissions since 1990, averaging 10 Mg 

CO2e per year (Environmental Commissioner of Ontario, 2015, 2016). The three main GHG 

emission sources of the agricultural sector, as laid out by Environmental Commissioner of Ontario 

(2016), are fertilizer use, enteric fermentation and manure management (Figure 1.2). Much of 

Ontario’s GHG emissions can be attributed to nitrous oxide (N2O) emissions from fertilizer use  in 

the agricultural sector and listed as agricultural soil’s portion of GHG emissions (Environmental 

Commissioner of Ontario, 2016). Biomass crops can successfully store C in the soil, but the use 

of inorganic fertilizer in biomass crops may outweigh these benefits due to increased N2O 

emissions. A potential solution to the reliance on inorganic fertilizer and its associated N2O 

emissions therefore can be the use of biofertilizers, also known as plant growth promoting 

rhizobacteria (PGPR) in biomass crops. Biofertilizers are natural substrate that contain living 

microorganisms that promote growth by increasing the supply of available primary nutrients for 

the host plant.  They may be formulated to be applied to seeds, plant surfaces or soil and have the 

ability to colonize in the rhizosphere or interior of the plant (Vessey, 2003). Enhancing soil organic 

carbon (SOC) sequestration and introducing a novel biofertilizer for Ontario biomass crops can 

contribute to the reduction of atmospheric GHGs, specifically CO2 and N2O. This approach, if 

implemented on large scale of lands, may help facilitate the province of Ontario to achieve the 



3 
 

goal of reducing greenhouse gas emissions to 37% below the 1990 levels by 2030 and 80% by 

2050 (Ontario, 2016).  

 

Figure 1.2: Agricultural sector contributions of CO2 equivalents in 2014 as influenced by different 

agricultural practices. Pie chart adapted from data found in the Environmental Commissioner of 

Ontario (2015) report.   

1.1 Research Objectives 

This research has been divided into two main experiments with multiple objectives. The 

first experiment is a large-scale field study consisting of five different locations across Ontario to 

measure soil organic carbon accumulation in purpose grown biomass fields and in adjacent 

conventional agriculture crops for comparison. The second experiment consists of two greenhouse 

trials where potential PGPR strains were screened in lab and subsequently tested for their positive 

influence on switchgrass growth under greenhouse and field conditions in comparison with a 

commercially available biofertilizer (JumpStart®).  

The field experiment related to soil organic carbon sequestration quantification in five 

locations (Chapter 3) has three short term objectives and one long term objective:  

55%
29%

16%

Fertilizer Use

Enteric

Fermentation

Manure

Management
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• Short term objective 1: To determine the potential soil organic carbon sequestration 

capability of perennial biomass crops compared to conventional agricultural crops at 

different depths of the soil horizon in Ontario. 

• Short term objective 2: To assess different soil organic carbon accumulation under different 

biomass crops established in different soil types across Ontario. 

• Short term objective 3: Assess soil organic carbon accumulation as influenced by the age 

of the biomass crop.  

• Long term objective 1: To assess soil organic carbon sequestration rates in perennial 

biomass crops using ẟ13C technique.  

The greenhouse and field experiments consisting of plant growth promoting rhizobacteria 

testing (Chapter 4) has two short term objectives and one long term objective: 

• Short term objective 1: To inoculate plant growth promoting rhizobacteria on switchgrass 

in greenhouse trials to screen the best plant growth promoting rhizobacteria by quantifying 

biomass yields.  

• Short term objective 2: To inoculate the best screened plant growth promoting 

rhizobacteria on switchgrass in greenhouse trials to quantify biomass yield and provide 

guidance for an alternative to inorganic fertilizer use.  

• Long term objective 1: To conduct field trials by using the best screened plant growth 

promoting rhizobacteria to validate greenhouse study results and make recommendations 

to Ontario biomass producers. (University of New Hampshire, 2014) 
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1.2 Hypothesis 

In the field experiment testing soil organic carbon accumulation in biomass crops, four 

hypotheses were tested: 

• Hypothesis 1 (Chapter 3.5.1): Soil depth will positively influence soil organic carbon 

sequestration in perennial biomass crops.  

• Hypothesis 2 (Chapter 3.5.2): Soil organic carbon accumulation will positively be 

influenced by the age of biomass crops.  

• Hypothesis 3 (Chapter 3.5.3): Perennial biomass crops will sequester more soil organic 

carbon than conventional agricultural crops. 

• Hypothesis 4 (Chapter 3.5.4): Soil texture will influence the amount of soil organic carbon 

sequestered.  

• Hypothesis 5 (Chapter 3.5.5): Biomass crops will contain higher levels of ẟ13C than 

agricultural crops. 

In the greenhouse experiments testing plant growth promoting rhizobacteria effect on 

switchgrass yields, two hypotheses were tested: 

• Hypothesis 1 (Chapter 4.5.1): The screened plant growth promoting rhizobacteria will 

improve biomass crop yields to be equal to or exceed yields derived from the inorganic 

fertilizer treatment. 

• Hypothesis 2 (Chapter 4.5.2): The screened plant growth promoting rhizobacteria and 

JumpStart®® will result in similar biomass yields in comparison to that of fertilized 

biomass crops. 
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Chapter 2: Literature Review 

Climate change mitigation has been a global focus for a decade now; previously focusing 

on the source issues and trying to change large-scale emissions to improve environmental health 

(Raluca, 2004). More recently there has been a shift to find alternative methods to decrease global 

climate change and revolutionize the way environmental issues are viewed. Some alternative 

climate change reduction methods include fuel sources, green energy production (e.g. solar and 

wind) and electric vehicles (Heaton et al., 2008; Ellabban, Abu-Rub and Blaabjerg, 2014). In 

addition to the above, energy derived from biomass crops is also being considered globally in order 

to promote soil health and reduce the effects of global climate change (Chatskikh et al., 2013; 

Strickland et al., 2015). Currently, biomass crops are not widely considered as a form of alternative 

crop in North America. However, their increasing popularity in scientific research and wider 

adoption by agricultural producers, such as the Ontario Biomass Producers Cooperative (OBPC), 

has resulted in provincial recognition of these crops (OBPC, 2018). Important aspects of current 

research are to identify best management practices (BMP) related to implementation and scaling 

up of biomass crops in Ontario. There is some evidence suggesting that biomass crops can increase 

soil organic carbon (SOC) but studies are limited (Liebig et al., 2005; Clifton-Brown, Breuer and 

Jones, 2007; Karlen et al., 2014).   

2.1 Biomass Crops 

2.1.1 Background  

 In recent years biomass crops, Panicum virgatum (switchgrass) and Miscanthus spp. 

(Miscanthus), have been cultivated for their known ability to be grown on less productive lands 

(Canada Land Inventory (CLI) class 3 to 4) (Hangs, Schoenau and Rees, 2014). Class 3 to 4 in the 

CLI, also known as marginal land or less productive land, is classified as having soil that have 
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moderately to severe limitations that restrict the range of crops or require special conservation 

practices (Canada Land Inventory, 1998). These fields are inherently low in soil organic carbon 

(SOC), making biomass crops an ideal crop to be planted on this type of land. 

 Miscanthus is a perennial rhizomatous grass with a C4 photosynthetic pathway that is native 

to Japan (Lewandowski et al., 2000). Miscanthus has the capability of growing in many different 

climatic regions, making it an ideal choice for sustained yields for biomass production in North 

America (Clifton-Brown, Breuer and Jones, 2007). Study results from the Guelph Turfgrass 

Institute (GTI) in 2014 indicated that Miscanthus yields of 17.03 (±8.1) Mg ha-1 can be obtained 

(Marsal et al., 2016). With high yields, low fertilizer inputs and low pesticide use, this crop is an 

ideal choice for growth in North America for bioenergy and other non-food agricultural uses 

(Lewandowski et al., 2000; Clifton-Brown, Breuer and Jones, 2007).  

 Switchgrass is a C4 grass native to North America, also known as a warm season perennial 

grass (Samson, 2007). This grass has been previously identified as a hopeful bioenergy feedstock 

through multiple studies in North America (Mann, 2012; Chatskikh et al., 2013; Thevathasan et 

al., 2014; Marsal et al., 2016). Switchgrass research started in the early 1940’s in the United States 

for a mid-summer forage crop and has since been used as animal bedding and animal feed 

(Samson, 2007), although there are studies suggesting that this grass can be used for more 

beneficial scenarios (e.g. bioenergy and carbon sequestration). This crop being perennial it can 

sustain yields for up to 20 years (Marsal et al., 2016). As this grass has growth requirements similar 

to that of corn, climates and soils that sustained considerable corn yields in the past have the ability 

to sustain switchgrass yields, especially in low soil fertility conditions (Samson et al., 2008). Other 

benefits for which switchgrass has been studied for are enhanced erosion control and increased 

biodiversity (Samson, 2007). 
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 Switchgrass and Miscanthus are C4 plants demonstrating an efficient pathway for 

photosynthesis (Beadle and Long, 1985). The C4 pathway is more efficient than C3 in converting 

solar energy into above and below ground biomass yields, especially with increased temperature, 

low CO2 and reduced soil moisture availability (Beadle and Long, 1985). Purpose grown biomass 

crops have the ability to sequester carbon (C) from the atmosphere into the soil through root 

turnover, which is enhanced in C4 crops as compared to C3 crops (Beadle and Long, 1985; Lemus 

and Lal, 2005). The process of photosynthesis in plants is to use CO2, solar energy and water to 

produce photosynthates and oxygen; based on the photosynthetic pathway, C3 or C4, the efficiency 

at which C is fractionated is determined. 

2.1.2 Ontario biomass production perspective 

It is estimated that there were approximately 1400 ha-1 of land devoted to growing biomass 

crops in Ontario (Biofuelnet, 2018) and that this biomass can be utilized for biofuel or energy 

production, as well as for animal bedding and animal feed production (Samson, 2007). Switchgrass 

and Miscanthus are appealing biomass crops as they are perennial, fast growing, need minimal 

inputs for sustained growth and can be easily adopted by growers existing farm equipment 

(Samson et al., 2005).   

2.1.3 Sector growth  

 Fossil fuels are stored in geologic repositories created over millions of years as oil, coal or 

gas (Srirangan et al., 2012). These fuels are coveted as a primary fuel source in North America as 

they are cheap to purchase and have a high energy output (Field, Campbell and Lobell, 2008). 

However, pressure from resource scarcity, resource uncertainty and environmental degradation 

have threatened the widespread use of fossil fuels as a primary energy source in North America 

(Field, Campbell and Lobell, 2008; Srirangan et al., 2012). Therefore, biomass crops could have 
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a more beneficial role in North America moving towards a more sustainable energy resource. It is 

estimated that GHG emissions from cellulosic ethanol from switchgrass are 94% lower than 

gasoline emissions (Samson and Omielan, 1992; Schmer et al., 2008) and this makes cellulosic 

bioenergy a more sustainable source of energy. Although purpose grown biomass are not widely 

used for energy in Canada, they are a popular means of energy production in other countries such 

as Sweden (Lewandowski et al., 2000). The main barriers to North American implementation of 

bioenergy production are technology, transportation cost and low prices associated with fossil-

based energy sources. However, there is a viable future for bioenergy production in Canada with 

products such as heat, energy or liquid fuels (Ellabban, Abu-Rub and Blaabjerg, 2014). These 

crops have many possible applications and are gaining acreage in Ontario through the Ontario 

Biomass Producers Cooperative. 

2.2 Biomass Crops for Climate Change Mitigation 

2.2.1 Carbon storage  

 Soils are an important reservoir for C storage; the soil C pool is estimated to be three times 

larger than the carbon stored in the terrestrial vegetation (Eswaran, Berg and Reich, 1993; Zan et 

al., 2001). The magnitude of the soil C pool means that it also plays a vital role in addressing 

global climate change. Depending on C inputs/outputs, soils can become a C sink and ultimately 

decrease climate change effects. 

Soil organic matter (SOM) acts as the main reservoir for plant nutrients and contributes to 

stabilizing soil structure. SOM maintains the quality and productivity of soils and is an important 

pool of C, thus playing a vital role in C cycling (Zan, 1998). All soils have C in the form of organic 

matter that is contributed by the plants and other living organisms. Yet, there is a large variability 

in the amount of organic C found from one soil to another, much dependent on soil texture (Zan 
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et al., 2001). Increased SOM can also contribute to improved soil structure, water holding capacity 

and reduce soil erosion (Doran et al., 1994). Thus, elevated levels of soil organic carbon (SOC) 

are closely related with increased soil fertility, productivity and overall health (Oelbermann, 

Voroney and Gordon, 2004). With proper management it is possible to sequester atmospheric C 

into the soil to reduce the effects of global climate change. SOM normally has a total SOC 

percentage of 58% although this is variable and will decrease with depth (Stevenson, 1986). SOC 

is used as a measure to indicate  soil health (Thevathasan et al., 2014). SOC contributes to many 

positive soil physical and chemical characteristics, including improved bulk density, soil 

permeability, soil aggregation and cation exchange capacity (Thevathasan et al., 2014), all of 

which contribute to the mitigation of atmospheric C and global climate change through improved 

soil health. 

With an increase in atmospheric GHGs in the past century, identifying mitigation strategies 

is crucial to reverse the increasing trend in the future (Lemus and Lal, 2005). Through the 

photosynthesis process CO2 is removed from the air and stable C is stored in plant cells and 

eventually stored in the soil (Keeling and Piper, 2001). Biomass crops may contribute to the 

mitigation of GHG emissions in Ontario through C storage in the soil. The perennial biomass crops 

investigated can serve as a source of organic material to enhance SOC stock in the soil (Anderson-

Teixeira et al., 2009; Das et al., 2016). Soil under switchgrass may have the ability to store more 

SOC compared to those under conventional agriculture (Liebig et al., 2005; Chatskikh et al., 

2013). With this potential to store large quantities of C, it will ensure that the GHG mitigation can 

be maximized under switchgrass and Miscanthus biomass crops. One of the major factors leading 

to C storage is the lack of tillage in the perennial biomass crop (Liebig et al., 2005). Tillage in 
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conventional agriculture has led to a significant C storage loss in agricultural lands (Liebig et al., 

2005). 

While C sequestration rates have been established for a variety of crops and forested areas, 

there is less information available for biomass crops (Lemus and Lal, 2005; Schmer, Jin and 

Wienhold, 2015). The presence of abundant roots in herbaceous perennial biomass crops can 

contribute to significant amounts of SOC sequestration (Lemus and Lal, 2005; Liebig et al., 2005; 

Chatskikh et al., 2013). Additionally, the aboveground C sequestration in biomass is also important 

as some residue will be left in the field after harvest (Kell, 2017). For example, biomass yields 

from the Guelph Turfgrass Institute (GTI) research plots in 2014 were 17.03 (±8.10) Mg ha-1 for 

Miscanthus and 5.99 (±0.46) Mg ha-1 for switchgrass (Marsal et al., 2016), excluding the leaves.  

Therefore, leaf biomass inputs to the system coupled with root turn-over from year-to-year could 

significantly contribute to SOC sequestration under biomass crops over the years (Samson et al., 

2005; Wotherspoon, 2014; Kell, 2017). 

2.2.2 The use of ẟ13C technique to study carbon inputs from biomass crops 

 The natural abundance of stable carbon isotopes refers to the two signatures, 12C and 13C, 

with an average abundance of 98.89% and 1.11%, respectively (Ramnarine, 2010). ẟ13C 

(pronounced “delta carbon thirteen”) is an isotope signature that is a measure of a ratio between 

13C:12C stable isotopes, which is reported in parts per thousand (‰). As this is measured in ‰, the 

closer the ratio value is to 0 the greater the abundance of ẟ13C (Clifton-Brown, Breuer and Jones, 

2007).  

The two target biomass crops, switchgrass and Miscanthus, are C4 warm season grasses, 

while majority of agricultural crops are C3 crops. The C4 pathway is more efficient than the C3 

pathway in accumulating plant mass and therefore C4 crops fixate carbon more efficiently and can 
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be measured by the  ẟ13C value (Beadle and Long, 1985). C4 plants produce biomass that contains 

more 13C material compared to C3 crops. The 13C is traceable and is presented by ẟ13C value 

(Ramnarine, 2010). Since most agricultural crops are C3 plants (excluding corn), soil organic 

carbon (SOC) derived from switchgrass and Miscanthus can be traced using the ẟ13C technique. 

The difference in the 13C:12C ratio can help to determine the contribution of C4 or C3 crop to the 

SOC pool (Oelbermann and Voroney, 2007). Land that was previously cultivated with primarily 

C3 crops, and subsequently planted with C4 biomass crops, can provide an opportunity to measure 

the direct contribution of biomass crops’ ability to contribute to the SOC pool (Oelbermann and 

Voroney, 2007). Analyzing ẟ13C will therefore provide results on the long-term impact of C 

sequestration in biomass cropping systems 

2.2.3 Reduction of greenhouse gases  

An often-overlooked aspect related to climate change mitigation is the effect of land-use 

change (LUC).  For example, GHG emissions associated with LUC from forests to agriculture is 

well reported; it has been estimated that 42% of SOC is lost in this conversion (Guo and Gifford, 

2002; Vries et al., 2013). LUC from one crop to another can also result in about 20-50% C loss 

from the soil, which is a significant loss as the first metre of soil globally contains approximately 

1500 Gt of C (1 gigaton = 1 billion Mg) (Lemus and Lal, 2005). The LUC from one production 

system to another can cause massive changes at an ecosystem level, which can disrupt the balance 

of inputs/outputs of organic matter to the soil (Guo and Gifford, 2002). Since biomass crops are 

being targeted for degraded and abandoned agricultural (marginal) lands that are inherently low in 

SOC, the amount of C loss is expected to be low associated with this LUC (Agostini, Gregory and 

Richter, 2015). It is widely believed that the cultivation of biomass crops can result in an increased 
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accumulation of SOC resulting in enhanced soil health and environmental sustainability (Zan et 

al., 2001; Gelfand et al., 2013; Thevathasan et al., 2014).  

2.2.4 Federal/Provincial Government carbon programs 

It is important to analyze the potential for carbon (C) storage under biomass crops as this 

can lead to new C markets in Canada. The Canadian Government has implemented a mandatory 

C price in order to reach climate change mitigation goals by 2050 (Bataille and Sawyer, 2016). In 

this context, it has been suggested that a price of $50 per Mg of C stored or reduced in emissions 

should be paid to industries, municipalities, or landowners who are contributing to climate change 

mitigation (Government of Canada 2016; Bataille & Sawyer 2016). The Ontario Government has 

stated that the price of C in 2018 will be $10 per Mg, with a $10 increase every year until $50 per 

Mg of C is achieved in 2022, which will align with the mandatory C price set by the Canadian 

Government (Ontario, 2016; Environmental Commissioner of Ontario, 2017). If the biomass crops 

contribute to significant amounts of soil C storage, this can generate income to the biomass growers 

in Ontario.  

The cap and trade carbon program has been implemented in collaboration between the 

provinces of Ontario and Quebec. The first protocol was implemented in early 2017 with the rest 

of the protocols to follow and applied by early-2018 (Ontario, 2017b). Cap and trade is a 

government directed and market based approach to regulating GHGs emitted into the environment, 

with the goal to achieve reduced GHG pollutants released into the atmosphere (Ontario, 2016). 

Cap and trade can be broken into two parts, the cap portion and the trade portion. Cap limits the 

amount of GHGs that can be emitted by a business or industry and a limit established by the 

provincial government has been incited (Ontario, 2017b). Trade refers to allowances that 

businesses or industries have the ability to purchase as C credits for the amount of GHGs that they 
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emitted above the allowed limit (Ontario, 2017b). For example, a company that needs to produce 

more GHGs can buy more credits from a different company that does not need their excess C 

credits. Within the cap and trade program there are many protocols that limit or allow more credits 

to be created, which is done through the C offset protocol. The C offset protocol is an ideal program 

for biomass producers in Ontario. C offsets refer to the ability of an environmental project to 

remove GHGs from the atmosphere; these offsets are in direct relation to the ability of biomass 

crops to sequester large amounts of C from the atmosphere (Ontario, 2017a). This C offset program 

allows for producers to gain credits for the amount of C that can be sequestered from the 

environment; these credits can either be traded for a monetary value or used by the producer to 

exceed the government established GHG limit (Bataille and Sawyer, 2016; Ontario, 2017a). The 

C offset program is an Ontario specific directive, which may be adopted in other provinces if 

successful (Bataille and Sawyer, 2016; Ontario, 2017a). Carbon cap and trade initiatives are a step 

to reducing climate change in Ontario, that not only benefits local communities but helps at the 

global scale to reduce atmospheric GHGs. 

2.3 Plant Growth Promoting Rhizobacteria (biofertilizer) 

2.3.1 Background 

  PGPR, biofertilizer, and their association with biomass crop roots have been reported by 

a limited number of studies (Vessey, 2003; da Jesus et al., 2010). PGPR are a group of bacteria 

that actively colonize in and around plant roots to enhance plant growth and yield (Vessey, 2003; 

Singh, 2013). Given that inorganic fertilizers have many negative impacts on the environment such 

as increased N2O and other GHG emissions, it is crucial to find another process by which increased 

yields can be achieved. The relationship between PGPR and their host can occur in the rhizosphere 

or the endosphere (Vessey, 2003). Azospirillum sp. is a group of PGPR that colonizes the surface 
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of the host plant’s root, which is an example of a rhizospheric relationship (Vessey, 2003). In an 

endophytic relationship, the PGPR resides within the apoplastic spaces of the host plant roots 

(Vessey, 2003). With these relationships the PGPR can positively influence the nutrient 

availability to host-plants through several mechanisms: biological N2 fixation, increased 

availability of nutrients in the rhizosphere, induced increase in effective root surface area, 

enhanced positive symbioses with the host or a combination of these mechanisms (Vessey, 2003; 

Spaepen, Vanderleyden and Okon, 2009; Ahemad and Kibret, 2014). 

2.3.2 Environmental benefits 

PGPR that have the potential to increase yields, without the use of inorganic fertilizers, 

may be used as a biofertilizer (Singh, Pandey and Singh, 2011; Singh, 2013). Some PGPR, 

including Variovorax paradoxus JM63, solubilize phosphate minerals making them readily 

available in a form that the host-plant can use for plant growth (Vessey, 2003; Ahemad and Kibret, 

2014). The effect of PGPR on crop productivity has shown mixed results between laboratory, 

greenhouse and field trials. As soil conditions are influenced by variable biotic and abiotic factors, 

results seen in the laboratory or greenhouse are sometimes hard to achieve in the field (Ahemad 

and Kibret, 2014). A goal of this research is to evaluate the growth response of PGPR application 

to perennial biomass crops relative to that of conventional synthetic fertilizer (Vessey, 2003; 

Singh, Pandey and Singh, 2011; Antoun, 2013). 

2.4 Research Gaps 

Due to knowledge gaps and restricted studies, there is a need to collect more information 

to validate the positive effects of PGPR on biomass crop yields and environmental impacts. PGPR 

could be used to reduce the reliance on inorganic fertilizers and thereby also reduce associated 

GHG emissions. Therefore, there is a need for scientific research that addresses the influence of 
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PGPRs on biomass crop productivity and ecosystem services in comparison to conventional 

production systems. Literature also suggests that perennial biomass crops have the tendency to 

sequester SOC, and thereby could contribute to Canada and Ontario’s climate change mitigation 

efforts.  
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Chapter 3: Biomass Crops Influence on Soil Organic Carbon 

Sequestration  

3.1 Abstract 
Five farm locations across Southern Ontario growing herbaceous biomass crops, 

switchgrass (Panicum virgatum) and Miscanthus (Miscanthus spp.), were sampled to quantify soil 

organic carbon (SOC) sequestration along with adjacent agricultural fields. SOC at a depth of 15-

30 cm was significantly (p<0.05) greater in switchgrass than all other crops. Switchgrass (78.29 

±2.69 Mg C ha-1) and Miscanthus (65.91 ±3.08 Mg C ha-1) had numerically higher SOC stocks 

than conventional agriculture (61.85 ±4.14 Mg C ha-1). ẟ13C analysis shows that the herbaceous 

biomass crops are adding organic matter to the SOC pool. SOC from switchgrass in silt loam 

(98.50 ±3.64 Mg C ha-1) was significantly (p<0.05) greater than all other soil textures (sandy loam, 

loam and loamy sand) and crop types (Miscanthus and agriculture); implying that SOC 

sequestration is influenced by both biomass crop and soil type.   

3.2 Introduction 

 Currently there is a focus in Ontario and Canada to reduce greenhouse gas (GHG) 

emissions, this can be addressed through the implementation of biomass crops in agricultural 

cropping systems. Biomass crops are known to sequester carbon from the atmosphere and store it 

in the soil (Hall and Scrase, 1998; Samson et al., 2005). If Canada is to reach the COP21 (Paris, 

France) commitment of reducing greenhouse gas emissions by 2030, which is equal to or greater 

than 30% below 2005 levels, then novel ideas to accomplish this need to be studied (Environmental 

Commissioner of Ontario, 2017). The Government of Ontario has stated that the province will 

work towards a 37% reduction in greenhouse gas emissions by 2030 (Ontario, 2016).  

 Biomass acreage in Ontario is growing in extent; as of 2018 there are approximately 1400 

hectares of land devoted to growing biomass crops (Biofuelnet, 2018). Biomass crops can be used 

for a variety of end uses including biofuel or bioenergy production, animal bedding and feed for 

livestock. 

The implementation of biomass crops can reduce the reliance on fossil fuels that are limited 

and environmentally harmful (Srirangan et al., 2012). Although Sweden has successfully 
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implemented biomass crops as a source of energy (Lewandowski et al., 2000); in North America 

there are barriers to widespread adoption to biomass crops for energy. The main barrier in Canada 

is the low cost for liquid fossil-based fuels (Ellabban, Abu-Rub and Blaabjerg, 2014).  

 Biomass crops are ideal for reducing GHG emissions as these crops will not take away 

arable crop lands; switchgrass (Panicum virgatum) and Miscanthus (Miscanthus spp.) are able to 

efficiently grow on marginal lands that are not suitable for food production (Lemus and Lal, 2005; 

Samson et al., 2016). Further, low-productive crop lands too can be converted to biomass cropping 

and thereby reducing inorganic fertilizer inputs and associated GHG emissions. Marginal lands in 

Canada are classified as class 3 or 4 in the Canada Land Inventory (CLI) and have moderate to 

severe limitations that restrict the range of crops or require special conservation practices (Canada 

Land Inventory, 1998). Both switchgrass and Miscanthus are C4 crops, meaning that they can 

sequester the heavier 13C isotope. Therefore, the investigation of biomass crops is needed to assess 

long-term effects of these crops on soil organic carbon (SOC) sequestration and their potential 

contribution to climate change mitigation. As atmospheric GHGs increase, identifying mitigation 

strategies is crucial to reverse the increasing trend of GHG emissions in the future (Lemus and Lal, 

2005). Biomass crops may contribute to the mitigation of GHG emissions in Ontario through C 

storage in the soil. The perennial biomass crops investigated can serve as a source of organic 

material to enhance SOC stock in the soil (Anderson-Teixeira et al., 2009; Das et al., 2016). 

Purpose grown biomass crops have the ability to sequester C from the atmosphere into the soil 

through root turnover, which is enhanced in C4 crops as compared to C3 crops (Beadle and Long, 

1985; Lemus and Lal, 2005).  
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3.3 Materials and Methods 

3.3.1 Field locations and experimental design 

Three Ontario Biomass Producer Cooperative (OBPC) member field sites and two research 

facilities were chosen for these experiments. These sites were selected for the herbaceous biomass 

crops grown within close proximity (between 0.5-10 Km) to conventional agricultural fields for 

comparison of organic C sequestration. The OBPC sites included are: All Weather Farming (Port 

Ryerse, ON), Eggimann Farms (Holland Centre, ON), and Gildale Farms (St Marys, ON). The two 

research facilities are the Guelph Turfgrass Institute (GTI) (Guelph, ON) and Elora Research 

Station (ERS) (Elora, ON) (Figure 3.1). At each of these sites Panicum virgatum (switchgrass), 

Miscanthus spp. (Miscanthus) and conventional agricultural crops are grown. All Switchgrass 

fields were planted to the cultivar ‘Cave-in-Rock’, while Miscanthus cultivars at each farm 

included either M. x giganteus, or clones of M. sinensis x M. sacchariflorus such as ‘Nagara’. The 

conventional agriculture field sites were cropped to a Zea mays (corn), Glycine max (soybean), 

and Triticum aestivan (wheat) in rotation; either corn-soybean-wheat or corn-soybean. In total 

there were six switchgrass fields, five Miscanthus fields and four conventional agricultural fields. 

Each field site was sampled in summer of 2016 and 2017 (Table 3.1). 

Table 3.1: Sampling days for all field sites for both summers of 2016 

and 2017. Soil samples collected were for soil organic carbon 

analysis and bulk density.  

 2016  2017 

All Weather Farming June 22, 2016  June 30, 2017 

Eggimann Farms July 14, 2016  July 11, 2017 

Gildale Farms July 7, 2016  July 10, 2017 

Guelph Turfgrass Institute August 19, 2016  August 15, 2017 

Elora Research Station August 26, 2016  August 21, 2017 
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Figure 3.1: Map of all five studied field locations in Southern Ontario for 2016 and 2017 summer 

soil sampling. Locations include 1 All Weather Farming, 2 Eggimann Farms, 3 Gildale Farms, 4 

Guelph Turfgrass Institute, and 5 Elora Research Station.  

 

Location 1 is All Weather Farming in Port Ryerse, Ontario (42°45'24.94" N, 80°15'23.19" 

W) (Figure 3.1). This location has Miscanthus and conventional agricultural fields. The two 

Miscanthus fields were established in 2012 and the conventional agricultural field has been in crop 

rotation production corn-soybean-wheat for several years. The Miscanthus fields, prior to 2012, 

were in crop rotation production. The soil texture at this location is loamy sand (77% sand, 19% 

silt, 4% clay) and loam (51% sand, 42% silt, 7% clay). One Miscanthus field is on loamy sand, 

and the other Miscanthus and conventional agriculture fields are on loam soil texture. In all three 

fields, the sampling transect was 200m long through the middle of the fields.  
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Location 2 is Eggimann Farms in Holland Centre, Ontario (44°22'19.08" N, 80°47'49.20" 

W) (Figure 3.1). This location has three age classes of switchgrass. The switchgrass fields were 

planted in 2009, 2011 and 2012. The location for 2009 switchgrass is 44°22'28.7" N, 80°46'57.7" 

W, while the location for 2011 and 2012 switchgrass is 44°22'38.1" N, 80°37'34.8" W, as these 

two fields are side-by-side. The sampling transect in the 2009 field was 200m long, while the 

transect in the 2011 field was 600m long, and the transect in the 2012 field was 400m long. At all 

three field locations, the soil texture is silt loam (33% sand, 60% silt, 7% clay). Based on the extent 

of the field, the sampling transect length varied. 

Location 3 is Gildale Farms in St Marys, Ontario (43°17'45.58" N, 81° 4'33.36" W) (Figure 

3.1). This location has switchgrass, Miscanthus and conventional agricultural fields. The 

Miscanthus is located at 43°17’37.5” N, 81°04’29.5’ W, was established in 2010, and was sampled 

with a 200m transect. The switchgrass is located at 43°17’38.0” N, 81°04’32.3” W; this crop was 

established in 2011 and the sampling transect was 600m in length. The conventional agricultural 

field is located at 43°17’36.2” N, 81°04’24.7” W, was established many years ago, and its 

sampling transect was 400m in length. All the crops are located on silt loam soil texture (31% 

sand, 58% silt, 11% clay).  

Location 4 is the GTI in Guelph, Ontario (43°32'59.99" N, 80°12'29.89" W) (Figure 3.1). 

This research location has switchgrass and Miscanthus in trial plots and the agricultural field 

reference is close by within 100 m West of the trial plots. The soil texture is sandy loam (52% 

sand, 43% silt, 5% clay) and is classified as class 3 on the Canadian Land Inventory agricultural 

designation (Canada Land Inventory, 1998). This site was previously under crop rotation for 25 

years. In 2009, two woody biomass crops (willow (Salix spp.) and poplar (Populus spp.)) and three 

herbaceous biomass crops (switchgrass, Miscanthus and Polyculture (containing switchgrass (P. 
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virgatum), Indiangrass (Sorghastrum nutans), big bluestem (Andropogon gerardii), and little 

bluestem (Schizachyrium scoparium) a 25:25:25:25 mix) to a total of  5 treatments, each treatment 

replicated 4 times, were established.  (Mann, 2012). Of the 5 treatments, only two are of interest 

for this study, switchgrass and Miscanthus. The site is on a slope-oriented Northeast, and the blocks 

are aligned perpendicular to the direction of the slope (Figure 3.2). The GTI location established 

in 2009, has 20 plots in a randomized complete block design (RCBD). Plot dimensions are 10m2 

and are separated by 3m buffer areas (Figure 3.2).  

 

Figure 3.2: Guelph Turfgrass Institute purpose grown biomass plot map from 2009 establishment. 

Targeted crops are coloured: switchgrass (Panicum virgatum) in yellow and Miscanthus 

(Miscanthus giganteus) in green. 

 

Location 5 is the ERS in Elora, Ontario (43°38'45.59" N, 80°24'6.42" W) (Figure 3.1). 

This location has switchgrass, Miscanthus and agricultural crop rotation plots in a RCBD 

established in 2009. The soil texture is loam (34% sand, 48% silt, 15% clay) and the soil is 

classified as class 1 on the Canadian Land Inventory agricultural designation. Soils designated 1-



23 
 

2 are prime agricultural lands for food production, and much of Southern Ontario farmland has 

this CLI classification (Canada Land Inventory, 1998).  

In 2009, a 13 treatment and 3 block purpose grown biomass trial plot experiment was 

established. Of the 13 treatments, only three are of interest for this experiment: switchgrass, 

Miscanthus and agricultural plots. The ERS location, established in 2009, has 13 treatments and 3 

blocks totalling 39 plots in RCBD. Plot dimensions are 25 m x 3 m, plots are separated by 1.5 m 

buffer areas and the borders are 18m in length (Figure 3.3). 

 

Figure 3.3: Elora Research Station purpose grown biomass plot map established in 2009. Targeted 

crops are coloured: switchgrass in yellow, Miscanthus in green and agricultural rotation in blue. 

 

3.3.2 Carbon analysis 

3.3.2.1 Soil organic carbon sample preparation  

 Once soil samples were brought to the lab they were air dried for 7-10 days. Once air dried, 

soil samples were sieved at 2 mm to remove roots, rocks and other plant material so only soil 

aggregates remained. The soil aggregates were passed through a Hammermill (Custom Laboratory 

Equipment, FL, USA) to break up the soil aggregates and increase homogenization of the soil 
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samples. The soil samples from the Hammermill were then passed through a 2 mm sieve again to 

ensure only soil, and no plant material, was included in the sample. Soil samples were further 

ground by mortar and pestle to <0.450 mm in preparation for C analysis.  

3.3.2.2 Soil organic carbon measurement    

 SOC was determined using direct combustion methods adapted from Wang and Anderson 

(1988), with additional information outlined by Wotherspoon et al. (2015). The ground soil 

samples were divided into 2 subsamples, one for organic C determination and another for inorganic 

C determination. The first subsample was placed in a muffle furnace and heated to 575°C for 18 

hours to burn off all organic C. After organic C removal, the subsample was analyzed for its 

remaining inorganic C content by combusting ~0.2 g of soil in a Leco CR-412 Carbon Analyzer 

(LECO Corporation, MI, USA) at 1300°C. The second, unburned, subsample was analyzed by 

direct combustion using a Leco CR-412 Carbon Analyzer to determine total C.  

Total C needs to be corrected for moisture content to express results on an oven-dry soil 

basis. To obtain air-dried sample moisture content, oven-proof dishes are weighed, approximately 

20 g of air-dried soil is added into the dishes and dishes are reweighed to determine the precise 

amount of air-dried sample added. The soil samples were dried at 105°C for 48 hours. After 48 

hours samples are weighed again, and the moisture content correction for total C is calculated. 

𝑇𝐶𝑐𝑜𝑟 = (𝐹𝑤𝑡/𝐷𝑤𝑡) ∗ 𝑇𝐶                                                                                               (Equation 1)  

where TCcor is the total C (%) corrected value for moisture content, Fwt is the fresh weight (g), Dwt 

is the dry weight (g), and TC is the total C (%) value generated from the Leco CR-412. 
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𝑂𝐶 = 𝑇𝐶 − 𝐼𝐶                                                                                                               (Equation 2) 

where OC is the organic C (%) of the soil sample, TC is the total C (%) of the soil and IC is the 

inorganic C (%) of the soil. 

3.3.3 Soil sampling for carbon concentration determination  

In fields that were on OBPC sites a transect was used to sample the field. GPS locations 

were taken in the summer of 2016 so that in the future samples can be collected from the same 

area for analysis to assess SOC gains as influenced by the respective biomass crop. Soil samples 

taken in the summer of 2017, were taken from the same locations as determined by GPS location 

that were tagged in 2016.  

Soil samples were collected using a Eijkelkamp Dutch soil auger (Eijkelkamp, Giesbeek, 

NED). Transect lines of various lengths and intervals were used depending on the size of field 

being sampled. Each transect had five sample locations with three replicates at each sampling 

location and two depths (0-15 cm and 15-30 cm) for a total of 30 (5 x 3 x 2) soil core samples per 

transect (Figure 3.4). Soil samples collected were placed in a prelabeled polyethylene bag for lab 

analysis. In the lab, samples were air dried for seven days, then ground to pass through a 2 mm 

sieve before being repackaged into the original prelabeled polyethylene bags. Half the bag of soil 

samples was further ground by mortar and pestle until samples were a fine powder of ≤0.450 mm 

(to pass through a sieve) and ready for C analysis. These finely ground samples were stored in 

prelabeled envelopes.  

3.3.4 Soil sampling for bulk density determination  

Bulk density was determined using UMS SZ250 bulk density rings (Hoskin Scientific Ltd., 

Burlington, ON), the coring rings used to collect samples have a known volume (250 cm-3). Each 
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transect had five sample locations along the straight line and two bulk density samples from two 

depths were collected (Figure 3.4). At the research facility sites, samples were randomly selected 

within the plot area, due to small plot size, and two bulk density samples from the two depths were 

collected (Figure 3.5). 

Bulk density sampling was completed by carefully hammering the bulk density rings into 

the soil at the specified depths with a block of wood and the ring was carefully removed by cutting 

around the outside edge and digging the coring ring out of the ground. Excess soil was carefully 

cut away from the edge of the bulk density ring with a sharp knife. The soil was then carefully 

removed from the coring ring and placed in pre-labelled plastic bags. In the laboratory soils were 

dried in the oven at 105°C for 48 hours and weighed. This procedure was repeated for all 140 bulk 

density samples collected from all five sites and crop types.  

 

Figure 3.4: Transect design for Ontario Biomass Producer’s Cooperative fields. One transect per 

field, with five sampling locations, and three Dutch auger soil cores at two depths and one bulk 

density measurements at two depths per sampling location. 
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Figure 3.5: Randomized design for research facility plots, with three Dutch auger soil cores at two 

depths and one bulk density sample at two depths per plot.  

 

3.3.5 Baseline soil characteristics 

Soil baseline measurements were done by SGS Canada Incorporated (503 Imperial Rd N, 

Guelph, ON) laboratory. Soil samples were collected from 0-30 cm depth for nutrient analyses. 

Samples were analyzed for soil nutrients (P, K, Mg), soil texture and pH (Table 3.2). Soil texture 

was determined by the standard pipette method  (Carter and Gregorich, 2006). 
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Table 3.2: Summary baseline soil nutrients from all 5 field locations sampled in the summers of 

2016 and 2017. Sample analysis completed by SGS Canada Incorporated.  

  2016  2017 

Farm Field pH  
P 

(ppm) 

K 

(ppm) 

Mg 

(ppm) 
 pH  

P 

(ppm) 

K 

(ppm) 

Mg 

(ppm) 

All Weather Farming          

 

Miscanthus  6.27 68.18 119.11 67.06  6.90 18.40 108.01 133.43 

Miscanthus  6.35 9.37 84.53 116.92  5.99 64.53 105.91 71.77 

Agriculture  6.47 73.30 89.43 131.66  6.36 75.42 124.16 130.81 

Eggimann Farms          

 

Switchgrass  7.36 16.09 76.39 633.86  7.29 4.23 68.93 564.79 

Switchgrass  7.35 12.80 102.30 551.17  7.30 4.76 59.84 489.63 

Switchgrass  7.41 7.08 73.46 605.66  7.46 5.23 71.32 544.71 

Gildale Farms          

 

Switchgrass 7.26 45.11 155.47 288.88  7.19 46.08 160.91 276.80 

Miscanthus 7.16 54.96 123.05 235.00  7.21 64.66 152.75 266.14 

Agriculture 6.97 9.66 106.10 298.40  6.89 6.47 95.75 256.13 

Guelph Turfgrass Institute         

 

Switchgrass 7.46 8.77 71.47 343.33  7.30 5.49 55.57 313.05 

Miscanthus 7.48 9.21 66.73 317.85  7.36 5.55 56.24 317.04 

Agriculture 7.63 14.06 68.98 206.14  7.41 19.55 69.92 237.00 

Elora Research Station          

 

Switchgrass 7.47 21.95 84.17 343.13  7.34 19.23 88.69 346.05 

Miscanthus 7.48 25.82 87.40 384.90  7.28 19.68 110.62 366.40 

Agriculture 7.59 30.07 87.73 313.26  7.30 17.04 86.59 346.27 

 

3.3.6 Bulk density 

Soil bulk density was measured to calculate the mass of C in the soil to 30 cm depth at each 

field sampling site. Analysis of bulk density was performed following the methodology described 

by Carter and Gregorich (2006). Aluminum pie plates were first weighed before placing bulk 

density soil on the plates. The plate weight was then recorded again to calculate the dry soil weight. 
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The same procedure was repeated for all 140 soil bulk density samples before being dried in oven 

at 105°C for 48 hours. The plates with dried samples were removed from the oven and left to cool 

for 15 minutes before reweighing dried contents. Dry soil sample weight, for each sample, was 

calculated by subtracting the respective plate weights from the total dry soil weight.  Any debris 

that did not pass through a 2 mm sieve or materials that were determined not to be soil (small 

stones) were removed and weighed and they were placed in a water filled gravimetric cylinder to 

determine water displacement. This procedure was executed as a correctional factor to determine 

an accurate measure of the bulk density of <2 mm soil. The calculation for soil bulk density  (g 

cm-3) is:  

𝐵𝐷𝑠𝑎𝑚𝑝𝑙𝑒 =  (𝐷𝑊𝑠𝑎𝑚𝑝𝑙𝑒 −  𝐷𝑊𝑑𝑒𝑏𝑟𝑖𝑠 −  𝑊𝑡𝑖𝑛) / (𝑉𝑠𝑎𝑚𝑝𝑙𝑒 −  𝑉𝑑𝑒𝑏𝑟𝑖𝑠)                        (Equation 3) 

where BDsample is the bulk density (g cm-3) of the soil sample. DWsample is the mass (g) of oven 

dried soil sample, DWdebris is the mass (g) of oven dried debris, Wtin is the mass (g) of the aluminum 

pie plate, Vsample is the bulk density ring volume (cm3) of the soil sample and Vdebris is the volume 

(ml) of water displaced by debris. 

SOC is calculated from the C concentration (%) as described in the carbon analysis section. 

The equation below describes how many tonnes of C per ha-1 is measured (Hoyle, 2013):  

𝑆𝑂𝐶 =  𝐶% ∗ 𝜌 ∗ 𝐷                                                                                                        (Equation 4) 

(Equation 4 expanded: SOC = [C%] x [10,000m2 x depth(m)] x [bulk density (Mg m-3]) 

where SOC (Mg C ha-1) is the megagrams per hectare, C% is the concentration of SOC (%), ρ is 

the bulk density (Mg m-3) and D the depth of sampling in m. 
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3.3.7 Isotope analysis for ẟ13C 

 Soil samples from ERS, GTI and Gildale Farms and reference plant samples of switchgrass, 

Miscanthus, soybean, corn and wheat were prepared to be sent for ẟ13C analysis at the Stable 

Isotope Laboratory, Department of Soil Science, University of Saskatchewan. ERS, GTI and 

Gildale farms were used as all three land-use systems were represented.  

Soil samples were prepared by grinding in a ball mill (Retsch, Newton, PA) to <0.125 mm. 

After soil samples were ground to <0.125 mm, the powdered soil samples were treated with H2SO3 

to remove all inorganic carbonates (Wotherspoon et al., 2015). 1 g of powdered soil was placed in 

a small glass vial and moistened with 500 µl of nanopure water. After soils were moist with 

nanopore water, the glass vials were placed on a hot plate set to 65°C and left for 3 minutes so 

samples would be warm to temperature. Using a micropipette, 0.73 M H2SO3 was slowly added 

drop-by-drop (1 mL) at a time, until effervescence stopped. A minimum of 6 mL up to a maximum 

of 8 mL H2SO3 was added to each glass vial soil sample until fizzing reaction stopped. At the end 

of the reaction, samples were placed in a vacuum sealed desiccator overnight, with NaOH used as 

a desiccating agent. After desiccation, samples were oven dried at 50°C for 48 hours. 

The five crop types listed above were used to determine the addition of ẟ13C to the soil to 

calculate the proportions of C3 or C4 biomass originating in the soil. Plant samples were collected 

from the GTI and University of Guelph Arkell Research Station in the fall of 2017. Plant residues 

were separated into below ground and above ground material and processed separately. Before 

processing below ground plant material was washed with water to remove soil from the root 

surface. Plant biomass was dried in an oven at 60°C for 48 hours and subsequently ground to 

<0.450 mm with a Wiley Mill (Thomas Scientific, NJ, USA). 



31 
 

3.4 Statistical Analysis 

The study sites at the GTI and ERS were RCBD with 4 and 3 replicates, respectively, with 

all three crop types represented (switchgrass, Miscanthus and conventional agriculture). At all on 

farm locations, there were 3 fields, Eggimann Farms contained one biomass crop type at three age 

classes (switchgrass), All Weather Farming contained two crop types (Miscanthus and 

conventional agriculture), and Gildale Farms had all three crop types represented (switchgrass, 

Miscanthus and conventional agriculture). In each farm location, as indicated above, 1 transect 

(varying in lengths) with 5 sampling locations were used per field. The author is aware that this is 

not a true replicate but, due to lack of test sites with all three treatments (biomass crops and 

agriculture crops) the soil samples were restricted to sites that had all three systems. Further, 

biomass crops have been established at different years and as such, farm locations could not be 

used as replicates. Given these restrictions, the transects were long enough (minimum 200 m), 

sample locations were far enough apart (minimum 50 m intervals), and at each location 3 sub-

samples were collected to increase the sample size. Locations along the transect for each biomass 

system were considered as replications for statistical analysis.  

Statistical analysis was performed using R Core Team version 3.4.0 (R Core Team, 2017) 

with a Type I Error at  α=0.05. To determine the effect that sampling depth (Hypothesis 1, section 

1.2), age of crop (Hypothesis 2, section 1.2), crop type (Hypothesis 3, section 1.2), and soil texture 

(Hypothesis 5, section 1.2) have on SOC sequestration separate ANOVAs were done for each 

hypothesis, with subsequent Tukey HSD. Bulk density was used to standardize SOC concentration 

(%) and report data in mass (Mg C ha-1).  Pairwise t-tests were performed for comparing depth (0-

15 cm vs 0-30 cm) and crop type (biomass crop vs conventional agriculture). A mixed linear model 



32 
 

was fit to see the effect of crop type (switchgrass, Miscanthus, agriculture), age, soil texture, depth, 

and farm location as a random effect on SOC accumulation.   

𝑆𝑂𝐶 = 𝐶𝑇 + 𝑆𝑇 + 𝐷 + 1|Location                                         (Equation 5) 

where SOC (Mg C ha-1) is the megagrams per hectare, CT is the crop type (switchgrass, 

Miscanthus, agriculture), ST is the soil texture (silt loam, loam, sandy loam, loamy sand), D the 

depth of sampling in cm and 1|Location is the random effect for farm location.                                       

3.5 Results 

 The linear mixed model effect (Equation 5) determined that crop age, crop type, soil texture 

and farm location significantly influence (p<0.05) SOC. The model had a multiple R2 value of 

0.6157. Also, the crop type and soil texture interaction were significant at p<0.05.  

 To analyze greater interactions more in depth statistical analysis were completed in 

sections 3.5.1 to 3.5.5. 

3.5.1 Soil organic carbon measured at different depths 

 In the first hypothesis (Section 1.2) it was tested that SOC would be greater at deeper depths 

of the soil profile, meaning that more SOC would be present in the 15-30 cm depth. In Table 3.3 

% SOC values at 0-15 cm and 15-30 cm soil depths as influenced by crop type for the farms 

sampled are presented. The results suggest that in most tested farms, SOC was significantly higher 

at 0-15 cm when compared with values observed at 15-30 cm depth.  
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Table 3.3: Total soil organic carbon (SOC) measured at 0-15 cm and 15-30 cm depths at all 

locations, standard error in parentheses. 

Farm Crop Age Soil texture 
SOC (%) 

0-15 cm 15-30cm 

All Weather Farming       

 Miscanthus 5 Loamy sand 1.97(±0.070) ax 2.25(±0.071) ay 

 Miscanthus 5 Loam 0.70(±0.042) bx 0.56(±0.037) by 

 Agriculture  >20 Loam 0.69(±0.034) bx 0.56(±0.031) by 

Gildale Farms      

 Switchgrass 6 Silt loam 2.18(±0.124) bx 1.80(±0.478) by 

 Miscanthus 7 Silt loam 2.09(±0.078) bx 1.75(±0.293) by 

 Agriculture  >20 Silt loam 2.63(±0.123) ax 2.35(±0.459) ay 

Eggimann Farms      

 Switchgrass  8 Silt loam 4.30(±0.452) ax 3.76(±1.136) ax 

 Switchgrass  6 Silt loam 3.77(±1.074) ax 2.83(±1.116) by 

 Switchgrass  5 Silt loam 3.59(±0.890) ax 3.03(±0.776) abx 

Elora Research Station (Randomized complete block design) 

 Switchgrass 8 Loam 2.28(±0.225) ax 2.12(±0.240) ax 

 Miscanthus 8 Loam 2.41(±0.179) ax 2.11(±0.378) ax 

 Agriculture  >20 Loam 2.18(±0.494) ax 2.15(±0.811) ax 

Guelph Turfgrass Institute (Randomized complete block design)  

 Switchgrass 8 Sandy loam 1.87(±0.587) ax 2.13(±0.204) ax 

 Miscanthus 8 Sandy loam 1.94(±0.218) ax 1.66(±0.766) abx 

 Agriculture  >20 Sandy loam 1.92(±0.471) ax 1.51(±0.651) by 

a-b Different letters indicate significant differences between crops within the same farm and 

at the same sampling depth (columns), as determined by one-way ANOVA and subsequent 

Tukey’s test (p<0.05).  

x-y Different letters indicate significant differences between depths (0-15 cm vs 15-30 cm, 

across) for each crop on the same farm, as determined by respective t-tests (p<0.05). 

 

3.5.2 Soil organic carbon comparison between biomass crops and agricultural crops  

 The third hypothesis (Section 1.2) is biomass crops will sequester more SOC than 

agricultural crops. All sites that had a biomass crop and an agriculture reference field were used 

for this comparison. 

 SOC associated with 0-15 cm and 15-30 cm soil depths were compared to assess the 

influence of the land-use systems as well as soil depth on SOC sequestration (Table 3.4). 
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According to Tukey’s test, there was no statistical differences observed in SOC sequestration 

across all land-use systems at 0-15 cm. However, at 15-30 cm soil depth, SOC in switchgrass land-

use system was significantly higher than all tested land-use systems. Additionally, soil depth 

influenced SOC sequestration for switchgrass as the SOC value at 15-30 cm was significantly 

higher than SOC recorded at 0-15 cm depth.   

Table 3.4: Mean soil organic carbon associated with switchgrass, 

Miscanthus and agricultural fields across all farms at two depths. 

Crop Type 0-15cm (Mg C ha-1) 15-30 (Mg C ha-1) 

Switchgrass 34.28(±1.58) ay 43.39(±1.43) ax 

Miscanthus 32.44(±1.64) ax 33.21(±8.12) bx 

Agriculture 30.62(±1.94) ax 32.39(±2.57) bx 

a-b Different letters indicate significant differences between 

crops at the same sampling depth (columns), as determined by 

one-way ANOVA and subsequent Tukey’s test (p<0.05). 

x-y Different letters indicate significant differences between 

depths (0-15cm vs 15-30cm) for each crop, as determined by 

respective t-tests (p<0.05). 

 

Results associated with the influence of biomass crop maturity or age on SOC sequestration 

potential in comparison to conventional agricultural management system at 0-30 cm soil depth is 

presented in Table 3.5. SOC sequestered by switchgrass was significantly higher (92.89 Mg C ha-

1) when compared to the conventional agricultural system (61.85 Mg C ha-1) as early as 5 years 

from establishment whereas, Miscanthus did not significantly influence SOC (52.84 Mg C ha-1) at 

5 years from establishment. However, 8 years after establishment, SOC in switchgrass and 

Miscanthus were 96.70 and 92.84 Mg C ha-1, respectively, and were significantly higher than the 

SOC recorded in agricultural system, 61.85 Mg C ha-1.   
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Table 3.5: Influence of age of biomass crops on soil organic carbon (SOC) 

sequestration at 0-30 cm depth in comparison to adjacent conventional 

agricultural crop/field in 2017 in Ontario.  

Crop Years Established Age (yr) SOC (Mg C ha-1) 

Miscanthus 2012 5 52.84 (±5.09) b 

Miscanthus 2009 8 92.84 (±3.81)  a 

Switchgrass 2012 5 92.89 (±3.97)  a 

Switchgrass 2009 8 96.70 (±4.26)  a 

Agriculture Before 1997 >30 61.85 (±4.14) b 

a-b Different letters indicate significant differences between crops, as 

determined by ANOVA and subsequent Tukey’s test (p<0.05). 

 

3.5.3 Soil organic carbon accumulation over time 

 The second hypothesis (Section 1.2) is that older biomass crops will have greater SOC 

compared to younger biomass crops. The oldest biomass crop in this experiment was established 

in 2009 and the youngest establishment year was 2012.  

 Eggimann farm has an ideal setup having three separate switchgrass fields established over 

three different years; 2009, 2011 and 2012. Carbon sequestered in the three switchgrass fields were 

compared with each other to predict potential SOC sequestration in these fields, and the results are 

presented in Table 3.6. Although no significant differences were found, there is a positive trend 

between older crops having more SOC than the younger switchgrass crops at Eggimann Farm. The 

annual contribution of SOC is approximately 3.01 Mg C yr-1, which was calculated by using the 

2009 and 2012 crops measured C stock then dividing by the difference in the age of the crops. 

However, as the initial baseline SOC was not measured prior to the three establishment years, the 

differences in SOC that were observed in this study could also be associated with initial SOC levels 

in the respective fields. Therefore, the reported accumulation rate of 3.01 Mg C yr-1 can be an over 

or under estimation of the actual accumulation rate. 
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Table 3.6: Mean soil organic carbon (SOC) sequestered from 

Eggimann Farms switchgrass fields from 0-30 cm established 

in various years on the same soil type and same climatic 

region, sampled in the summer of 2017. 

Establishment year Age at sampling SOC (Mg ha-1) 

2009 8 115.30(±6.87) a 

2011 6 104.31(±5.19) a 

2012 5 103.25(±7.27) a 

a Means followed by letters that are different, the means 

are significantly different according to Tukey’s test 

(p<0.05). 

 

 The GTI and ERS research locations also have an ideal setup as the crops were established 

in 2009 and both sites have baseline samples from 2009. At the GTI site soil samples were taken 

in 2009, 2014, 2016 and 2017. Similarly, at the ERS site soil samples were taken in 2009, 2016, 

and 2017.  Therefore, quantification of SOC sequestration over time as influenced by biomass 

crops can be determined.    

 At the GTI site, the SOC accumulation in Miscanthus was not significant at any time points 

sampled based on ANOVA analyses (Table 3.7). The 2009 baseline SOC percentage was 1.704% 

(±0.047) C and in 2017 the SOC percent was 1.799% (±0.117). However, percentage SOC 

associated with switchgrass in 2017 was significantly higher from 2009, and 2014 SOC values 

(Table 3.8). The 2009 baseline percentage SOC was 1.659% (±0.047) and in 2017 the percentage 

SOC was 1.995% (±0.106). The approximate annual accumulation rates of SOC in Miscanthus 

and switchgrass at the GTI site are 0.012% and 0.042% C y-1, respectively. Using the soil bulk 

density value obtained in 2017 and the percentage SOC increase, Miscanthus and switchgrass have 

the potential to enhance SOC at 0.453 (±0.009) and 1.688 (±0.018) Mg C y-1, respectively.  
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Table 3.7: Percentage soil organic 

carbon (SOC) since 2009 at 0-30 cm 

depth as influenced by Miscanthus at the 

Guelph Turfgrass Institute, Guelph, 

Ontario.  

 Table 3.8:  Percentage soil organic carbon 

(SOC) since 2009 at 0-30 cm depth as 

influenced by switchgrass at the Guelph 

Turfgrass Institute site, Guelph, Ontario. 

Sample year SOC (%)  Sample year SOC (%) 

2009 1.704(±0.047) a  2009 1.659(±0.047) b 

2014 1.736(±0.051) a  2014 1.757(±0.046) b 

2017 1.799(±0.117) a  2017 1.995(±0.106) a 

a Means followed by the same letters 

are not significantly different based 

on Tukey’s test (p<0.05). 

 a-b Means followed by the same letters 

are not significantly different based 

on Tukey’s test (p<0.05). 

 

At the ERS, the SOC accumulation in Miscanthus was not significant at each of the 

sampling time periods; 2009, 2016 and 2017 based on ANOVA (Table 3.9). The 2009 baseline 

SOC percentage was 2.205% (±0.074) and in 2017 the SOC was 2.260% (±0.068). In the 

switchgrass crop SOC accumulation also was not significant at any of the time periods tested 

(Table 3.10). The 2009 baseline SOC was 1.910% (±0.090) and in 2017 it was 2.198% (±0.066). 

The approximate annual potential accumulation rate of SOC in Miscanthus at the ERS site is 

0.007% C yr-1 and in switchgrass is 0.036% C yr-1. Using the bulk density value from 2017 and 

the SOC percent increase, there is approximately 0.281 (±0.053), and 1.429 (±0.065) Mg C yr-1 

increase in Miscanthus and switchgrass, respectively. 

Table 3.9: Percentage soil organic carbon 

(SOC) since 2009 at 0-30 cm depth as 

influenced by Miscanthus at the Elora 

Research Station site, Elora, Ontario. 

 Table 3.10: Percentage soil organic carbon 

(SOC) since 2009 at 0-30 cm depth as 

influenced by switchgrass at the Elora 

Research Station site, Elora, Ontario. 

Sample year SOC (%)  Sample year SOC (%) 

2009 2.205(±0.074) a  2009 1.910(±0.090) a 

2016 2.427(±0.069) a  2016 1.774(±0.259) a 

2017 2.260(±0.068) a  2017 2.198(±0.066) a 

a Means followed by the same letters are 

not significantly different based on 

Tukey’s test (p<0.05). 

 a Means followed by the same letters 

are not significantly different based 

on Tukey’s test (p<0.05). 
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3.5.4 Soil organic carbon sequestration by soil texture   

 In this experiment, four soil textures associated with research locations were studied to 

determine their influence on SOC sequestration. The soil textures are loamy sand, loam, silt loam 

and sandy loam (Figure 3.6). We hypothesized that soil textural types will influence the amount 

of SOC sequestration. 

 

Figure 3.6: Soil pyramid with highlighted soil textures associated with this study. All Weather 

Farming (1 and 2) contains loamy sand and loam soils. Gildale Farms (4) and Eggimann Farms 

(3) contain silt loam soil. The GTI (5) has sandy loam soil. The ERS (6) has loam soil. Figure 

adapted from USDA soil texture calculator (USDA, 2018). (USDA, 2018) 

 SOC samples obtained from 0-30 cm soil layer were analyzed across all farms and all crop 

types using a linear model, and subsequently ANOVA analysis was conducted to determine any 
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potential interactions between soil texture and crop type influence. Results from the linear analysis 

suggest that soil texture significantly influenced SOC sequestration amounts (Table 3.11). The 

soil with the highest clay content, silt loam, had the highest amount of SOC 90.64 (±2.78) Mg C 

ha-1. However, loam had the second highest amount of clay content yet yielded the lowest amount 

of SOC having only 57.46 (±4.76) Mg C ha-1, which suggests that there are factors other than just 

soil texture that influence SOC accumulation.  

Table 3.11: Soil texture specific soil 

organic carbon (SOC) from all research 

locations at 0-30 cm soil depth. 

Soil Texture SOC (Mg ha-1) 

Silt Loam 90.64(±2.78) a 

Loamy Sand 78.54(±3.00) ab 

Sandy Loam 70.26(±3.01) bc 

Loam  57.46(±4.76) c 

a-c Means followed by letters that are 

different are significantly different 

according to Tukey’s test (p<0.05). 

 

 Another factor that can help explain SOC accumulation variation is crop type. To test the 

above influences on SOC, ANOVA analysis was conducted, and it resulted in interaction between 

the crop types and soil texture. Presented in Figure 3.7 is the crop (switchgrass, Miscanthus, 

conventional agriculture) and soil texture (silt loam, sandy loam, loamy sand, loam) interaction 

results. Switchgrass on silt loam is significantly greater than all other interactions with 98.50 

(±3.64 Mg C ha-1). SOC in loam textured soil is still low for each crop type and is significantly 

lower than all other crops and soil textures according to Tukey test. 
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Figure 3.7: Soil texture and crop type influence on soil organic carbon (SOC) at 0-30cm depth 

from all research locations. Means followed by the same letters (a-d) are not significantly different 

according to Tukey’s test (p<0.05).  

3.5.5 Baseline soil ẟ13C under biomass and conventional agriculture crops 

 Switchgrass, Miscanthus and corn utilize the C4 photosynthetic pathway and have an 

affinity for naturally available 13C via CO2 assimilation over the 12C isotope. Therefore, the ratio 

of 13C/12C, ẟ13C in the soil, should provide an indication of SOC derived from C4 biomass inputs 

to the soil. ẟ13C values that are closer to 0 have a higher 13C contribution to the SOC pool. Given 

this, we hypothesize that there will be more ẟ13C in the soils associated with biomass crops 

compared to agricultural crops. ẟ13C was measured at three research locations that had all three 

crop types, the two biomass crops and agricultural crops. These locations are: Gildale Farms, GTI 

and ERS. Due to lack of information on cropping history statistical analysis was not performed as 

it may not be valid  (Balesdent, Mariotti and Bioisgontier, 1990). 
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 The proportion of carbon originating from C4 crops was estimated using the equation 

derived from Ramnarine (2010) thesis, which is adapted from Balesdent et al. (1990):  

𝑓𝐶4 =
(ẟ13𝐶𝑆𝑂𝑀−ẟ13𝐶𝐶3)

(ẟ13𝐶𝑝𝑙𝑎𝑛𝑡−ẟ13𝐶𝐶3)
                                                                                                   (Equation 6) 

Where ẟ13CSOM is the ẟ13C value of the soil, ẟ13Cplant is the ẟ13C of the plant (switchgrass, 

Miscanthus or identified agricultural crop) residue, roots, etc., and ẟ13CC3 is the average ẟ13C value 

derived from comparable studies looking at corn residues by Ramnerine et al. (2010) and 

Wanniarachchi et al. (1999). (Wanniarachchi et al., 1999) (Ramnarine, 2010) 

 ẟ13C results associated with plant residues is presented in Table 3.12.  These values are 

important in determining the source of C (C3 and C4 origins) that is added to the soil, which 

contributes to SOC.  

Table 3.12: ẟ13C of above and below ground crop residues sampled in Guelph, ON 

fall of 2017. 

Crop Shoot ẟ13C (‰) Root ẟ13C (‰) Mean residue ẟ13C (‰) 

Miscanthus -12.90(±0.21) -13.07(±0.09) -12.99(±0.11) 

Switchgrass -13.10(±0.06) -12.90(±0.17) -13.00(±0.09) 

Soybean -29.30(±0.21) -27.83(±0.13) -28.57(±0.35) 

Corn -12.37(±0.07) -12.20(±0.10) -12.29(±0.07) 

Wheat -29.17(±0.24) -29.67(±0.30) -29.42(±0.20) 

 

 The amount of C4 and C3 SOC was calculated for each field sampled at Gildale Farms, GTI 

and ERS locations, presented in Table 3.13. In all locations, corn was integrated into the crop 

rotation schedule resulting in comparatively higher ẟ13C values in the soil (Table 3.13).   
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Table 3.13: ẟ13C isotope signatures, soil organic carbon (SOC) stock and contribution of C4 

biomass crop to SOC from three locations in Southern Ontario by different crop types. 

Site location Crop type ẟ13C (‰) 
Age 

(years) 

Stock SOC 

(Mg C ha-1) 

C4 SOC 

contribution (%) 

Gildale Farms (St Marys, ON)    

 Switchgrass -22.88 6 120.97 29 a 

 Miscanthus -22.63 7 94.43 31 a 

 Soybean* -23.74 >20 123.93 23 b 

Elora Research Station (Elora, ON)    

 Switchgrass -21.32 8 51.77 40 a 

 Miscanthus -21.19 8 47.25 41 a 

 Corn** -21.43 >20 60.49 38 a 

Guelph Turfgrass Institute (Guelph, ON)   

 Switchgrass -22.50 8 73.84 35 a 

 Miscanthus -22.07 8 77.94 32 a 

 Corn* -21.73 >20 81.84 36 a 

*Conventional agriculture rotation is corn-soybean-wheat 

**Conventional agriculture rotation is corn-soybean  

a-b Different letters indicate significant differences between crops within the same farm 

and C4 SOC contribution, as determined by Tukey test (p<0.05). 

 

3.6 Discussion and Conclusion 

3.6.1 Discussion   

Overall, SOC concentration values are significantly influenced by land-use systems/crop 

types (Table 3.3), but when SOC pools were considered by factoring in the respective soil bulk 

density values (Table 3.4), only the land-use system consisting of switchgrass as the biomass crop 

significantly influenced SOC sequestration across all test locations, both at 0-15 cm and 15-30 cm 

soil depth. This implies that when SOC sequestration quantification protocols are made, it is 

important to not look at just the SOC % differences as influenced by the respective biomass crops, 

but also to quantify SOC mass for each biomass crop type. This is exemplified in Hoyle (2013), 

where SOC is measured in a variety of conventional agricultural practices and it is determined that 

soil texture, climate and management all interact to regulate SOC storage. We see that in the upper 
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depth of the measured SOC in Table 3.3, there is more C accumulation, which could be due to the 

fact that there are additional inputs other than just root biomass (Lemus and Lal, 2005; Karlen et 

al., 2014). In the upper depth there could be the influence of above ground biomass residues that 

breakdown after the summer and are incorporated into the soil over time (Lemus and Lal, 2005; 

Agostini, Gregory and Richter, 2015). In Agostini, et al (2015), the authors estimate plant part 

contributions at different depths to SOC accumulation. For Miscanthus, there are estimates on leaf, 

litter, rhizome, root and total below ground biomass, as well as switchgrass estimates on litter from 

harvest, crown, rhizome, root, fine root and total below ground biomass (for detailed diagrams see 

Appendix D). The findings for switchgrass suggest that litter (1.86 Mg ha-1 yr-1) and crown (3.38 

Mg ha-1 yr-1) are adding the most SOC to the system, both of which are additions at the surface, 

and the least amount of SOC is added by roots (1.11 Mg ha-1 yr-1) and fine roots (0.65 Mg ha-1 yr-

1) in the 0-110 cm range (Agostini, Gregory and Richter, 2015). Agostini, et al (2015), suggest that 

SOC accumulated by roots is more stable than SOC accumulated from plant litter. As the crown 

of the switchgrass is not harvested, this part of the switchgrass plant has an opportunity to be 

reincorporated into the soil on a yearly basis. Agostini, et al (2015) suggest that root turnover may 

not be the largest contributor of stable SOC sequestration in switchgrass. For Miscanthus the 

findings suggest that there is more influence from leaf (1.44 Mg ha-1 yr-1), litter from harvest (2.34 

Mg ha-1 yr-1) and rhizomes (1.52 Mg ha-1 yr-1) adding to the stable SOC pool (Agostini, Gregory 

and Richter, 2015). These inputs are all found in the top 20 cm of soils, whereas the least amount 

of SOC addition is from roots (0.48 Mg ha-1 yr-1) from a depth of 0-100 cm (Agostini, Gregory 

and Richter, 2015). It is apparent that land-use systems are a dependent factor on SOC 

accumulation at different depths as tillage may be an underlying factor of less SOC storage in 

conventional agricultural crops (Lemus and Lal, 2005; Hoyle, 2013). 
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Limited studies have compared SOC accumulation in biomass crops and compared it with 

adjacent conventional agriculture systems. Switchgrass crops are normally associated with well 

established rooting systems, that reach greater depths than most other conventional agricultural 

crops (Liebig et al., 2005). This immense rooting system helps reduce soil erosion, resistance to 

drought and gives the crop a competitive advantage to reach more nutrients than other crops in an 

annual crop production system (Omonode and Vyn, 2006). In Omonode and Vyn (2006), they 

evaluate SOC under switchgrass on a variety of sites to conclude whether switchgrass can 

sequester more SOC than conventional agricultural crops. Findings suggest that switchgrass will 

sequester C more efficiently than conventional agriculture in  6-8 year old switchgrass stands 

ranging from 68.9 to 310.9 Mg C ha-1 in 1m soil depth (Omonode and Vyn, 2006). Although the 

results from Omonode and Vyn (2006) do not completely match the results from the presented 

research, which is a comparative study from switchgrass to conventional agriculture, the results 

are a good representation of the potentials of SOC sequestration over time in an area that compares 

the same climatic conditions and soil type. In a 30-year study on switchgrass, McLaughlin and 

Kszoz (2008) found that SOC accumulation increased by 25 Mg C ha-1, which is significant in 

terms of SOC accumulation. In the short-term study looking at ERS and GTI sites, the reported 

data is in % C as the bulk densities for all sampled years were not available.  However, if we apply 

the most recent bulk density value for the GTI of 1.28 g cm-3, SOC stocks under switchgrass were 

76.61 Mg C ha-1 in 2017 and 63.71 Mg C ha-1 in 2009 and yields a difference of 12.90 Mg C ha-1 

in 8 years (or 1.61 Mg C ha-1 yr-1) (Table 3.8). At the ERS, with a bulk density of 1.41 g cm3, SOC 

stocks under switchgrass were 80.79 Mg C ha-1 in 2009 and 92.98 Mg C ha-1 in 2017 in switchgrass 

yield a difference of 12.19 Mg C ha-1 in 8 years (or 1.52 Mg C ha-1 yr-1) (Table 3.10). These 

increases in SOC are comparable to baseline SOC values of 5 Mg C ha-1 and 19 Mg C ha-1 at year 
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8, resulting in 14 Mg C ha-1 accumulation in 8 years (or 1.75 Mg C ha-1 yr-1) (McLaughlin and 

Kszos, 2008). As there are limited long-term studies conducted on switchgrass and Miscanthus 

production, due to the somewhat limited uses for the product at the present time, there is a need 

for additional studies measuring long-term SOC accumulation for these crops (Omonode and Vyn, 

2006; McLaughlin and Kszos, 2008). 

Crop type had a major effect on SOC accumulation in this study; the measured crops were 

switchgrass, Miscanthus and conventional agriculture. In this study, conventional agriculture 

rotations were  corn-soybean or corn-soybean-wheat rotations (Lemus and Lal, 2005; Liebig et al., 

2005). From Table 3.4, it is apparent that in the top 0-15 cm of the soil profile, crop type does 

have a lower amount of SOC. However, in the 15-30 cm region, where there is a greater 

accumulation of SOC, switchgrass is the only crop that has statistically significant SOC at the 

deeper depth (Table 3.4). Similar conclusions are found in the literature suggesting that 

switchgrass is more efficient at sequestering C compared to conventional agriculture (Liebig et al., 

2005; Anderson-Teixeira et al., 2009). The SOC accumulation  in the more shallow sampling depth 

is probably due to management related factors, such as tillage (Lemus and Lal, 2005; Liebig et al., 

2005). As conventional agriculture management in most cases has an  annual till, the shallower 

measuring depth can be more variable year-to-year as tillage disrupts C accumulation and can 

release some stored stable C back into the atmosphere  (Anderson-Teixeira et al., 2009; Schmer, 

Jin and Wienhold, 2015). Along with crop type, climate is a factor when determining C 

sequestration potential, as humid temperate areas are associated with the highest amount of C 

accumulation, while arid regions have the least amount of C sequestration (McConkey et al., 2003; 

Lemus and Lal, 2005). Southern Ontario is within a humid temperate region of the world and all 

of this study’s research locations have high potential to sequester large amounts of C from the 
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atmosphere (Environment Canada, 2018). The temperate climate also allows for ideal conditions 

to grow biomass crops in Southern Ontario (Kerckhoffs and Renquist, 2013; Samson et al., 2016).   

Statistical analysis could not be performed on the ẟ13C data as cropping history on all sites 

included corn at some point. Not knowing exactly when corn cultivation was initiated on the 

respective biomass test sites it does not allow for accurate estimations in ẟ13C values derived from 

biomass crops (Balesdent, Mariotti and Bioisgontier, 1990). In plant residues, C4 crops have values 

that are much closer to zero than the C3 crops; this is reflected in the measured soil ẟ13C pool, 

which is assumed and is reflected in the soils that have primarily C4 crops planted (Table 3.13). 

Crops that are dominated by primarily C4 crops, switchgrass and Miscanthus, have -21.19‰ to -

22.88‰ compared to that of conventional agricultural crops that range from -21.43‰ to -23.74‰ 

(Table 3.12). These differences should be tracked, as they could lead to conclusions about the 

sequestration rates of biomass crops compared to conventional agriculture. If an ideal setup is 

found like the study by Balesdent (1990), where cropping history never experienced a C4 

monoculture, statistical analysis could be performed to determine significance on whether 

switchgrass or Miscanthus do in fact sequester the heavier ẟ13C isotope more efficiently. In Table 

3.13, it is evident that the C4 crops have sequestered the ẟ13C isotope efficiently; the switchgrass 

and Miscanthus SOC stocks at Gildale Farms were 35.45 Mg C4 C ha-1 (29% C4 SOC contribution) 

and 29.29 Mg C4 C ha-1 (31% C4 SOC contribution), whereas the agricultural field had SOC stocks 

of only 28.27 Mg C4 C ha-1 (23% C4 SOC contribution). As the tested biomass sites will continue 

to remain under biomass crops, and the fact that a baseline ratio of 13C/12C has been determined 

through this study, any future studies can accurately measure the ẟ13C contribution from C4 

biomass crops. 
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Soil texture in combination with many other factors (crop type, land-use etc.) can influence 

SOC accumulation (Liang et al., 1998; McConkey et al., 2003; Lemus and Lal, 2005; Anderson-

Teixeira et al., 2009; Chatskikh et al., 2013; Hoyle, 2013). Fine textured soils (i.e. clay based) 

have a greater ability to sequester C compared to coarse soil textures (i.e. sand based) (McConkey 

et al., 2003; Lemus and Lal, 2005; Hoyle, 2013). In this experiment, there were four soil textures 

ranging from a fine textured silt loam soil, to a more coarse textured loamy sand soil. With silt 

loam having the highest amount of SOC at 91.25 (±2.23) Mg C ha-1 sequestered, and this follows 

the trend that is observed in other studies (Lemus and Lal, 2005; Hoyle, 2013; Graham, 2018). 

Since soil texture has a large emphasis on C sequestration, it is relevant to add this to the equation 

when determining what is happening in the C accumulation system. The next factor to consider is 

crop type influence on C accumulation. The results (Figure 3.7) show that crop type affects the 

amount of C being accumulated. We see that switchgrass is sequestering the most C on the same 

soil type compared to Miscanthus and conventional agriculture. Lemus and Lal (2005) suggest that 

crop residues are contributing to SOC accumulation, since switchgrass has the most crop residue, 

meaning it will have the highest C accumulation from residues (Lemus and Lal, 2005). The low 

accumulation can be due to the extremely low SOC of two fields (Table 3.3). Elora has loam soils 

having SOC of 93.30 (±2.81) Mg C ha-1, which is to be expected for a loam soil. Interestingly, 

loam soils that have a higher clay content had very little C accumulation (Figure 3.7), which could 

be due to limited crop residues from Miscanthus and conventional agriculture, and land 

management practices, such as tillage in conventional agriculture (Liang et al., 1998; Lemus and 

Lal, 2005; Anderson-Teixeira et al., 2009).   
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3.6.2 Conclusion    

 SOC accumulation is mainly affected by soil texture, crop type and climate. These three 

key components help to make assumptions about C sequestration through age classes of 

switchgrass and Miscanthus. The large variability in conventional agriculture suggests that the 

land use practices, such as tillage and fertilization, creates a volatile situation for C sequestration. 

There is more C accumulation in the top 15 cm of the soil profile and more soil depth segments 

(i.e. 0-15cm, 15-30cm, 30-45cm, etc.) should be used to determine statistically significant C 

sequestration by crop type at deeper depths. Switchgrass sequesters the most C in the top 30 cm 

of the soil, measured at 78.29 (±2.69) Mg C ha-1. McLaughin and Kszos (2008) found a C 

sequestration rate in switchgrass of 14 Mg C ha-1 over 8 years (1.75 Mg C ha-1 yr-1), which is 

similar to our findings at the GTI and ERS sites with 12.90 Mg C ha-1 (1.61 Mg C ha-1 yr-1) and 

12.19 Mg C ha-1 (1.52 Mg C ha-1 yr-1), respectively, over the same 8-year period. Crop type and 

soil texture are evidently significant factors to C accumulation, along with climate. Southern 

Ontario has an ideal humid temperate climate that allows for a moderately long growing season 

that has the ability to accumulate C efficiently (McConkey et al., 2003). ẟ13C is hard to quantify 

when past land-use systems associated with biomass cropped fields included corn. Comparing the 

biomass crops to a conventional agriculture rotation that includes corn means that ẟ13C 

contributions will be skewed.  

 Scaling up biomass crops in Ontario could prove possible through incorporating these 

value-added crops to buffer areas between existing crops, rivers and road ways. This could allow 

for producers to benefit from additional ecological services from their land and add value to their 

existing conventional agricultural system. Switchgrass and Miscanthus can increase biodiversity, 

soil organic carbon and reduce soil erosion (Doran et al., 1994; Samson, 2007). These crops have 
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potential to add value through ecological services, or economically by selling for animal 

feed/bedding.  

 Future studies should include measuring SOC at a much deeper depth in smaller increments 

(ie 30-45 cm and 45-60 cm). Another way of describing the amount of SOC would be to sample 

the soil by horizon, as the organic layer will have the highest level of C, but in biomass crop fields 

there should be higher concentrations of stable C at deeper depths compared to conventional 

agriculture. More studies should compare the C sequestration rates of biomass crops versus 

conventional agriculture over a long-period of time as this study has determined baseline SOC 

values for the tested fields and the soil sample locations have also been marked with GPS 

coordinates. 
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Chapter 4: Plant Growth Promoting Rhizobacteria (biofertilizer) 

effect on Switchgrass (Panicum virgatum) Crop Yield 

4.1 Abstract 

Switchgrass (Panicum virgatum) biomass crops inoculated with Variovorax paradoxus 

JM63 and Penicillium bilaii (JumpStart®) and a zero control were compared to yields derived 

under inorganic fertilizer application rates. Soil used from Guelph Turfgrass Institute is a sandy 

loam. The soil initial nutrient contents were 8.99 ppm P, 69.10 ppm K, 330.59 ppm Mg and 7.47 

pH. Before soil was put into the pots, rocks, roots and other plant materials were removed. 

The first greenhouse experiment was used as a screening process to determine which Plant 

Growth Promoting Rhizobacteria (PGPR) treatments could perform best relative to an inorganic 

fertilizer treatment. This experiment had five treatments: 1) Azospirillum brasilense N8, 2) 

Variovorax paradoxus JM63, 3) JumpStart®, 4) inorganic fertilizer and 5) zero control. The 

experiment was designed to measure growth over time and four trays were setup to have sampling 

periods at 2, 4, 8 and 12 weeks after treatment application; yield was determined at the end of 12 

weeks. After 12 weeks, both PGPR treatments (A. brasilense N8 1.75 g pot-1 and V. paradoxus 

JM63 1.77 g pot-1) did not have significant yield differences in comparison to JumpStart® (1.82 g 

pot-1), fertilizer (1.80 g pot-1) or the zero control (1.69 g pot-1). V. paradoxus JM63 had a dry 

biomass yield of 1.77 g pot-1, which was comparable to the fertilizer treatment (1.80 g pot-1) at the 

end of 12-weeks. Based on these results, it was determined that V. paradoxus JM63 and 

JumpStart® would be used in future experiments as they performed same as fertilizer treatment. 

The second greenhouse study was used to test on larger pots (diameter = 16.51 cm) and to 

see if Variovorax paradoxus JM63 and JumpStart® could perform equally to inorganic fertilizer, 

without confounding deterrents from the small pots (diameter = 3.80 cm) as observed in the first 

greenhouse study. This experiment had four treatments: 1) V. paradoxus JM63, 2) JumpStart®, 3) 

inorganic fertilizer (CIL 21-7-7) and 4) zero control. It was observed that V. paradoxus JM63, the 

known PGPR, had the greatest percent change in biomass at 104.85% compared to the zero control, 

with a yield of 2.74 g L-1 of soil. JumpStart® and inorganic fertilizer had comparable yields of 

2.55 g L-1 and 2.52 g L-1 of soil, respectively. The results suggest that the PGPR and JumpStart® 

could be viable alternatives to inorganic fertilizer use.   

In the field experiments, switchgrass plots established in 2014 and 2018 were tested with 

inorganic fertilizer and JumpStart® biofertilizer along with control treatments. In the 2018 

established switchgrass crop, yields from the inorganic fertilizer treatment were 1.56 Mg ha-1, 

which was comparable to yields from the JumpStart® treatment of 1.23 Mg ha-1. In the 2014 

established switchgrass (Cave-in-Rock’ cultivar) crop, JumpStart® had significantly (p<0.05) 

greater yield (14.49 (±1.37) Mg ha-1) than all other treatments, fertilizer (10.80 (±0.21) Mg ha-1) 

and control (8.76 (±1.58) Mg ha-1). This study suggests that biofertilizers could be used on 

previously established (2014) biomass crops to produce yield increases comparable to that of 

inorganic fertilizer. However, data obtained from the newly (2018) established switchgrass plots 

in this study only referrers to the first 8 weeks of growth. Therefore, further investigation is 

warranted to assess the impact of biofertilizer on switchgrass growth and development during the 

establishment phase. 
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4.2 Introduction  

 North America is the leading region for inorganic fertilizer use that contributes to 

greenhouse gas (GHG) emissions from agricultural and alternative crop productions, such as 

biomass crops (FAO, 2008). Environmental problems associated with excess inorganic fertilizer 

use include phosphorous loading leading to algae blooms, and increased nitrous oxide emissions 

(Crutzen et al., 2007; Watson et al., 2016). Fertilizers can be an effective tool to enhance crop 

productivity but are often exploited to obtain desired results (Crutzen et al., 2007). North America 

represents 13.5% of global fertilizer use and has been projected to increase 0.4% annually (FAO, 

2008). Therefore, finding a suitable replacement for inorganic fertilizer use in the current 

production systems is fundamental towards reducing negative environmental consequences. 

 Plant growth promoting rhizobacteria (PGPR) can potentially be a viable solution to 

increase crop yields with less negative impacts on the environment, particularly GHG emissions. 

They are applied to seeds, plant surfaces or soil and have the ability to colonize in the rhizosphere 

or interior of the plant and will promote growth by increasing the supply of available primary 

nutrients for the host plant (Vessey, 2003). Variovorax paradoxus JM63 (known PGPR), solubilize 

phosphate minerals making them readily available in a form that the host plant can use for plant 

growth (Vessey, 2003; Ahemad and Kibret, 2014).  

 Greenhouse experimentation is a way to control the environment and to test the 

effectiveness of PGPR on plant growth. In two separate greenhouse experiments V. paradoxus 

JM63 and Penicillium bilaii (JumpStart®) were tested to understand their ability to increase yield 

in a switchgrass crop. Field experiments were setup to test biofertilizer’s influence on biomass 

yields associated with newly established and previously established switchgrass plots to confirm 

the results from the greenhouse under field conditions. 



52 
 

4.3 Materials and Methods 

4.3.1 Treatments 

The treatments in Greenhouse Experiment #1 (Section 4.3.2.1) were: 1) Azospirillum 

brasilense N8, 2) Variovorax paradoxus JM63, 3) Penicillium bilaii (JumpStart®), 4) Fertilizer 

and 5) zero control. These five treatments experienced the same environmental conditions for 

sampling periods at 2, 4, 8 and 12 weeks after treatment application. The treatments in Greenhouse 

Experiment #2 (Section 4.3.2.2) were: 1) V. paradoxus JM63, 2) P. bilaii (JumpStart®, 3) 

Fertilizer and 4) zero control. These four treatments experienced the same environmental 

conditions and were harvested after maturity was observed, normally taking approximately 120 

days (Samson, 2007). The treatments in the Field Trial (Section 4.3.3) were: 1) P. bilaii 

(JumpStart®, 2) Fertilizer, 3) JumpStart®+Fertilizer and 4) zero control. 

4.3.2 Culturing treatments and application rates 

The rhizobacteria and fungi treatments were A. brasilense N8 and V. paradoxus JM63 

acquired from Dr. K. Vessey, St. Mary’s University, Halifax, Nova Scotia; P. bilaii (JumpStart®) 

was acquired from Monsanto Canada, Guelph, Ontario. A. brasilense N8 and V. paradoxus JM63 

were cultured in LB medium until the broth contained 1x108 cfu/ml. The JumpStart® treatment 

contained 7.2x108 cfu/ml from a powder mixture. JumpStart® is a known phosphorous 

solubilizing fungi (O’Callaghan, 2016; Parnell et al., 2016), as is V. paradoxus JM63 (Satola, 

Wübbeler and Steinbüchel, 2013).  

To determine cfu per ml for V. paradoxus JM63 and A. brasilense N8, growth curves prior 

to the study were completed. Rhizobacteria growth curves were made and associated with optical 

density (OD) readings to determine the OD associated with the correct cfu/ml to be applied to 

plants. Once required cfu/ml was achieved then growth curves were stopped before rhizobacteria 
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plateaued (Figure 4.1 and Figure 4.2). Inoculum methods were adapted from Vessey (2003) and 

Dashti et al. (1997). V. paradoxus JM63 and A. brasilense N8 were grown in the lab in Lysogeny 

broth (LB) medium at 30°C and shaken at 115rpm (Dashti et al., 1997; Vessey, 2003). V. 

paradoxus JM63 was grown for 24.5 hours from prior growth curve studies and it was determined 

that an OD reading of 0.029 would have approximately 1x108 cfu/ml. Both V. paradoxus JM63 

and A. brasilense N8 were checked for purity. A. brasilense N8 was grown for 28 hours, a prior 

growth curve indicated an OD reading of 0.036 would allow for 1x108 cfu/ml (Figure 4.1 and 

Figure 4.2). The plants were inoculated in the greenhouse when 100% emergence was recorded; 

all treatments were applied on the same day.  

 

Figure 4.1: Growth curve for Azospirillum brasilense N8 over time with cfu/mL and optical 

density (OD). A. brasilense N8 was grown for 28 hours, an OD reading of 0.036 would allow for 

1x108 cfu/ml, the desired application rate.  
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Figure 4.2: Growth curve for Variovorax paradoxus JM63 over time with cfu/mL and optical 

density (OD). V. paradoxus JM63 was grown for 24.5 hours and it was determined that an OD 

reading of 0.029 would have approximately 1x108 cfu/ml, the desired application rate. 

 

The PGPR were applied at a concentration of 1x108 cfu/ml and JumpStart® was applied at 

a concentration of 7.2x108 cfu/ml. The biofertilizers were applied at a rate of 3.5 L per 1135 Kg 

of seed, as per product description and literature (Vessey, 2003; Monsanto, 2015). Fertilizer (CIL 

21-7-7) was applied at 2.25 Kg/100m2, as per product description. 

4.3.3 Greenhouse Experiment  

The preliminary greenhouse experiments were performed at the University of Guelph’s 

Edmund C Bovey building greenhouse. Switchgrass needs 120 days to reach maturity and to  attain 

maximum biomass potential (Samson, 2007). The environmental conditions that were maintained 

in the greenhouse were: 1) temperature at 25°C, and 2) lights on for 16 hours per day (Dashti et 

al., 1997). This allowed for optimal growing conditions for switchgrass and plants were watered 

as needed (Samson, 2007), with the amount of water applied to each pot kept equal. The main 

objective of these experiments was to screen the best available PGPR to test under field conditions.   
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Soil used for both greenhouse experiments was taken from the Guelph Turfgrass Institute 

(GTI), where field experiments were planned, and is a sandy loam (52% sand, 43% silt, 5% clay). 

The soil initial nutrient contents were 8.99 ppm P, 69.10 ppm K, 330.59 ppm Mg and 7.47 pH. 

Before soil was put into the pots, rocks, roots and other plant materials were removed.  

4.3.3.1 Greenhouse experiment #1 (November 2016 - March 2017) 

 The cultivar of switchgrass grown was ‘Cave-in-Rock’, as this was the most readily 

available seed and has also shown positive growth in field trials (Samson, 2007; Thevathasan et 

al., 2014; Marsal et al., 2016). The grower’s standard is to plant at a density of 45 kg ha-1 pure live 

seed (Thevathasan et al., 2014; Marsal et al., 2016; Samson et al., 2016), and the same rate was 

used for the greenhouse studies. The pots used in this greenhouse experiment were Ray Leach 

‘Cone-tainers’ SC10 Super with a volume of 164 cm3 (Steuwe & Sons, Tangent, Oregon, USA). 

All cone-tainers were randomized using complete randomized design (CRD) on a grid that was set 

up for 5 treatments (Block A-E) having 7 replicates. Destructive sampling periods were at 2, 4, 8 

and 12 weeks after treatment application (Figure 4.3). 
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Figure 4.3: Greenhouse experiment #1 setup in a complete randomized design (n=7). Treatments 

include: Azosprillum brasilense N8, Variovorax paradoxus JM63, Penicillium bilaii 

(JumpStart®), fertilizer and zero-control. 

 

4.3.3.2 Greenhouse experiment #2 (September 2017 -  December 2017) 

Greenhouse experiment #2 was setup in an randomized complete block design (RCBD) 

using Elite 300 pots (New Christie Ventures, Naugatuck, Connecticut). Elite 300 pots were used 

to ensure that growth can be maximized by not limiting the root growth as experienced in 

Greenhouse Experiment #1. The blocks were setup perpendicular from the potential environmental 

gradient, in this case the door to the greenhouse (Figure 4.4).  
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Figure 4.4: Greenhouse experiment #2 setup in a randomized complete block design. Blocks are 

setup perpendicular from environmental gradient (n=6). Treatments include: Variovorax 

paradoxus JM63, Penicillium bilaii (JumpStart®), fertilizer and zero-control.  

  

Switchgrass cultivar ‘Cave-in-Rock’ was supplied by Eggimann Farms (Holland Centre, 

ON). Due to low germination test results (19% germination), seeds were pre-germinated in the lab 

and then transplanted into the pots. Seeding rate (seedlings) was 45 kg ha-1, which was 54 plants 

per pot (Figure 4.5). 
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Figure 4.5: Representative switchgrass pots from Greenhouse experiment #2. All treatments are 

pictured: Variovorax paradoxus JM63, JumpStart®, inorganic fertilizer and zero-control (n=6). 

The scale is in cm, 0 cm is starting from the top of the pot. 

 

4.3.4 Field Trial 

4.3.4.1 Field trial on 2018 switchgrass establishment (Field Exp. 1) 

The field trial was setup atop the drumlin at the GTI. The field was prepared by removing 

roots and rocks, tilling to 15 cm then packing the soil before planting. The field was then planted 

on June 8, 2018 by drill seeder and packed again after seeding (Samson, 2007; Samson et al., 

2016). It is important to pack the soil after planting to ensure maximum soil to seed contact, for 

enhanced seed to germination (Samson, 2007). All treatments were applied on June 19, 2018 after 

emergence of the crop was confirmed.  

The field was setup using a CRD on a 7.92 m2 area. There were 5 blocks with 4 treatments 

situated north to south at the GTI. Each treatment consisted an area of 0.07 m2, with 0.3 m of buffer 

between each treatment within a block and an additional 0.3m buffer between each block (Figure 
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4.6 and Figure 4.7). Panicum virgatum (switchgrass) cultivar ‘Cave-in-Rock’ seed was acquired 

from Eggimann Farms (Holland Centre, ON). Germination test determined there was a 30% 

germination rate, and this value was used to correct the number of seedlings per unit land area to 

maintain 20 seedlings per m2, which falls within the suggested seedling density (Samson, 2007). 

 

Figure 4.6: Diagrammatic representation of the complete randomized design of the field trial 

established in 2018 at the Guelph Turfgrass Institute, Guelph, Ontario (n=5).   
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Figure 4.7: Picture of the complete randomized design of the field trial established in 2018 at the 

Guelph Turfgrass Institute, Guelph, Ontario (n=5). Treatments align with diagrammatic 

representation in Figure 4.5. 

 

4.3.4.2 Field trial on 2014 switchgrass establishment (Field Exp. 2) 

The second field trial on an established switchgrass crop was setup on the previous 

Biofuelnet Canada purpose grown biomass crop trial established in the summer of 2014. Each 

treatment area was 1 m2, with 3 m between each treatment within a block (Figure 4.8). Switchgrass 

cultivars ‘Cave-in-Rock’ and ‘Nebraska” were tested with the JumpStart®, Inorganic Fertilizer, 

and zero-control treatments. The application rate of JumpStart® was 3.5 L per 1135 Kg of seed, 

as per product description (Monsanto, 2015) and fertilizer was applied at 60 kg N ha-1 (Samson et 

al., 2016). JumpStart® application was based off seeding rate from BioFuelnet Canada research 

plots at the GTI established in 2014. 
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Figure 4.8: Diagrammatic representation of the randomized complete block design for the 2014 

established switchgrass at the Guelph Turfgrass Institute, Guelph, Ontario (n=8). 

  

4.3.5 Plant Sampling 

 Plants were sampled by cutting the grass as close to the soil as possible and putting biomass 

in pre-labeled paper bags. The paper bags were weighed before biomass samples were put into 

them, then weighed once again after the fresh biomass samples were placed into the paper bags. 

The bags were then transported into a drying room to be dried for 72 hours at 80°C (Clifton-Brown, 

Breuer and Jones, 2007) in order to record a constant dry weight. Once samples were dried, the 

bags were weighed once again to calculate weights on an oven-dried basis.  

4.4 Statistical Analysis 

 Statistical analysis was performed using R Core Team version 3.4.0 (R Core Team, 2017) 

with a Type I Error rate of α=0.05. A one-way analysis of variance (ANOVA) was done using the 

aov procedure in R and a Tukey’s test was performed to determine significance of the treatments 

for Greenhouse experiments #1 and 2, as well as Field experiments established in 2014 and 2018.  
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4.5 Results 

4.5.1 Greenhouse experiment #1 

 In the first 3 sampling periods, after week 2, 4 and 8, results were not significantly different 

across all treatments.    

At 12 weeks after treatment application, fertilizer and P. bilaii (JumpStart®) treatments 

had the greatest yields and were statistically (p<0.05) greater than the zero control (Table 4.1). A. 

brasilense N8 and V. paradoxus JM63 also produced greater yields than the zero control, but 

results were not found to be significantly different (p<0.05) (Table 4.1). P. bilaii (JumpStart®) 

produced the greatest percent change in yield of 7.69% greater than the zero control. 

Table 4.1: Above ground yield from 12 weeks after treatment 

application and percent change compared to zero control. 

Treatment 
Yield  

(g pot-1) 

Percent 

Change (%) 

Fertilizer  1.80(±0.05) a 6.51 

Penicillium bilaii  1.82(±0.05) a 7.69 

Variovorax paradoxus JM63 1.77(±0.05) ab 4.73 

Azospirillum brasilense N8 1.75(±0.05) ab 3.55 

Zero control 1.69(±0.05) b - 

a-b Means followed by the same letter are not significantly 

different according to Tukey’s test (P ≥ 0.05), each treatment 

includes 7 replicates (n=7). 

  

Based on results from Greenhouse experiment #1, treatments selected for use in 

Greenhouse experiment #2 were inorganic fertilizer and P. bilaii (JumpStart®) based on their 

statistically higher yields compared to the zero control. Although no statistical difference was 

observed between A. brasilense N8 and V. paradoxus JM63; V. paradoxus JM63 had numerically 

higher yields compared to the control yield and therefore they too were chosen as PGPR to test 

alongside inorganic fertilizer and P. bilaii (JumpStart®) in experiment 2. 
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4.5.2 Greenhouse experiment #2 

The second greenhouse experiment had one sampling period, which occurred after 120 

days, simulating the end of a typical growing season. The biomass results are presented in g L-1 

based on growing media volume and as a percent change in biomass weight compared to the zero-

control treatment.   

 
Figure 4.9: Switchgrass yield (g L-1) as influenced by treatments in Greenhouse experiment #2.  

Error bars denote standard error of the mean. Bars with the same letter are not significantly 

different according to Tukey test (P ≥ 0.05) (n=6). 

The V. paradoxus JM63, JumpStart® and inorganic fertilizer treatments all produced 

biomass yields that were significantly higher than the zero control (Figure 4.9).  Further, all 

biofertilizer treatments had comparable yields to that of the inorganic fertilizer treatment (Figure 

4.9). The V. paradoxus JM63 had the highest but not statistically different yield of 2.74 (±0.24) g 

L-1, followed by JumpStart® with a yield of 2.55 (±0.10) g L-1, then inorganic fertilizer at 2.52 

(±0.24) g L-1, and the zero control yielded the lowest at 1.34 (±0.09) g L-1. This experiment resulted 

in all treatments having a greater percent change in mass compared to the zero control. V. 
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paradoxus JM63 had the greatest percent change of 104.79% greater mass than the zero control. 

Both, the known PGPR and JumpStart® had greater percent change than the inorganic fertilizer 

(Table 4.2). 

Table 4.2: Above ground yield percent change compared to 

the zero control after the completion of the growing season. 

Treatment Percent change (%) 

Inorganic fertilizer  87.77 
Penicillium bilaii (JumpStart®) 89.89 
Variovorax paradoxus JM63 104.79 

Zero-control - 

 Based on results from Greenhouse experiment #2, the selected field trial treatments were 

inorganic fertilizer and JumpStart® as these treatments provided significantly higher biomass 

yields compared to the control yield. Due to limitations in the lab and access to V. paradoxus 

JM63, it was not used in further experimentation.  



65 
 

4.5.3 Field experiment 2018 establishment (Field Exp. 1) 

 
Figure 4.10: 2018 establishment year switchgrass yields (Mg ha-1) as influenced by treatments in 

a field experiment (Field Exp. 1) at the Guelph Turfgrass Institute. Error bars denote standard error 

of the mean (n=5). Bars with the same letter are not significantly different according to Tukey test 

(P ≥ 0.05). 

 On the newly established switchgrass it was found that all treatments were statistically the 

same according to Tukey test (Figure 4.10). Inorganic fertilizer treatment had a mid-season yield 

of 1.56 (±0.37) Mg ha-1, P. bilaii (JumpStart®) had a yield of 1.23 (±0.14) Mg ha-1, Fertilizer+P. 

bilaii (JumpStart®) had the highest yield of 1.62 (±0.38) Mg ha-1, and the zero-control yielded 

1.45(±0.14) Mg ha-1. The Fertilizer+P. bilaii (JumpStart®) had the greatest percent change 

compared to the zero-control with 12.37% greater yield (Table 4.3). 
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Table 4.3: Aboveground switchgrass yield percent change 

associated with newly established switchgrass crop as 

influenced by experimental treatments compared to the zero 

control at the middle of the 2018 growing season at the 

Guelph Turfgrass Institute (n=5). 

Treatment Percent change (%) 

Inorganic fertilizer  8.15 

Penicillium bilaii  -15.10 

Fertilizer+Penicillium bilaii 12.37 

Zero-control - 
 

4.5.3 Field experiment 2014 establishment (Field Exp. 2) 

 

Figure 4.11: Four-year-old switchgrass yields (Mg ha-1) as influenced by treatments in a field 

experiment at the Guelph Turfgrass Institute (Field Exp. 2). Error bars denote standard error of the 

mean (n=4). Nebraska (a) and Cave-in-Rock (x-y) bars labelled with the same letter are not 

significantly different according to Tukey test (P≥0.05). 

JumpStart® produced significantly higher biomass yields than any other treatment in 

‘Cave-in-Rock’, while inorganic fertilizer treatment biomass yield and the zero-control yield in 

‘Cave-in-Rock’ were comparable (Figure 4.11). Conversely, all treatments had comparable yields 

in switchgrass cultivar Nebraska (Figure 4.11). For ‘Cave-in-Rock’, the JumpStart® treatment 
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had the highest yield of 14.49 (±1.37) Mg ha-1, the inorganic fertilizer treatment had a yield of 

10.80 (±0.21) Mg ha-1, and the zero-control yielded 8.76 (±1.58) Mg ha-1. For Nebraska, the 

inorganic fertilizer treatment had a yield of 9.28 (±1.88) Mg ha-1, while the JumpStart® treatment 

yielded 8.20 (±2.00) Mg ha-1, and the zero-control yielded the lowest at 6.77 (±1.83) Mg ha-1. This 

experiment resulted in all treatments under both cultivars having a greater percent change in mass 

compared to the zero control. JumpStart® had the greatest percent change of 65.45% greater mass 

than the zero control on ‘Cave-in-Rock’ cultivar (Table 4.4). 

Table 4.4: 2014 (four-year-old) established aboveground 

switchgrass yield percent change influenced by 

experimental treatments compared to the zero control at 

the middle of the 2018 growing season at the Guelph 

Turfgrass Institute (n=4). 

Treatment 
Nebraska Cave-in-Rock 

Percent change (%)  

Inorganic fertilizer  37.05 23.40 

Penicillium bilaii  21.08 65.45 

Zero-control - - 

 

4.6 Discussion and Conclusion  

In the two greenhouse experiments the environmental conditions remained the same, but 

the potting size changed. In the second greenhouse experiment, larger pots were used to try to 

reduce the effect of root binding in the pots that was observed in the first greenhouse experiment. 

Root binding could have been the cause for very low biomass yields observed in the first 

greenhouse study  (South and Mitchell, 2006). There are very limited studies of the application of 

PGPR in the greenhouse and in-field settings (Golding, 2012; Flynn et al., 2014). In this respect, 

treating switchgrass with PGPR inoculation is novel (Weyens et al., 2009). The common mode of 

action of PGPR/JumpStart® is solubilizing unavailable nutrients, especially phosphorus. The 

mode of action related to solubilizing nutrients is the same in JumpStart® due to the presence of 
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fungal hyphae. It has been stated in the literature that only 0.1% of available phosphorous is 

accessed by plants (Stevenson, 1986); plants can only take up phosphorous that is in monobasic 

(H2PO4
-) or dibasic (HPO4

2-) solubilized forms (Glass, 1989). PGPR are able to solubilize 

inorganic phosphates by the release of organic acids, 2-ketogluconic acid and gluconic acid, or 

mineralize organic phosphates by depositing extracellular phosphatases (Kim, Jordan and 

McDonald, 1998). Vessey (2003) states that for PGPR to be effective in relation to plant growth 

and development, an intimate association between the PGPR and the host plant is required. 

4.6.1 Greenhouse experiments 

 The biomass yield from greenhouse experiment #1 is expressed in g pot-1, as pot size 

impacted the amount of yield that was harvested. The small pot size quickly became root bound, 

which could have been a factor in crop mass and establishment issues (South and Mitchell, 2006). 

It was hypothesized that in the first greenhouse experiment, the PGPR would improve switchgrass 

yields to exceed the inorganic fertilizer treatment however, this was not observed as statistically, 

at a 95% confidence level, there was no difference between the PGPR application and the inorganic 

fertilizer.  

 The plants root mass was developed quickly in the PGPR and JumpStart® compared to the 

zero control and inorganic fertilizer. This development means that the plants can access water and 

nutrients more quickly, which can help the crop grow larger more quickly to support higher 

biomass yields (Vessey, 2003; Weyens et al., 2009).  

In the second greenhouse experiment, it was hypothesized that the PGPR and JumpStart® 

would have comparable yields to that of the inorganic fertilizer treatment. The results presented in 

Figure 4.8 clearly demonstrate that significantly higher biomass yields were derived from all 

treatments when compared to the zero-control treatment. V. paradoxus JM63 is an effective 
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rhizobacteria that has been applied previously in Zea mays (corn) experiments (Flynn et al., 2014), 

and it now appears that same PGPR can also be used as biofertilizer for switchgrass production. 

As corn and switchgrass are both C4 crops, switchgrass seeds too can be inoculated with V. 

paradoxus JM63 prior to planting to derive comparable biomass yields as obtained in fertilized 

treatment in this study. However, as the study was conducted in a greenhouse, the effectiveness of 

the inoculation of PGPR should be tested under field conditions.   

JumpStart® (fungus/biofertilizer) also provided biomass results that are comparable to 

inorganic fertilizer treatment used in this study. In the literature, there are studies that show yield 

increases of up to 66% when wheat (Triticum aestivum L. ) and canola (Brassica juncea) were 

inoculated with JumpStart® (O’Callaghan, 2016). In this study, switchgrass biomass yield 

increased by 89.89% compared to the zero-control treatment (Table 4.3), suggesting that 

JumpStart® can also be an effective biofertilizer for herbaceous biomass crops. The fact that 

JumpStart® is commercially available means it can be easily accessed by the biomass growers in 

Ontario.   

4.6.2 Field experiments 

 The purpose of testing the effectiveness of a biofertilizer on a new establishment 

(establishment year: 2018) and on an existing establishment (establishment year: 2014) of 

switchgrass was to see if there are tangible differences in crop yield at varying crop ages. We can 

see that the biofertilizer treatment had a greater influence on the switchgrass established in 2014, 

with a percent change of 65.45% on the ‘Cave-in-Rock’ cultivar. With these results, we can suggest 

to producers that applying a biofertilizer to established crops may significantly increase 

switchgrass yields (Figure 4.3). In the new establishment of switchgrass, the biofertilizer treatment 

produced a yield of 1.23 (±0.14) Mg ha-1, while the inorganic fertilizer treatment produced 1.56 
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(±0.37) Mg ha-1. In the switchgrass established in 2014, the biofertilizer in ‘Cave-in-Rock’ 

performed better with a yield of 14.49 (±1.37) Mg ha-1 compared to inorganic fertilizer yield of 

10.80 (±0.21) Mg ha-1. Conversely, in the Nebraska crop, inorganic fertilizer had a greater yield 

of 9.28 (±1.88) Mg ha-1 compared to the biofertilizer yield of 8.20 (±2.00) Mg ha-1. The higher 

yields in the 2014 established crop are comparable to the yields of an established switchgrass crop 

reported by Marsal et al (2016), where unfertilized switchgrass yielded 5.94 (±5.18) Mg ha-1 and 

fertilized switchgrass yielded 14.79 (±3.51) Mg ha-1. More analysis is needed in determining the 

life cycle analysis and GHG emissions associated with inorganic fertilizers and biofertilizers. 

4.6.3 Conclusion 

The objective of the greenhouse studies was to investigate which PGPR or biofertilizer 

would be most effective when growing switchgrass in terms of biomass yields when compared to 

commercially available inorganic fertilizer treatment. As indicated above, inorganic fertilizers all 

have detrimental environmental implications, when not managed correctly. Therefore, the 

application of biofertilizers to herbaceous biomass crops can become a novel best management 

practice (BMP) that can be recommended to biomass growers. In this context, the results indicate 

that the known PGPR and JumpStart® could be applied to switchgrass to increase yields that are 

statistically comparable to inorganic fertilizer application. Moving forward, in-field experiments 

should be done to validate greenhouse experiments. As suggested by Weyens (2009), there seems 

to be a lack of knowledge on the best way to apply PGPR in the field, although this could be 

resolved by following JumpStart® application guidelines. As V. paradoxus JM63 and JumpStart® 

are not crop specific, and are free-living organisms, they could be beneficial for the soil biome as 

well as to enhance plant growth (Kim, Jordan and McDonald, 1998; Vessey, 2003). If in-field 
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experiments are proven successful, PGPR or JumpStart® could be recommended to producers 

instead of using inorganic fertilizers, which have negative environmental consequences. 
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Chapter 5: Overall Conclusion 

5.1 Conclusions 

 Biomass crops can be established widely on low productive agricultural lands in Ontario 

and could enhance atmospheric C fixation in soils as recorded in this study. In this context, results 

from this investigation suggest that SOC accumulation is affected by soil texture and crop type. 

When ranking the soil types based on their C sequestration potentials the study suggests that silt 

loam has the highest potential to sequester SOC followed by loamy sand, sandy loam and lastly 

loam. SOC in switchgrass (96.70±4.26 Mg C ha-1) and Miscanthus (92.84±3.81 Mg C ha-1) were 

significantly higher than the SOC recorded in agricultural system (61.85±4.14 Mg C ha-1) 8 years 

after establishment of the biomass crops. Increasing the amount of land area under biomass crops 

in Ontario could positively influence C sequestration. These herbaceous biomass crops have 

potential to add value through ecological services or economically by selling for animal 

feed/bedding. 

Results from switchgrass inoculated with PGPR/biofertilizer in the greenhouse study 

suggests that the known PGPR, V. paradoxus JM63, and JumpStart® (biofertilizer; commercially 

available) enhanced biomass yields that were comparable to inorganic fertilizer treatment biomass 

yield. This is important because fertilizer induced GHG emissions at the field-scale may outweigh 

the SOC sequestration benefits associated with biomass crops. Therefore, finding an alternative to 

inorganic fertilizer through the application of biofertilizer to biomass crops can be feasible based 

on both, greenhouse and field experiments conducted in this study. However, once large-scale 

infield trials have been proven to work with JumpStart®, biofertilizers can be suggested as an 

alternative to inorganic fertilizers or supplement as needed.    
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5.2 Future Research and Recommendations  

5.2.1 Soil organic carbon  

 Future studies should include measurements of SOC in established biomass fields to 

deeper soil depths and in smaller increments (ie 30-45cm and 45-60cm). Root systems of both 

herbaceous biomass crops investigated in this study have the potential to penetrate deeper soil 

horizons, especially, switchgrass. Therefore, presenting SOC sequestration data quantitatively by 

soil horizons, should be considered in the future. Further, obtaining accurate soil bulk density 

measures at each soil horizon may become a challenge due to the presence of stones. In this study 

too, it was a challenge to obtain soil bulk density at 15 to 30 cm soil depth.  The use of powered 

soil auger to take undisturbed soil samples with known volume may be an option. Presenting SOC 

quantitative measures alone will not provide details on the stability and sustainability of SOC in 

biomass crops. Hence, SOC stability, sustainability and efficiency aspects need to be investigated 

to make firm conclusions on SOC dynamics in biomass crops. More studies are also needed to 

assess SOC sequestration rates in biomass crops versus conventional agricultural systems. As 

baseline SOC numbers (2017) have been set with GPS coordinates in this study, long term studies 

need to be established in both land-use systems to quantitatively measure SOC sequestration rates 

over the coming years. Some suggest that switchgrass is a short-term crop, therefore changes in 

SOC from switchgrass following agriculture crop yields should be investigated. This can prove 

the benefits of including switchgrass in short term crop rotations.  

5.2.2 Biofertilizers  

 Future studies should include best practices related to the mode of application of 

biofertilizers under field conditions as there are not any standardized methods to date. In this study, 

a preliminary field test was conducted in switchgrass plots that were established in 2014. Biomass 
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yield results derived is promising. However, similar tests need to be conducted in large-scale in 

grower fields to further verify the results obtained in this study and also to assess the effectiveness 

of mode of application. In addition, as most biofertilizers are not crop specific more experiments 

should be setup to test the effectiveness of these biofertilizers to enhance other crop growth such 

as, Miscanthus or conventional agricultural crops. Finally, potential GHG emissions reduction as 

influenced by biofertilizer application in comparison to inorganic fertilizer application to biomass 

crops needs to be assessed. Once above mentioned additional investigations are concluded, 

recommendations can be made to biomass growers in Ontario on biofertilizer application and 

associated environmental benefits.   
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Appendix A - Growing season weather data 

Temperature and precipitation data from Environment Canada for all farm locations 

in Ontario. Weather data from no more than 20 km from farm locations. 

Farm 
Growing 

Season* 

Monthly temperature 

(°C) 
Total precipitation 

(mm)* 
Min. Max. Mean 

Eggimann Farm 

(Holland Centre, ON) 
April-Sep 5.3 19.1 14.2 549.0 

Gildale Farms  

(St Marys, ON) 
April-Sep 6.4 20.2 15.3 536.7 

All Weather Farming 

(Port Ryerse, ON) 
April-Sep 7.6 21.2 16.3 520.9 

Elora Research Station  

(Ariss, ON) 
April-Sep 5.7 19.0 14.9 523.7 

Guelph Turfgrass 

Institute (Guelph, ON) 
April-Sep 6.5 20.7 15.5 542.2 

Weather data obtained from Environment Canada. 20-year means were used from the 

closest Environment Canada weather station for each location no more than 20 km from 

farm locations (Environment Canada, 2018).  

*ANOVA performed on rainfall data, no significance found across farm location or 

month (p<0.05). 
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Appendix B - Site descriptions 

 

All Weather Farming (Port Ryerse, ON). Table associates with figures directly above.  

Colour Crop Transect Starting Location Transect Length (m) 

Blue Miscanthus 42°45’29” N, 80°15’13” W 100  

Blue Miscanthus 42°47’56” N, 80°16’46” W 150 

Yellow Agriculture 42°47’50” N, 80°16’50” W 150 

 

All Weather Farming (Port Ryerse, ON) crops and soil texture. 

Crop Soil texture Sand (%) Silt (%) Clay (%) 

Miscanthus Loamy sand 77 19 4 

Miscanthus Loam 51 42 7 

Agriculture Loam 51 42 7 
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Gildale Farms (St Marys, ON). Table associates with figure directly above. 

Colour Crop Transect Starting Location Transect Length (m) 

Red Switchgrass 43°17’38" N, 81°04’32" W 200 

Blue Miscanthus 43°17’37" N, 81°04’29" W 400 

Yellow Agriculture 43°17’36" N, 81°04’24" W 400 

 

Gildale Farms (St Marys, ON) crops and soil texture. 

Crop Soil texture Sand (%) Silt (%) Clay (%) 

Switchgrass Silt loam 33 60 7 

Miscanthus Silt loam 33 60 7 

Agriculture Silt loam 33 60 7 
 

 

Eggimann Farms (Holland Centre, ON). Table associates with figures directly above. 

Colour Crop Transect Starting Location Transect Length (m) 

Red Switchgrass 44°22’28" N, 80°46’57" W 200 

Red Switchgrass 44°22’45” N, 80°37’34” W 600 

Red Switchgrass 44°22’41” N, 80°38’11” W 400 

 

Eggimann Farms (Holland Centre, ON) crops and soil texture. 

Crop Soil texture Sand (%) Silt (%) Clay (%) 

Switchgrass Silt loam 31 58 11 

Switchgrass Silt loam 31 58 11 

Switchgrass Silt loam 31 58 11 
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Elora Research Station (Ariss, ON). Table associates with figure directly above. 

Colour Crop Transect Starting Location Transect Length (m) 

Red Switchgrass 43°38’46” N, 80°24’06” W Random  

Blue Miscanthus 43°38’46” N, 80°24’06” W Random 

Yellow Agriculture 43°38’46” N, 80°24’06” W Random  

 

Elora Research Station (Ariss, ON) crops and soil texture. 

Crop Soil texture Sand (%) Silt (%) Clay (%) 

Switchgrass Loam 34 48 15 

Miscanthus Loam 34 48 15 

Agriculture Loam 34 48 15 
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Guelph Turfgrass Institute (Guelph, ON). Table associates with figures directly above. 

Colour Crop Transect Starting Location Transect Length (m) 

Red Switchgrass 43°32’60” N, 80°12’29” W Random  

Blue Miscanthus 43°32’60” N, 80°12’29” W Random 

Yellow Agriculture 43°32’53” N, 80°12’38” W Random  

 

Guelph Turfgrass Institute (Guelph, ON) crops and soil texture. 

Crop Soil texture Sand (%) Silt (%) Clay (%) 

Switchgrass Sandy loam 52 43 5 

Miscanthus Sandy loam 52 43 5 

Agriculture Sandy loam 52 43 5 
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Appendix C - Plant nutrients 

Plant nutrients from spring harvest 2017 by plant part (stalk or leaf) from all research locations. 

Farm Crop 
Plant 

Part 
N (as is) Ca (%) P (%) K (%) Mg (%) 

All Weather Farming (Port Ryerse, ON) 

 Miscanthus (loamy sand)     

  Stalk 0.30(±0.04) 0.12(±0.03) 0.06(±0.01) 0.89(±0.11) 0.02(±0.01) 

  Leaf 1.43(±0.19) 1.05(±0.11) 0.22(±0.01) 0.38(±0.08) 0.09(±0.1) 

 Miscanthus (loam)     

  Stalk 0.19(±0.01) 0.06(±0.01) 0.02(±0.00) 0.77(±0.03) 0.01(±0.00) 

  Leaf 0.79(±0.06) 0.42(±0.05) 0.06(±0.00) 0.51(±0.14) 0.06(±0.01) 

Gildale Farms (St Marys, ON) 

 Miscanthus      

  Stalk 0.33(±0.05) 0.06(±0.00) 0.05(±0.02) 0.59(±0.06) 0.03(±0.00) 

  Leaf 1.27(±0.03) 0.46(±0.00) 0.12(±0.02) 0.86(±0.01) 0.13(±0.01) 

 Switchgrass      

  Stalk 0.63(±0.28) 0.16(±0.04) 0.05(±0.01) 0.47(±0.09) 0.06(±0.01) 

  Leaf 0.98(±0.14) 0.96(±0.14) 0.10(±0.01) 0.24(±0.03) 0.23(±0.02) 

Eggimann Farms (Holland Centre, ON) 

 Switchgrass 

(2009) 

     

  Stalk 0.43(±0.04) 0.26(±0.06) 0.02(±0.00) 0.31(±0.05) 0.17(±0.03) 

  Leaf 0.60(±0.04) 0.48(±0.01) 0.03(±0.00) 0.24(±0.01) 0.29(±0.01) 

 Switchgrass 

(2011) 

     

  Stalk 1.21(±0.11) 0.41(±0.04) 0.10(±0.01) 0.35(±0.10) 0.39(±0.01) 

  Leaf 1.62(±0.12) 0.69(±0.04) 0.13(±0.02) 0.30(±0.05) 0.52(±0.04) 

 Switchgrass 

(2012) 

     

  Stalk 0.72(±0.23) 0.37(±0.11) 0.04(±0.01) 0.21(±0.01) 0.27(±0.06) 

  Leaf 0.65(±0.11) 0.61(±0.18) 0.04(±0.01) 0.13(±0.01) 0.35(±0.08) 

Elora Research Station (Ariss, ON) 

 Miscanthus      

  Stalk 0.32(±0.05) 0.10(±0.01) 0.03(±0.01) 0.29(±0.03) 0.05(±0.02) 

  Leaf 1.18(±0.19) 0.58(±0.01) 0.11(±0.01) 0.44(±0.08) 0.20(±0.05) 

 Switchgrass      

  Stalk 0.43(±0.02) 0.14(±0.01) 0.11(±0.01) 0.37(±0.05) 0.10(±0.01) 

  Leaf 0.67(±0.04) 0.71(±0.01) 0.12(±0.01) 0.16(±0.00) 0.29(±0.03) 

Guelph Turfgrass Institute (Guelph, ON) 

 Miscanthus       

  Stalk 0.28(±0.03) 0.11(±0.01) 0.06(±0.01) 0.31(±0.09) 0.05(±0.05) 

  Leaf 0.62(±0.10) 0.50(±0.05) 0.07(±0.01) 0.16(±0.03) 0.10(±0.01) 

 Switchgrass      

  Stalk 0.30(±0.02) 0.22(±0.06) 0.05(±0.00) 0.17(±0.03) 0.11(±0.01) 

  Leaf 0.51(±0.01) 0.76(±0.10) 0.05(±0.00) 0.10(±0.01) 0.19(±0.02) 
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Parentheses is the standard error of the mean. 

Appendix D - Miscanthus and switchgrass diagrams 

 

 

Figure D1: Diagrammatic representation of Miscanthus plant with labelled above and below 

ground components. 
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Figure D2: Diagrammatic representation of switchgrass plant with labelled above and below 

ground components. 
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Appendix E - ẟ13C results from Saskatchewan laboratory analysis 

Stable Isotope Laboratory, Department of Soil Science, University of Saskatchewan results 

from Elora Research Station, Guelph Turfgrass Institute and Gildale farms were used as all 

three land-use systems were represented. Soil organic carbon (SOC) concentration and SOC 

ẟ13C (‰) results presented.  

Site location Crop type Age Soil texture SOC (%) SOC ẟ13C (‰) 

Gildale Farms (St Marys, ON)    

 Switchgrass 6 Silt loam 3.15 (±0.41) -22.88 

 Miscanthus 7 Silt loam 2.74 (±0.34) -22.63 

 Soybean* >20 Silt loam 2.25 (±0.21) -23.74 

Elora Research Station (Elora, ON)    

 Switchgrass 8 Silt loam 1.62 (±0.41) -21.32 

 Miscanthus 8 Silt loam 2.49 (±0.06) -21.19 

 Corn** >20 Silt loam 2.23 (±0.18) -21.43 

Guelph Turfgrass Institute (Guelph, ON)    

 Switchgrass 8 Sandy loam 1.99 (±0.07) -22.50 

 Miscanthus 8 Sandy loam 1.80 (±0.08) -22.07 

 Corn* >20 Sandy loam 2.34 (±0.31) -21.73 

*Conventional agriculture rotation is corn-soybean-wheat 

**Conventional agriculture rotation is corn-soybean 

 


