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Abstract 

Switchgrass (Panicum virgatum), a perennial C4 grass species, has the capacity to not 

only improve the quality of the soil in which it grows but also promote soil carbon storage to 

offset rising atmospheric CO2.  This research investigated soil organic carbon (SOC) dynamics 

beneath switchgrass using natural abundance 
13

C and soil carbon fractionation following the 

establishment of this crop in a native and predominantly C3 plant region in southeastern Ontario.  

I investigated SOC dynamics by sampling adjacent commercial switchgrass fields and 

appropriate paired control fields at sites where the time since switchgrass establishment varied 

from 4-11 years.  SOC and natural 
13

C abundance were measured in paired fields to assess 

management-induced changes in the quantity, source, and turnover time of soil carbon.  To better 

elucidate carbon cycling dynamics over a relatively short time since switchgrass establishment, 

multiple soil fractionation techniques were applied to better understand carbon dynamics of soil 

organic matter with various mean residence times.  Establishment of switchgrass results in 

marginal increases in SOC, primarily at sites where intensive soil management (i.e. tillage) 

practices preceded switchgrass establishment.  Changes were observed in some of the more labile 

SOC pools, as well as in the δ
13

C values of the bulk soil and soil carbon fractions, indicating that 

growing switchgrass was causing the incorporation of switchgrass-derived carbon into the soil.  

Even resistant SOC pools, with turnover times of over 100 years, incorporated significant 

quantities of switchgrass carbon in 11 years.  Annual increases in SOC, however, were less than 

values reported elsewhere.  The potential for soil carbon storage exists, likely due to longer mean 

residence times of the carbon in soils beneath switchgrass compared with other cultivation 

systems.   Changes in SOC following switchgrass establishment related strongly to the amount of 

root biomass, time since establishment and prior soil management practices.  The decomposition 
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rates derived in this research should be integrated into soil carbon modeling applications intended 

to support the emergence of switchgrass in southeastern Ontario.  The results of my research can 

advance soil carbon models and be used to make regional assessment of the potential impact of 

growing switchgrass for bioenergy in southeastern Ontario. 
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Chapter 1 - Introduction 

1.1 Background 

Anthropogenic climate change and procurement of sustainable energy sources are two 

major and intertwined problems we face in the 21
st
 century.  Climate change has been connected, 

in part, to changes in the global carbon (C) cycle.  Increasing concentration of atmospheric 

carbon dioxide (CO2) has been linked to changes in climate worldwide.  Land use change, along 

with the burning of fossil fuels for energy generation, have arguably been the largest contributors 

to increasing levels of CO2 (Houghton et al., 1999b; Schimel et al., 2001; IPCC, 2007).   

Attempts to alter forecasted changes in atmospheric chemistry will require changes to current 

land use and energy generation practices.   Conservation bioenergy crops provide an innovative 

strategy to not only produce a renewable energy source to offset fossil fuel use, but also to further 

mitigate climate change through the sequestration of atmospheric C into the terrestrial biosphere. 

Conservation bioenergy crops serve as a primary feedstock for alternative energy 

generation (Lemus & Lal, 2005).  These forms of renewable energy depend on biomass, which is 

composed of organic material made available on a renewable or recurring basis.  Conservation 

bioenergy crops, typically perennial in nature, are deemed renewable given their capacity for 

annual harvest over multi-decadal time scales.  While many bioenergy crops are woody (higher 

lignin content and energetically more dense, e.g. willow) (Volk et al., 2006; Clinch et al., 2009) 

the increasing demand for renewable energy has identified herbaceous species as potentially 

important bioenergy crops.  These crops (often grasses) can be harvested annually.  As a 

dedicated herbaceous bioenergy crop, switchgrass (Panicum virgatum) has been recognized as a 

valuable crop for over two decades (McLaughlin & Kszos, 2005).  This warm-season grass 

species is favoured for bioenergy application because of its low production cost, adaptability to 

marginal lands, stand longevity and low nutrient requirements.  In addition, high productivity 
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(both above- and below-ground) might enable switchgrass to enhance soil C sequestration, thus 

providing an additional benefit to an already C-neutral energy source.  The capacity for 

switchgrass to sequester C in soil not only offers the potential to offset C from the atmosphere, 

but also improve soil quality.  Soil C content is intimately linked with the condition of the soil 

(Acton & Gregorich, 1995).  Improvements to soil quality to counteract the degradation from 

years of intensive cultivation are yet another positive attribute of switchgrass establishment as a 

bioenergy crop.    

Changes to soil organic carbon (SOC) levels associated with arable agriculture have been 

thoroughly investigated (Paustian et al., 2000; Post & Kwon, 2000; Houghton, 2003).  Depletion 

of SOC due to cultivation is responsible for large losses of soil C.  In contrast, soil C levels are 

enhanced when agricultural practices are abandoned and sites naturally regenerate towards 

perennial vegetation during secondary succession (Post & Kwon, 2000; Guo & Gifford, 2002).  

Given that land dedicated to switchgrass has perennial vegetative cover, restoration of pre-

cultivation SOC levels, and thus the sequestration of C, may occur following switchgrass 

establishment.  Estimates of the magnitude and controls on soil C sequestration associated with 

switchgrass establishment are necessary in order to quantify the full impact of switchgrass on the 

climate system. 

Quantifying changes in SOC associated with land-use change poses two challenges: 

changes in SOC occur over very long temporal scales and changes in SOC are relatively small 

compared to the total SOC pool (Conant et al., 2001).  Very intensive sampling campaigns are 

often required, both in terms of time as well as sample number, to determine significant changes 

in SOC levels following a change in management practice (Garten & Wullscheleger, 1999).  To 

contend with these obstacles, it is important to use methods that explore changes in the more 

dynamic (i.e. ones that change more rapidly) soil C fractions.  These methods, which include 

SOC fractionation and use of stable C isotope tracers, can provide estimates of SOC turnover 
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times that are critical for simulating longer-term changes in whole-soil SOC pools in response to 

land-use change. 

Soil C is extremely complex in nature and can be thought of as various pools with different 

stability and turnover rates.  Soil C is often divided into two pools: a smaller labile pool with a 

short turnover time and a larger, more recalcitrant pool with a much longer turnover time.  The 

discrimination of these pools provide for better identification of responses of soil to changes in 

management practices.  Labile fractions, such as microbial biomass and light fraction, have been 

shown to be more sensitive to management influences than total SOC (Gregorich & Janzen, 

1996).  In addition, the relative amounts of C accumulation in different pools can provide insight 

into the mechanism of C sequestration (Six et al., 2002a; Del Galdo et al., 2003).  The integration 

of the responses by these different pools can explain the non-linear response of changes in SOC 

pools that are often observed following land-use change. 

Another strategy to quantify changes in SOC associated with land-use change is to utilize 

stable C isotopes as tracers.  This method is based on well documented differences in the δ
13

C 

values between C3 and C4 plants (Farquahar et al., 1989; Balesdent & Mariotti, 1996).  When 

agricultural practices convert land from a predominately C3 to a C4 system (or vice versa), a 

change in the δ
13

C content of the soil (or various fractions) provides an excellent marker to 

determine the sources, input rates and turnover times of SOC.  Switchgrass, being a C4 plant with 

a δ
13

C of -12‰ will alter the δ
13

C of a C3 dominated soil environment (approximately -28‰) 

(Boutton, 1996).  The assessment of changes in δ
13

C in multiple soil fractions provides additional 

insight into C turnover times and C sequestration in land used for switchgrass production.  This 

method has been widely applied in a variety of ecosystems including agricultural, grassland and 

forest systems (Cambardella & Elliott, 1992; Balesdent et al., 1993; Wedin et al., 1995; Collins et 

al., 2000; Ehleringer et al., 2000). 
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1.2 Research Objectives  

My research examines changes to SOC following the establishment of switchgrass on 

commercial agricultural farms in southeastern Ontario.  This is achieved through the 

measurement of differences in bulk soil C following switchgrass establishment, measurement of 

soil C fractions which separate the whole soil into functionally homogeneous soil C pools with 

different turnover times, and use of δ
13

C measurements both in bulk soil and soil C fractions.  

Measurement of δ
13

C in paired fields (switchgrass, control) at each of the study sites can help 

resolve the accumulation rate of SOC related specifically to establishment of switchgrass.  My 

objectives for this research were as follows: 

1) Quantify differences in whole-soil SOC and other soil quality indicators between 

agricultural fields converted to switchgrass management and adjacent fields with ongoing 

management practices similar to those used prior to switchgrass establishment; 

2) Utilize fractionation and natural abundance of 
13

C to elucidate C cycling processes 

following conversion to perennial C4 vegetation;  

3) Determine the mean residence time (MRT) of various SOC pools following a change in 

agricultural land-use to switchgrass;  

4) Examine relationships between above- and below-ground productivity and other 

measured physical and chemical soil properties on the rates of C accumulation. 

1.3 Study Area and Sampling Sites 

I sampled four commercial agricultural sites in the Mixedwood Plains Ecozone of 

southeastern Ontario (Figure 1.1).  The geology of this southernmost ecozone is characterized by 

carbonate-rich Paleozoic (era within the Phanerozoic eon) bedrock.  The carbonate bedrock is 

interrupted by the Frontenac Axis, a southern extension of the much older Canadian Shield of the 

Proterozoic eon, to the east of Kingston (Baldwin et al., 2000).  
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Figure 1.1 - Map of study area and sampling sites.  The years since switchgrass stand 

establishment at the time of sampling for the Inkerman, Ameliasburg, Inkerman and 

Pakenham sites were 4, 5, 6, and 11 years, respectively. 

 

In general, clays and loam soils over-lay this southern Ontario region.  At each site, soils 

from adjacent fields that have been maintained under similar management practices as the 

switchgrass field prior to its establishment were used as control samples.   

1.3.1 History of Study Sites 

When selecting sites, I interviewed all available landowners in southeastern Ontario who had 

established switchgrass cropping systems.  These farmers and landowners were found through the 

assistance of Jim Wallbridge at Switchgreen, Richard Samson with Resource Efficient 

Agricultural Production – Canada, Scott Banks with OMAFRA, and other individual farmers 
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whom relayed knowledge of other switchgrass producers in the region.  I selected four sites based 

on time since establishment, paired site opportunity, and minimal cultivation of C4 crops in land 

use histories.   A detailed history of land use practices for each of the paired sites is presented 

below.  The switchgrass fields were established after the elimination of prior crops with 

herbicides and mowing.  According to the land owners, it generally took three years to establish 

switchgrass and obtain consistent yields. During establishment, herbicides were applied early in 

the spring to suppress weeds and other plant growth.  At all sites, the switchgrass crop is 

harvested annually in late fall, left in field over winter, and baled in the springtime once moisture 

decreases.  Application of N varied in amount and type across sites.   

1.3.1.1 Inkerman Site 

The Inkerman site is located at 45°01’N 75°20’W (Figure 1.1).  Mean annual precipitation 

(MAP) is 801 mm and mean annual temperature (MAT) is 5.6 °C (Environment Canada).  The 

switchgrass field is the youngest in my establishment chronosequence and was seeded in 2007.  

Following establishment, the field was fertilized with 23 Kg of nitrogen (N) ha
-1 

annually 

(Intensive fertilization regime – IFR).  Prior to the establishment of switchgrass there is no 

documented history of C4 crops (since at least 2000).  Prior crops included a non-C4 crop 

rotation (soy, wheat, rye, alfalfa) with conventional disk tillage (conventional tillage – CT).  In 

the control field, documented crop histories over the last decade include a non-C4 crop rotation.  

Additionally, this field continues to undergo conventional disk tillage (CT) annually.  Both 

transects are located on a North Gower clay soil (Figure 1.2). 
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Figure 1.2 - Transects at the Inkerman site in red.  NGc – North Gower clay, level to slightly 

undulating, stonefree surface, about neutral pH, 5-6 inches of very dark brown clay loam 

underlain by grey clay loam over grey and yellow mottled clay and grading into grey clastic 

clay, poor drainage.  Image from Soil Map of Dundas County, No. 14 (Experimental Farm 

Service, 1951). 

 

1.3.1.2 Ameliasburg Site 

The Ameliasburg study site is located at 44°04’N 77°25’W (Figure 1.1).  MAP is 893.8 mm and 

the MAT is 7.0 °C (Environment Canada).  The switchgrass field was seeded in 2006.  Following 

establishment, the field was fertilized with 23 Kg of N ha
-1 

annually (IFR).  Prior to the 

establishment of switchgrass, there was a four year no – tillage (NT) rotation with corn (C4 crop) 

grown once every four years since 1993.  In the control field, there is an ongoing four year no –

tillage (NT) rotation with corn once every four years since 1993.  The switchgrass transect is on 

an Ameliasburg clay loam and the control transect is on a Farmington loam (Figure 1.3).  
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Figure 1.3 - Transects at the Ameliasburg site in red.  Acl - Ameliasburg clay loam, 

undulating to rolling, stony surface, alkaline pH, one to three feet of soil over bedrock, good 

drainage.  Fl – Farmington loam, level to undulating, stony surface, alkaline pH, less than 

one foot of soil over bedrock, good drainage.  Image from Soil Map of Prince Edward 

County, No. 10 (Experimental Farm Service, 1947). 

 

1.3.1.3 Williamsburg Site 

The Williamsburg study site is located at 45°00’N 75°12’W (Figure 1.1).  MAP is 961.7 mm and 

the MAT is 5.9 °C (Environment Canada).  The switchgrass field was seeded in 2005.  There was 

no fertilizer applied to the switchgrass field until 2010 (conservation fertilizer regime – CFR).  

Prior to the establishment of switchgrass, a crop rotation included the occasional corn crop 

(approximately two harvests every 10 years) and CT was practiced.  In the control field, there is 

an ongoing rotation which includes an occasional corn crop (approximately two harvests every 10 

years).  The field is also managed using CT practices.  Both transects are located primarily on a 

Morrisburg clay loam, however the southeastern end of the switchgrass transect lies on a 

Osnabruck clay loam (Figure 1.4). 
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Figure 1.4 - Transects at the Williamsburg site in red.  Mrl - Morrisburg clay loam, gently 

undulating to level, moderately stony surface, alkaline, 6 inches of very dark grey clay loam 

underlain by mottled grayish brown calcareous till; lower horizons poorly defined, 

imperfect drainage.  Obcl – Osnabruck clay loam, level to depression, moderately stony 

surface, alkaline, 6-8 inches of very dark grey clay loam underlain by grey, highly mottled 

clay loam till, poor drainage.  Image from Soil Map of Dundas County, No. 14 

(Experimental Farm Service, 1951). 

 

1.3.1.4 Pakenham Site 

The Pakenham study site is located at 45°22’N 76°17’W (Figure 1.1).  MAP is 1028.5mm and the 

MAT is 6.2 °C (Environment Canada).  The switchgrass field was seeded in 1999 and took three 

years to fully establish to a consistent yield.  The field was fertilized with 50 Kg N ha
-1 

from 2005 

to 2009 (CFR).  Prior to the establishment of switchgrass, the field was hay and managed with 

relatively low inputs including NT practices.  The switchgrass has not been actively managed 

since 2009.  In the control field, the land has been continuous hay since at least 1990 with 

relatively low inputs including NT management.  Both transects are located largely in North 

Gower clay loam (Figure 1.5). 
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Figure 1.5 - Transects at the Williamsburg site in red.  Msl – Manotick sandy loam, gently 

undulating to nearly level, brown sandy loam and loam over light brown sandy loam and 

loam over clay loam and clay, medium acid, drainage moderate to slow.  NGc – North 

Gower clay loam, almost level, neutral to mildly alkaline, dark grey brown clay over 

moddled grey and brown clay over grey clay loam, silty clay and clay, stonefree, slow 

drainage.  Image from Soil Map of Carleton County, No. 7 ((Experimental Farm Service, 

1944). 

 

1.4 Thesis Outline 

The outline of this thesis is as follows: Chapter 2 contains a comprehensive literature 

review of land use change effects on soil C, switchgrass research to date, and soil C measurement 

methodologies.  Chapter 3 is a manuscript which utilizes δ
13

C in conjunction with soil C 

fractionation methods to explore SOC cycling in surface soils.  Chapter 4 is a manuscript that 

investigates the vertical patterns of SOC distribution observed in our bulk soil data in conjunction 

with physical and chemical soil properties to a depth of 40cm.   Lastly, Chapter 5 presents the 

major conclusions obtained from this research and some suggestions for future research. 
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Chapter 2 - Literature Review 

2.1 Introduction 

Recent concerns regarding human-induced climate change have increased scrutiny of the 

global carbon (C) cycle.  Increases in atmospheric C (CO2) concentrations have been extensively 

studied (Keeling et al., 1976; Houghton et al., 1995; Petit et al., 1999) and linked to land use 

change and increased combustion of fossil fuels (Houghton et al., 1999b).  The increased use of 

bioenergy could help mitigate rising CO2 emissions as well as provide other ecosystem benefits, 

such as the promotion of soil C storage and improved soil quality. 

In this literature review three major topics will be covered including: soil organic carbon 

(SOC) and land use change; bioenergy crops; and methods used to measure SOC changes. 

2.2 Soil Organic Carbon & Land-use  

Globally, the SOC pool is approximately twice the size of the atmospheric C pool and the 

largest of the terrestrial C pools (Post et al., 1982; Lal, 2007).  It exceeds C stored in all terrestrial 

biotic forms by nearly 1000 Pg.  Land use change has significantly altered the equilibrium 

between the atmospheric C and soil C pools in recent centuries (Schimel et al., 2001).  These 

imbalances in the global C cycle are thought to be responsible for global climate change.  In 

addition to the role that SOC has on climate, soil C is also an important component of soil quality 

as it regulates key functions such as nutrient cycling, microbial activity, soil moisture and soil 

structure (Acton & Gregorich, 1995). 

The cumulative release of stored C into the atmosphere from land use change over the 

last couple of centuries is approximately 200 Pg C (Houghton, 2005).  Current estimates suggest 

the average annual release from 2000 to 2009 was 1.1 + 0.7 Pg C yr
-1

 (Friedlingstein et al., 2010).   

A large portion of this flux is attributed to forest clearance for agricultural practices particularly 

in the tropics (Houghton, 1995).  Another portion is the result of the cultivation of soil and has 
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been estimated to equal 16 Pg C released to the atmosphere between1850 and 1990 (Houghton, 

1999a).  The main mechanisms contributing to SOC depletion due to land-use change for 

agricultural purposes include reduced plant inputs, increased decomposability of plant inputs, 

increased decomposition associated with tillage and soil erosion (McLauchlan et al., 2006).  

These fluxes vary considerably depending on the nature and intensity of agricultural practices as 

well as the geographic location of soil cultivation.  Such variability suggests that the management 

of SOC in agricultural ecosystems can be used to mitigate global climate change by reducing 

CO2 release. 

2.2.1 Carbon Cycling Processes in Terrestrial Ecosystems 

Atmospheric C enters the terrestrial biosphere primarily through the process of 

photosynthesis as gross primary production (GPP) (Figure 2.1).  About half of all C accumulated 

as GPP is lost in autotrophic respiration to support plant growth and maintenance.  The resulting 

net primary productivity (NPP) is subject to decomposition and typically results in 40-50% of 

GPP being lost in heterotrophic respiration.  The resulting net ecosystem productivity (NEP) is 

the net accumulation of C by an ecosystem and determines the impact of the terrestrial biosphere 

on the quantity of CO2 in the atmosphere, which influences the net radiative forcing of the 

atmosphere.  Net biome production (NBP) is the integration of NEP and various C release 

processes associated with disturbances (e.g. fire and insect outbreaks) (Figure 2.1).  



13 

 

 

Figure 2.1 - Overview of the C fluxes within an ecosystem (adapted from IPCC, 2007). 

 

2.2.1.1 Carbon Cycling in the Soil 

Heterotrophic respiration and the cycling of C in soil are controlled by a combination of 

biological, chemical and physical processes.  These processes include leaching, fragmentation 

and chemical alteration, and physical protection.  As a result of these processes, dead organic 

material can be released as CO2, recycled as mineral nutrients for plant and microbial uptake, or 

converted to a chemically- or physically-stabilized C pool.  These processes and transformations 
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are facilitated by the action of water and soil and result in the transformation of dead biomass into 

SOC. 

Decomposition breaks down dead organic matter, releasing nutrients for other organisms 

as well as C into the atmosphere.  The act of decomposition gradually breaks down litter until the 

plant’s original identity is no longer recognizable, at which point it is considered soil organic 

matter (SOM).  The controls over decomposition can be categorized into short- and long-term 

controls (Figure 2.2).  The factors governing decomposition promote either the mineralization or 

transformation of organic matter. Such pathways vary from the rapid release of newly assimilated 

C by heterotrophic respiration to the retention of inert humified C which persists for thousands of 

years.  Understanding the controls on decomposition as well as the diverse forms of C in the soil 

is the focus of much attention in soil C studies (Jenny, 1941; Parton et al, 1987).   

 

 

Figure 2.2 - Major factors controlling the decomposition of litter and SOM inputs (Chapin 

et al., 2002) 
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As the C contained in soil decomposes over time, the rate of decomposition decreases.  

This is due to the heterogeneity of SOC, in particular to quality of litter and SOM.  Components 

of SOC include fragments of recently incorporated plant litter together with humic matter 

potentially thousands of years old (Oades, 1984; Six et al., 1998).  Heterogeneity of the soil is 

due to the decomposition of the more labile components of litter first, leaving the more stable 

components in the soil (Figure 2.3).  When litter is added to a soil, there is an initial rapid 

breakdown of residues.  This is due to the exponential increase in microbial activity in response 

to the addition of a new energy source containing some relatively decomposable C compounds.  

The majority of this organic matter is released as CO2, however, a small portion is converted into 

microbial biomass (Figure 2.3).    

 

 

Figure 2.3 - Changes in soil organic matter inputs over time (Brady & Weil, 2008). 

 

At peak levels of microbial activity, a phenomenon known as the priming effect may 

occur.  This stimulates the breakdown of more resistant SOM.  This loss is usually offset by an 
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increase in soil humus (Figure 2.3).  Humification leads to the formation of more recalcitrant 

SOC reservoirs that can persist for thousands of years.  In general, one year after the addition of 

plant residues to a soil, the majority of the C has returned to the atmosphere as CO2 (Brady & 

Weil, 2008).  The other one-fifth to one-third is likely to remain as either live biomass (~5%) or 

as humus (~25%).  These values vary depending on the factors controlling decomposition (Figure 

2.2). 

2.2.1.1.1 Litter Decomposition Controls and SOC turnover 

The process of converting litter to SOC is controlled by three key factors: litter quality and 

quantity, the physical environment, and microbial community structure (Swift et al., 1979).  

Based on the chemical composition of plant litter, it can be more or less decomposable depending 

on the relative amounts of labile or recalcitrant compounds.  The regulating chemical properties 

include: soil pH, toxicity to soil fauna, nutrient content, molecular structure, and chemical bonds 

(Schimel, 2001; Six et al., 2002b).  For example, compounds like lignin contain many aromatic 

structures that are difficult to break down, making it a recalcitrant compound that persists as SOC 

(Johnson et al., 2007).  The quantity and distribution of litter inputs also controls decomposition 

rates.  Not only is the gross organic matter input of significance, but also the quantity of above- 

versus below-ground inputs.   

Several soil physical properties also influence decomposition rates of litter and 

subsequent retention of C in the soil.  The temperature of the soil affects decomposition directly 

by influencing microbial activity (Raich & Schlesinger, 1992; Kirschbaum, 1995; Izzauralde et 

al., 2006).  Rising temperatures increase the rate of mineralization of organic C contained in both 

litter and SOC (Parton et al, 1987; Kirschbaum, 1995).  Similarly, soil moisture affects litter and 

SOC by altering the soil’s physical environment which supports decomposers (Anderson, 1991, 

Rodrigo et al., 1997).  The physical properties of soil also modify decomposition rates.  
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Decomposition is greatest in soil that has minimum clay content and frequent disturbance (Parton 

et al., 1987).  Clay minerals reduce decomposition due to the binding action of organic matter to 

clays resulting in stablized organomineral complexes (Oades, 1988). Finally, physical disturbance 

caused by either natural biotic processes such as soil fauna, or anthropogenic disturbance such as 

tillage increases decomposition by promoting aeration and increasing surface area of litter and 

SOC for microbial consumption (Beare et al, 1992; Cambardella & Elliott, 1992). 

The composition of the microbial community is important because it influences the types 

and rates of enzyme production which are responsible for the decomposition of substrate (Chapin 

et al., 2002).  Numerous short- and long-term controls (Figure 2.1) can be important, but they are 

beyond the scope of this review. 

2.2.2 Carbon Cycling in Agroecosystems 

Agriculture, defined as crop plant production systems, impacts soil and ecosystem 

properties that outlast the duration of agricultural activity for both the soils as well as the entire 

ecosystem (McLauchlan et al., 2006).  These long-term alterations are caused by changes in 

biomass distribution, tillage, and fertilization; humans and their manipulation of ecosystems are 

ultimately the cause of these changes (Amundsen & Jenny, 1991).  This anthropogenic 

manipulation raises great concern due to the extent of cultivated land.  Worldwide, C contained in 

agricultural lands amounts to about 10% of the earth’s total soil C (Paustian et al., 2000).  The 

land which is subject to human control under agricultural management is therefore a significant 

pool that can be managed to enhance soil C storage. 

Several studies exploring soil C changes due to agriculture have provided a consensus on 

the trajectory of SOC levels resulting from intensive agriculture (Post & Kwon, 2000; Guo & 

Gifford, 2002).  Results from most of these studies show that agriculture practices generally lead 

to a loss of SOC.  This loss can continue for decades until a new steady-state is reached.  
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Typically, SOC levels after long-term cultivation are between 30-60% compared with land under 

native vegetation (Paustian et al., 1997; Gregorich et al., 1998; Ogle & Paustian, 2005).  In 

contrast, the abandonment of agriculture or establishment of perennial vegetation following 

annual crop production can reverse these SOC losses (Post & Kwon, 2000) although recovery 

rates are highly variable.   The release or sequestration of C in soils plays a large role in climate 

change, and the overall soil quality due to the important role of SOC on soil quality. 

  One good example of a program intended to reverse the trend of declining SOC with 

agriculture is the Conservation Reserve Program (CRP), a federally funded program in the United 

States.  Established in 1985, the CRP calls for land managers to set-aside highly degraded 

croplands under 10-15 year contracts.  During this time, land is planted with conservation crops 

such as perennial grasses and trees with the purpose of assisting farmers with the conservation 

and improvement of soil, water and wildlife resources.  In a review conducted by Pinero et al. 

(2009), the steady-state SOC contents under native vegetation and long-term cultivation were 

estimated (Figure 2.4).  They then evaluated changes in SOC for new lands placed in corn 

cultivation.  These soils lost SOC exponentially, reaching a value similar to that of long-term 

cultivation within a couple decades.  For the opposite transformation, SOC changes were assessed 

in CRP land that was set aside for bioenergy cropping systems.  The gradual accumulation of 

SOC in CRP land eventually reached a similar value, although slightly less than that of soil under 

native vegetation.  Although these results show that bioenergy cropping systems can enhance 

SOC level, they do not provide insights into the stability of the accumulated SOC. 
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Figure 2.4 - Changes in SOC stocks associated with different land use conversions (Pinero et 

al., 2009). 

 

The non-linear response of SOC levels following a change in management can be 

explained by the heterogeneity of the soil C pool; different soil fractions respond on different 

time scales to changes in management.  As discussed in section 2.2.1.1, changes in management 

promoting soil C losses either accelerate decomposition of pre-existing SOC or reduce organic 

matter inputs into the soil (or both).  Conversely, land removed from cultivation can lead to an 

increase in SOC levels due to increases in SOM input and reduced loss of SOC through perennial 

vegetation and associated management practices which reduce physical disturbance. 

While it is clear that improved agricultural management could be used to enhance soil C, 

attempts to measure changes in soil C as it pertains to agriculture have been met with varied 

success.  The challenge comes from trying to measure small changes in a large reservoir of C.  

One way to accomplish this is to use intensive sampling campaigns over broad time scales with 

lots of samples required to quantify small soil C changes.  An alternative is to use space-for-time 

substitution where fields exposed to a similar change in management over different time scales 
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are used to estimate temporal effects and a control field is chosen to represent pre-agricultural 

conditions (Post et al., 2001).   

2.3 Conservation Bioenergy Crops  

Concerns about rising levels of CO2 and the link to anthropogenic climate change have 

motivated the desire to restore soil C stocks to levels present prior to the growth of modern 

agriculture.  Janzen (2004) grouped possible approaches to reducing atmospheric CO2 into three 

categories: (1) reduce CO2 emissions by minimizing fossil fuel combustion; (2) use more 

bioenergy; and/or (3) increase C stored in terrestrial ecosystems. Biomass, which is composed of 

organic material made available on a renewable or recurring basis, has the capacity to tackle all 

three of the approaches outlined by Janzen.  Examples of bioenergy crops grown in eastern North 

America include annual crops such as corn and soybeans, as well as perennial crops such as 

grasses and short-rotation woody species. 

Fossil fuel consumption has increased steadily since the onset of the Industrial 

Revolution (Hubbert, 1949) and has provided the majority of energy for economic growth over 

the past 150 years.  The use of these fuels in forms such as coal, oil and gas has substantially 

contributed to increases in CO2 through the release of stable geological C stores (Lal, 2007).  The 

disruption of these reserves and subsequent release into the atmosphere through energy 

generation is the main cause behind increasing atmospheric CO2 concentrations.  In addition, 

these energy sources are being depleted at rates that grossly exceed the geological time scales that 

are required for them to form (Berner, 2003).  These concerns have accelerated the movement 

toward the generation of renewable energy.   

Conservation bioenergy crops such as herbaceous perennial grasses have been proposed 

as a feedstock for renewable energy production.  Due to the perennial nature of these crops, 

which allows for root biomass accumulation, soil stabilization, and no-tillage management 
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practices, these energy crops are considered ―conservation‖ crops as well as bioenergy crops.  

Many of these conservation plant species have been adopted in set-aside programs such as the 

CRP program in the US.  These herbaceous plants have little or no woody tissue and take the 

form of grasses which can be harvested annually (Lemus & Lal, 2005).  Energy generation is 

most often derived through direct biomass combustion, although the material is often pelletized 

for both residential and industrial applications.   

Energy crops capture C in harvested biomass that is equivalent to or exceeds the C 

released during combustion.  This balance creates the potential for what has become known as a 

C-neutral energy source.  Moreover, given the perennial nature of conservation energy crops, 

additional C may be captured below-ground, increasing soil C sequestration and further 

mitigating rising CO2 emissions.  This presents the opportunity for agricultural practices to not 

only mitigate fossil fuel related CO2 emissions, but to further reduce atmospheric CO2 

concentrations by creating a soil C sink.  

It has been suggested that perennial grasses could be grown on 14 million hectares in 

Canada to become a major strategy for Canada to mitigate climate change by increasing C storage 

in landscapes and through displacement of fossil fuels (Samson, 1991; Samson et al., 2005).  This 

is achieved through an understanding of the connection between the C contained in and cycled 

between biomass and soil. 

2.3.1 Switchgrass 

Switchgrass (Panicum virgatum), an example of an herbaceous energy crop, is a warm-

season C4 plant species native to North America.  It was found by early settlers in diverse habitats 

extending well beyond typical Midwestern prairie grasslands (McLaughlin & Walsh, 1998).  

Switchgrass has a geographical range that covers a large portion of North America (Figure 2.5).  

It tolerates a range of environmental conditions, meaning that it is suitable as a bioenergy crop for 
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a large part of North America.  The adoption of switchgrass in more northern locations may be 

limited, however, by the cooler temperatures in shoulder seasons resulting in shorter growing 

seasons (Madakadze et al., 1998).  This inhibits warm-season grasses from carrying out rapid 

initial leaf development for high radiation interception and therefore vigorous early season 

growth. 

 

Figure 2.5 - Switchgrass is a native warm-season grass that has a geographical range 

covering much of North America.  The grass was found by early settlers in diverse habitats 

due to its wide range and associated adaptability (McLaughlin & Walsh, 1998). 

 

Switchgrass is considered a good candidate for bioenergy given that it is comprised of 

more than 60% lignocelluloses, the desirable constituents of a good bioenergy crop (Samson et 

al., 2005).  Compared with annual grains or oil seeds, which are often excessively biorefined, 
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switchgrass serves as a viable energy feedstock in its densified (i.e. pelletized) form.  Biorefining 

uses energy during conversion processes thereby reducing net energy gains.  Densified, or 

pelletized grasses such as switchgrass present a more sustainable option with a 14:1 energy 

output:input ratio (Samson et al., 2000).  By comparison, other high yielding, low-input crops 

such as willow and Miscanthus may have  higher ratios (Boehmel et al., 2008) and conversely 

extensively refined ethanol from maize, wheat and beat feedstocks much lower ratios (0.9 - 1.5, 

McKendry, 2002).   Regardless of feedstock, energy output: input ratios of 10 - 15 are considered 

feasible (McKendry, 2002).   Additional agronomic attributes of switchgrass including low cost 

of production, adaptability to marginal lands, stand longevity and low nutrient requirements make 

it an appealing bioenergy crop.   

Switchgrass has been recognized as a valuable crop for over two decades (McLaughlin & 

Kszos, 2005).  It has been extensively studied as a model bioenergy crop since 1991 through the 

support of the Department of Energy in the U.S. (Wright & Turhollow, 2010).  Much of this 

research was conducted by Oak Ridge National Laboratory, Tennessee under the herbaceous crop 

research program.  The specific objectives of the research included: (1) identifying the land 

resource availability; (2) identifying the productivity potential of species; (3) defining cost-

effective management techniques; and (4) quantifying environmental implications and economic 

feasibility of energy crops (Wright & Turhollow, 2010).  This research has resulted in the 

advancement of switchgrass as a model bioenergy crop in the U.S.  In comparison, limited 

research has been conducted in Canada where Samson et al. (2005) believes that switchgrass 

could be extensively adopted as an energy crop.  Research to date in Canada has been primarily 

conducted by Resource Efficient Agricultural Production (REAP) - Canada with McGill 

University and OMAFRA (Madakadze et al., 1998; Zan et al.¸2001; REAP, 2008).   Before 

switchgrass can be adopted as a regional bioenergy crop, Lemus & Lal (2005) suggest the need 
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for regional evaluation programs to assess biomass production potential for switchgrass under a 

range of soil types and previous land use characteristics.   

2.3.1.1 Yield 

High yield across a range of environmental conditions is one characteristic that makes 

switchgrass a model bioenergy crop (McLaughlin & Kszos, 2005).  One reason for such high 

productivity potential is due to plant metabolism.  Switchgrass utilizes the C4 photosynthetic 

pathway as a warm-season grass, and C4 plants are approximately 40% more efficient than 

similar plants using the C3 pathway (Beadle et al., 1985).  This disparity is due primarily to 

differences in more efficient water use, radiation interception, and nutrient use by C4 plants.    

Switchgrass typically reaches 67% of its maximum production capacity within the first 

two years after establishment and reaches full capacity by the third year (McLauglin & Kszos, 

2005).  However, this may vary depending on management practices during switchgrass 

establishment.  Longer stand establishment times have been observed in regions naturally 

dominated by C3 plants where early-season annual weed growth outcompeted C4 species for 

radiation capture (Jefferson et al., 2002).   Once established, however, average annual yields for 

switchgrass vary tremendously between geographic areas in North America.  A review of 

switchgrass studies reports yields of 10 - 16 Mg ha
-1 

in the central and northern United States, and 

15 - 23 Mg ha
-1 

in the southern United States (McLaughlin & Kszos, 2005).  In Canada, more 

modest yields from 4.2 to 13 Mg ha
-1 

have been reported (Zan et al., 2001; Jefferson et al., 2002; 

REAP, 2008).   

2.3.1.2 Residues and Below-ground Processes 

In addition to the benefit of replacing fossil fuels, switchgrass can also benefit soil quality and 

increase soil C sequestration by enhancing below-ground processes through root and litter inputs.  

Switchgrass allocates a large amount of photosynthate to the development of perennial root 
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systems early in plant development (Collins et al., 2010).  This allocation of energy eventually 

results in a root to shoot ratio of approximately 0.3 - 0.77 in mature plants (Zan et al., 2001; 

Frank et al., 2004; Garten et al., 2010).  In comparison, corn grown in southern Quebec 

demonstrates root to shoot ratios of less than 0.03 (Zan et al., 2001).  The ratios observed in 

switchgrass plants are highly site dependent and vary slightly between cultivar varieties.  

Additionally, switchgrass is believed to have the deepest rooting system of all grasses, extending 

to a depth of three meters (Weaver & Zink, 1946).  Switchgrass often has higher below-ground 

biomass than any other perennial vegetation type (Tufekcioglu et al., 1999).  Between 50 - 80% 

of the root biomass is contained in the top 30 cm of the soil (Frank et al., 2004; Garten et al., 

2010).  Harnett (1989) reported that switchgrass maintained intact rhizome interconnections 

among stems up to 10 years, resulting in a continued increase in below-ground biomass over 

time.  Turnover of below-ground biomass serves as a substrate for soil microbes and a precursor 

to SOC formation.  It also stabilizes the soil itself by preventing C loss through erosion and 

enhancing soil structure. 

Deep-rooted crops have the capacity to enhance the SOC content of deeper soil horizons 

where inputs of organic matter are often minimal, and where any inputs are not easily mineralized 

or decomposed (Ma et al., 2000; Garten et al., 2010).  This is due to reduced microbial activity, 

changes in the soil climate and other factors influencing the decomposition of SOM as discussed 

in section 2.2.1.1.1.  In addition, the C contained in switchgrass rhizomes, at the surface of soils, 

is also an important below-ground structure for long-term C storage (Frank et al., 2004).  

Conversely, the rapid turnover of fine roots is an important input to the soil in below-ground 

processes for switchgrass management (Garten et al., 2010), as it provides energy for soil 

microbes.  Yet to date there has been limited investigation of switchgrass root turnover.  In other 

perennial bioenergy cropping systems, it has been suggested that the annual above-ground 

harvesting of biomass results in higher root turnover than found in unmanaged grasslands 



26 

 

(Grogan & Matthews, 2002).  Laboratory experiments have demonstrated a relatively slow 

switchgrass root decomposition rate compared with other annual crops suggesting that 

switchgrass root debris persists long enough to allow for recalcitrant humus formation (Johnson 

et al., 2007).   

Vegetative residues can also play an important role in C cycling in bioenergy systems. 

Residues left behind after harvest include: the standing 10cm stem, fine understory grasses and 

residual material not picked up by rakes and bailers (REAP, 2008).  It has been suggested that as 

high as 21% of the total above-ground biomass can be left as residue.  This residue is available to 

enhance soil C cycling processes (Alder et al., 2006).  Additionally, residue cover has a soil 

cooling effect and may influence rates of decomposition by moderating biological activity 

(Lemus & Lal, 2005).  This cover can also help reduce erosion rates. 

 Studies have indicated that switchgrass can increase soil C storage by >1 Mg C ha
-1 

yr
-1

 

(Zan et al., 2001; Collins et al., 2010).  This accumulation is largely in the upper 30cm of the soil 

(Liebig et al., 2008).  These values are higher than many previously reported values of C 

accumulation ranging from 0.33 to 0.54 Mg C ha
-1 

yr
-1

 following grassland establishment on 

disturbed rangelands (Post & Kwon, 2000; Conant et al., 2001).  The variability in reported 

sequestration rates may be due to the influence of soil properties, biomass productivity, climate, 

site history, and management practices (Post & Kwon, 2000; Lemus & Lal, 2005).  Additionally, 

some variation could result from different methodologies employed to measure the rate of soil C 

sequestration.   

2.4 Quantifying Soil Organic Carbon Changes 

Increasing SOC stores should encourage land-owners to establish switchgrass for 

bioenergy if changes can be verified.  Quantifying changes in SOC is important for 

environmental and economic reasons.  The challenge is finding robust methodologies that can be 
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used for reliable soil C accounting.  These methods must not only provide accurate assessments 

of C stock changes, but also reliable estimates of the uncertainty surrounding those estimates.  

One way to approach this problem is to make direct measurements of soil C changes over time.  

Another approach is to make measurements of key soil C cycling process rates, then incorporate 

these into models that can be used to predict future soil C changes.   

Several direct measurement techniques can be used – the main difference is the 

incorporation of time (change) into the measurement.  The paired site approach infers changes 

from measurements made at two proximate sites that differ only in their current land use.  It is 

assumed that at some point in time both sites had similar land use and therefore soil C stocks.  

Another approach used land-use chronosequences and substitutes space-for-time by quantifying 

changes in soil C over a series of sites that differ only in the amount of time they have been 

exposed to a particular land-use change.  This approach gives a temporal perspective that 

provides proxy-information on the rate of change (Breuer et al., 2006).  Both of these approaches 

demand that soil properties and other factors be similar across the range of sites used, and that 

other state factors are also equivalent except those of interest.   

Using direct sampling approaches, many investigations show increased C sequestration 

from improved management strategies of agricultural lands (DeGryze et al., 2004; Breuer et al, 

2006; McLauchlan et al., 2006).  Schlesinger (2000) warns however of ―some cautions amidst 

optimism‖; the use of direct measurement approaches are subject to various sources of errors, 

uncertainty and variability.   Goidts et al. (2009) proposes that the main sources of error include: 

laboratory analyses; spatial and temporal variability in SOC concentrations; and comparisons of 

non-equivalent masses.  These issues are the result of both changes over broad temporal scales 

and relatively small changes compared to the total soil C pool (i.e. a low signal-to-noise ratio).  

Garten and Wullschleger (1999) suggest that soil scientists should consider sample sizes, 

variation and statistical power when designing research projects.  The number of samples 
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required for statistically significant minimum detectable differences can vary tremendously based 

on changes in SOC inventories.  To combat intensive sampling campaigns which are required to 

accurately quantify small SOC changes and produce statistically significant results, alternative 

approaches are utilized. 

2.4.1 Fractionation Techniques 

An approach to quantifying land-use change effects on soil C is to measure the effects of 

land-use change on the turnover of more dynamic pools of SOC, and use this information to infer 

whole-soil C changes or to parameterize models to then predict soil C changes.  SOC 

fractionation separates the total soil pool into different parts that are thought to have more 

functionally homogeneous properties and turnover rates compared to bulk soil (DeGryze et al., 

2004) (Figure 2.6).  Debate continues regarding the value of fractionating soils into a series of 

discrete pools that can be incorporated into a process-based model versus using a continuum of 

soil C ranging from less to more resistant (Paul et al., 2006).  Regardless, three pool models, 

which employ first order kinetics to represent decay, are most frequently utilized to describe SOC 

dynamics (Figure 2.6).  

 

Figure 2.6 - Representation of functionally homogeneous soil C pools commonly delineated 

in soil C models. 
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The general equation describing changes in the C pool pertaining to a three pool model is as 

follows: 

CTSOC = Cae
-kat 

+ Cse
-kst 

+ Cre
-krt 

         Equation 2.1 

where CTSOC = the SOC released as CO2 at time t; a = active, s = slow, r = resistant, k = 

decomposition rate constant and t = time (days).  The result of multi-pool soil C models is the 

exponential change in SOC following land use change as seen in Figure 2.3. 

The isolation of pools through physical or chemical fractionation techniques creates a 

unique SOC pool with a given decay rate (von Lutzow et al., 2007).  Separating SOM into 

various physical or chemical fractions can assist in understanding soil C dynamics since the 

various soil fractions could be affected differently by land use change (Christensen, 1992).  The 

isolation of these fractions can, therefore, assist in the elucidation of soil C dynamics, yielding 

information about the mechanisms of C sequestration (Six et al., 2002a; Olk & Gregorich, 2006).  

Additionally, fractions that are more sensitive to land use change than total soil C can serve as an 

early indicator of changes to come in the future. 

2.4.1.1 Physical Fractionation 

Physical fractionation techniques are based on the premise that particles of organic matter may be 

physically inaccessible to decomposition processes due to the formation of macro- and/or 

microaggregates (Six et al., 2002a).  The association between organic matter and soil mineral 

particles in terms of their physical arrangement modifies decomposition of organic matter since 

bioaccessibility is a prerequisite for decomposition (von Lutzow et al., 2007).  This observed 

physical protection is due to the compartmentalization of aggregates, making the substrate either 

physically inaccessible to microbes or present but in an inert environment thereby preventing 

microbial activity.   
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Physically uncomplexed organic matter is a mixture of plant parts and microorganisms at 

different stages of decomposition (Gregorich & Beare, 2007).  When organic matter is associated 

with soil mineral particles, the function, turnover and dynamics of physically uncomplexed 

organic matter is altered.  Isolation of this organic matter has been performed in order to study the 

form and function of soil organic constituents and to assess the impacts of land-use change on this 

fraction (Gregorich & Janzen, 1996).  Studies have suggested that uncomplexed organic matter, a 

labile fraction, is sensitive to management practices (Janzen et al.¸1992; Bremer et al., 1994).  

The adoption of conservation management practices, such as perennial cropping or agricultural 

abandonment, often increases physically uncomplexed organic matter (Bremer et al., 1994).  

Factors that affect the quantity and characteristics of this fraction include the amount, 

composition and accessibility of plant residues entering the soil (Olk & Gregorich, 2006).  The 

formation of entrapped organic matter which is protected from the decomposer organisms can 

increase the organic C pool in soils over extended periods of time when compared with accessible 

organic matter.  

Light fraction (LF) organic matter is one of the most commonly isolated physically 

uncomplexed organic matter fraction.  The LF corresponds to poorly decomposed, relatively 

labile SOM (Gregorich et al., 1989).   The quality and quantity of this pool is linked to the 

dynamics of aggregate formation which can be greatly affected by cropping and tillage (Beare et 

al., 1994).  Bremer et al. (1994) suggested that the LF is the most robust indicator of 

management-induced changes in the SOM pool.  The turnover rate of the LF is on the order of a 

few months to a few years. The separation of the LF involves the density separation of the 

physically uncomplexed organic matter from the rest of the soil in a heavy solution.  To ensure 

complete isolation of the fraction, effective soil disaggregation must occur (von Lutzow et al., 

2007).  The LF is the organic matter recovered when soil is suspended in a heavy solution.  

Typically sodium iodide (NaI) with a specific gravity of 1.7 g cm
-3

 is utilized (Gregorich et al., 
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1989), but sodium polytungstate is also a common (but expensive) alternative.  The proportion of 

total soil C in the LF can be substantial.  In a review of 65 published papers looking at 

agricultural soils, the LF accounted for on average 8% of SOC content (von Lutzow et al., 2007).   

2.4.1.2 Chemical Fractionation 

Chemical fractionation methods are based on the extraction of SOC utilizing reagents that alter 

the chemical composition of some soil fractions while maintaining others (von Lutzow et al., 

2007). 

2.4.1.2.1 Soil Microbial Biomass 

Soil microbial biomass C (MBC) is the quantity of living microbial biomass present in the soil.  

In agricultural topsoils MBC ranges from 0.3 - 4% of SOC, while higher ratios are observed 

where plant residues accumulate (von Lutzow et al., 2007).  With a turnover time ranging from 

one to five years, microbial biomass is considered to be a major component of the most active 

SOM pool (Smith & Paul, 1990).  Because it is readily measured and responds quickly to land-

use changes, MBC has become a key indicator of changing soil conditions (Sparling et al., 1992).  

It has been suggested that this fraction contributes the most to improvements in soil quality 

(Loveland & Webb, 2003).  Changes in this pool serve as an ―early warning‖ of the effects of 

stresses on the soil ecosystem, long before such stresses are detectable in more recalcitrant soil 

pools (Voroney et al., 2007).  As a result of its importance, soil C models such as CENTURY 

have integrated this labile pool into the modeling of total soil C dynamics (Parton et al., 1987).   

There are various techniques to measure soil MBC however the most direct method for 

estimating this pool uses the chloroform fumigation-extraction technique (Tate et al., 1988; 

Jorgenensen, 1996).  Exposing soil to chloroform vapors lyses the microbial cells by solubilizing 

the lipids in the cell membrane and releasing the cellular constituents into the soil.  MBC is 
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calculated from the difference between the amount of total organic C extracted from a fumigated 

and an unfumigated soil.  Calibration experiments have assessed the fraction of biomass C 

rendered extractable by fumigation (Vance et al., 1987; Tate et al., 1988; Wu et al., 1990; 

Joergensen, 1996): 

microbial biomass C = EC:kEC      

 Equation 2.2 

where EC is the organic C extracted from fumigated soil minus that extracted from non-fumigated 

soil and kEC is the extractable part of MBC after fumigation.  The kEC value varies according to 

soil properties, however a mean factor of 0.45 is generally recommended (Wu et al., 1990; 

Joergensen, 1996).   

2.4.1.2.2 Acid Hydrolysis 

The heavy fraction is the portion of the total soil C pool stabilized in organo-mineral complexes 

with clay and silt-sized particles (Post et al., 2001).  This fraction resists hydrolysis by acid, and 

makes up the bulk of the SOC.  It is typically composed of biologically recalcitrant material, 

often organic matter that has undergone several transformations.  Such materials include 

microbial metabolites that contain large numbers of aromatic rings, lignin, waxes and long-chain 

alkyls (Paul et al., 2001).  This non-hydrolysable pool has turnover times on the order of decades 

to millennia.  Based on the pool sizes as well as the ages derived from radiocarbon dating, the 

heavy fraction provides a meaningful estimate of a more passive SOC pool (Parton et al., 1987; 

Paul et al., 2001). 

The common method to isolate the acid-stable pool is simple.   Hydrochloric acid is 

generally used in this acid hydrolysis fractionation method (Olk & Gregorich, 2006).  The 

procedure involves refluxing the soil in 6 M hydrochloric acid at 116ºC for 24 h to remove fatty 

acids, proteins and polysaccharides.  Typically, between 30 - 80% of the SOC remains after 
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hydrolysis; there is, however, variability between soil depths.  Collins et al. (2000) found that the 

size of the resistant acid-stable pool decreased from an average of 50% at the surface to 30% with 

depth.  In addition to depth variability, changes in land use have been demonstrated to alter the 

size of the acid-stable fraction.  Paul et al. (2006) showed a positive correlation between SOC 

content, which can be rapidly increased after beneficial land use change, and the acid- stable 

fraction.  Such changes suggest that the non-hydrolysable pool may not be strictly passive (Parton 

et al., 1987) and that changes in this recalcitrant pool can occur over shorter time scales than 

traditionally considered.   

2.4.2 Natural Abundance 
13

C 

Natural abundance of stable isotopes such as 
13

C provide a way for scientists to study the 

cycling of elements like C in the biosphere.  Variation in the ratio between 
13

C and 
12

C the 

atmosphere, plants and soil allows for the application of natural abundance isotope studies in 

SOC research, allowing for the direct measurements of SOC cycling rates and turnover. 

The fractionation of C isotopes by inorganic exchange reactions that occur during 

photosynthesis was first discovered by Bender in 1968.  He identified distinct differences in the 

δ
13

C values of plants, which has since been associated with the anatomy of photosynthetic plant 

organs and differences between the Calvin and Hatch-Slack cycle in C3 and C4 plants, 

respectively.  The photosynthetic pathways of C3 and C4 plants and subsequent discrimination of 

13
C during CO2 assimilation is reasonably well understood (Farquhar, 1989).  In C3 plants, due to 

the greater mass of 
13

CO2 compared with 
12

CO2, rubisco assimilates the latter C isotope more 

rapidly.  In contrast, phosphoenolpyruvate carboxylase, an enzyme used by C4 plants, 

discriminates very little between 
13

C and 
12

C.  The result is two isotopic signatures that differ so 

profoundly and so consistently between C3 and C4 plants that application of this understanding 

can be used to address a range of environmental questions.  
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2.4.2.1 Measuring Stable Carbon Isotopes  

The isotopic composition of C in a material is expressed using the delta notation (δ).  This δ value 

denotes a difference in the amounts of different isotopes (i.e. those found in CO2) or a particular 

element.  The 
13

C abundance is expressed in δ
13

C according to the equation: 

δ
13

C (‰) = [(Rsample/Rstandard) -1] * 1000       Equation 2.3 

with Rsample being the isotope ratio 
13

C/
12

C of the sample, and Rreference being the 
13

C/
12

C ratio of 

the international PeeDee formation belemite (PDB) C standard. 

The units of δ are ‰ (per mil) due to very small differences measured between samples 

and standards.  Samples with a higher δ value are relatively enriched with the heavy isotope and 

are thus ―heavier‖ and vice versa for δ values with a lower or ―lighter‖ value. 

 Using mass spectrometry, Bender (1968) identified distinct differences in the δ
13

C values 

of a variety of terrestrial plants; C4 plants have δ
13

C values between -9‰ and -17‰ whereas C3 

plants have δ
13

C values between -20‰ and -35‰.  

2.4.2.2 Using δ
13

C to Study Soil Organic Carbon Dynamics 

C isotope studies are well suited to the study of soil C dynamics because they are much more 

sensitive than measurements of total C, and can therefore be applied at much shorter time scales, 

allowing investigations to commence within a few years following land-use change (Bernoux et 

al., 1998).  The adoption of a C4 cropping system, and the subsequent integration of C4 litter into 

the soil, can modify the isotopic signature of the soil.  Because of the precision of isotopic 

measurement, small changes in soil C properties can be detected relatively quickly. 

The method used to quantify rate of change in the soil C following a land-use change is 

based on differences in the δ
13

C values between C3 and C4 plants.  Due to the 
13

C abundance of 

incoming plant material which is preserved in stable soil fraction, the δ
13

C value of SOC is 

directly related to the δ
13

C value of the vegetation (Boutton, 1996).  The use of 
13

C natural 

abundance to measure C cycling therefore assumes that the δ
13

C value of the SOM is the same as 
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that of the substrate. Growing C4 plants in a soil previously supporting C3 plants can be 

considered an in situ labeling of the organic matter derived from the new (C4) crop and 

incorporated into the soil (Balesdent et al., 1987).  When a land use change converts vegetation 

from C3-dominated to C4-dominated, or vice versa, changes in the isotopic composition of the 

SOC become evident as the new organic matter slowly replaces the old.  Given that the time of 

change is known, the portion of C in the total SOC pool derived from a C4 plant in a C3 to C4 

transition, according to Balesdent and Mariotti (1996) is as follows: 

% CC4 = (δ
13

Cswitchgrass - δ
13

Ccontrol) / (δ
13

C4 - δ
13

Ccontrol) *100   Equation 2.4 

where δ
13

Cswtichgrass is the δ
13

C value of the soil beneath switchgrass, δ
13

Ccontrol is the δ
13

C value of 

the soil from the control site and δ
13

C4 is the average δ
13

C value from above- and below-ground 

vegetation.   

Given bulk density values, the total C content derived from the establishment of a C4 cropping 

systems on a soil previously supporting largely C3 crops can be expressed in Mg C ha
-1

.   

The technique of using δ
13

C to generate quantitative information on changes to SOC has 

been previously utilized in switchgrass cropping systems (Garten & Wullschleger, 2000; Collins 

et al., 2010).  Garten & Willschleger (2000) found that approximately five years after 

establishment of switchgrass in southeastern US, 19 - 31% of the existing SOC inventories 

beneath switchgrass, to a depth of 40 cm, had been derived from new C4-C inputs.  Similarly, 

Collins et al. (2010) estimate that on average 24% of SOC in the 0 - 15 cm depth was derived 

from C4 inputs after four  years of cropping, and that the average annual accrual rate of C4-C was 

1.0 Mg ha
-1

 yr
-1

 in northwestern US. Both of these studies suggest that increases in SOC were 

dependent on initial soil C inventories, prevailing climate, soil type and site management.  Also 

emphasized was that the calculation of C derived from land use change and associated vegetation 

type depends on accurate determination of δ
13

C values that reflect soil C isotope ratios prior to 
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switchgrass establishment (Garten & Wullschleger, 2000).  Minimizing the variability between 

paired plots reduces the complexity of this comparison.    

2.4.3 Application of SOC Measurements 

Despite the benefits that bioenergy crops have on the soil as well as larger global 

systems, the lack of willingness of farmers to grow switchgrass for energy is hindering 

commercial production of this crop (Jensen et al., 2007).  In addition to the market for 

switchgrass being poorly developed, incentives for producers to grow this crop are inferior to 

other existing agricultural opportunities.  The benefit of creating incentive is that producers may 

be more willing to bear the risk of changing management practices.  Farmers, particularly those 

towards the end of their career, become increasingly risk adverse and may avoid adopting 

practices that increase risk even if they increase C sequestration and profitability (Marland et al., 

2001).  The lack of incentives for producers in Ontario, as well as the aged population of farmers 

presents barriers that must be overcome. 

Sequestering atmospheric C to be used in C trading systems may provide an incentive for 

bioenergy producers.  The C sequestered in soil can have a large economic value, which requires 

establishing guidelines for granting C credits (Lemus & Lal, 2005).  The challenge therein lies in 

determining methodologies for obtaining reliable C accounting measurements.  Alternatively to 

market trading, which relies on per tonne of C sequestered, incentive-based policies, such as the 

CRP in the US, alter the economic signals farmers face for adopting alternative production 

activities such as growing switchgrass (Antle et al., 1999).  Agricultural policies such as these 

will provide much needed financial assistance to farmers as well as rural economies through the 

diffusion of agricultural revenue. 
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Chapter 3 - Changes in soil organic carbon fractions and turnover time 

following the establishment of switchgrass in southeastern Ontario 

3.1 Abstract 

Decreases in soil organic carbon resulting from the cultivation of soils has been well-

documented.  Switchgrass, as a conservation bioenergy crop, has the potential to replenish 

depleted soil organic carbon stores while also mitigating global climate change by providing a 

carbon-neutral energy source.  In southeastern Ontario, where switchgrass is emerging as a 

bioenergy crop, no research has been conducted to evaluate the effect of switchgrass 

establishment on soil carbon dynamics.  For this research, I established a chronosequence of four 

sites in southeastern Ontario with difference times since establishment (4 - 11 years) of 

switchgrass.  I used soil fractionation (microbial biomass, light fraction, and acid-stable carbon) 

and natural abundance 
13

C techniques to explore soil organic carbon dynamics and turnover times 

in soil fractions that may be more responsive to land-use change.  Although I observed only a 

marginal annual accumulation of soil organic carbon content (0.16 - 0.38 Mg ha
-1 

yr
-1

) in the top 

10 cm of soil following switchgrass establishment, isotopic analysis demonstrated significant 

increases in δ
13

C values across all switchgrass fields.  Soil fractions also showed significant 

changes in δ
13

C values, generally with an increasing differential between treatment and control 

with longer time since switchgrass establishment.  These changes were utilized to calculate 

decomposition rates and mean residence times for the bulk soil and isolated soil carbon fractions.  

The mean residence times for the bulk soil as well as the slow and passive pools explored in this 

study correspond to 81, 17 and 102 years.  Together, the results suggest that time since 

establishment and prior management practices have an important influence on soil organic carbon 

accumulation.  Moreover, soil organic carbon increases may not be as significant in southeastern 
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Ontario as observed elsewhere.  The decomposition rates obtained from this study should be 

integrated into modeling applications that simulate soil carbon changes in southeastern Ontario. 

3.2 Introduction 

Since the advent of agriculture, changes in land use and the cultivation of soils has 

released large amounts of stored carbon (C) to the atmosphere.  Although estimates vary, it has 

been suggested that approximately 50 Pg of C from soil, approximately 30% of the total soil 

organic carbon (SOC) stored in surficial agricultural soils, has been released as carbon dioxide 

(CO2) into the atmosphere (Paustian et al., 1997; Amundson, 2001).  Most of these SOC losses 

result from disruption in the balance between C inputs and outputs, or disruption of soil structure 

and release of ―stored‖ C.  Such releases contribute to global climate change by increasing 

atmospheric CO2.  They also reduce soil quality as a result of soil organic matter losses.   

When intensively managed agricultural fields (i.e. annual crops, tillage) are converted to 

perennial cropping systems (such as switchgrass), a reversal in the loss of SOC has been observed 

(Post & Kwon, 2000; McLauchlan et al., 2006).  Despite such understanding, the multi-decadal 

accumulation rate and residence time of newly incorporated SOC are relatively unknown, in part 

due to the high degree of variability of soil properties and their influence on C dynamics (Goidts 

et al., 2009).  Predicting and measuring these changes is difficult due to the range of site-specific 

management practices.  Changes are specific to climatic regimes and management systems which 

modify biological and chemical processes that influence SOC accumulation (Paustian et al., 

2000).  To evaluate these changes in SOC dynamics associated with establishment of perennial 

cropping systems, there are two approaches that are often used.  These approaches include an 

examination of specific SOC fractions with different sensitivity to land-use change, and the use of 

13
C natural abundance techniques to trace C dynamics in the soil.  Soil fractionation techniques 

are designed to measure different pools of SOC with different turnover times (Krull et al., 2003); 
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this avoids the problem of trying to measure small changes in a large (total) SOC pool.  For 

example, Gregorich et al. (2000) integrated SOC fractions, including soil microbial biomass C 

(MBC), in a simulation model to evaluate the turnover of SOC and obtain a better understanding 

of the relationship among bulk soil and various SOC fractions.  The results demonstrated very 

small changes in more recalcitrant fractions over 30 years, and conversely, very rapid changes in 

the MBC, reaching a new steady state within two years of the land-use change. 

The 
13

C
 
natural abundance technique offers a more sensitive approach to investigate small 

shifts in soil C stores that may not be observed over the temporal scale available for investigators 

(Del Galdo et al., 2003).  The δ
13

C value of SOC corresponds closely to the δ
13

C values of plant 

residues entering the soil system.  When a change from cropping  C3 (δ
13

C of -28 to -26‰) to C4 

(δ
13

C of -14 to -12‰)  plants occurs (Farquhar et al., 1989), the shift in the δ
13

C value of the soil 

can provide an excellent marker to determine the source of soil C, C turnover rates and C 

sequestration (Gregorich et al, 1996).   Collins et al. (2010) explored C sequestration under 

switchgrass using natural 
13

C/
12

C ratios.  This research from northwestern US indicated that 

nearly 25% of SOC was derived from switchgrass, resulting in significantly increased total SOC 

after five years of cropping. 

In the province of Ontario, the green Energy and Economy Act, which was passed into 

law in 2009, seeks to replace coal-generated energy with more renewable sources.  One of these 

proposed sources is biomass.  Switchgrass (Panicum virgatum), a warm-season (C4) North 

American tall grass prairie species has been recognized as a model bioenergy species 

(McLaughlin & Kszos, 2005).  Ten years of research, sponsored by the US Department of 

Energy, evaluated, developed and enhanced the viability of switchgrass to compete favorably 

both as an agricultural crop and as a fuel source.  In Tennessee, studies have highlighted the 

potential for switchgrass to not only offset fossil fuel use given its high  productivity, but also to 

reverse previous SOC depletion often observed following long-term intensive agricultural 
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management (Garten & Wullschleger, 2000; Wright & Turhollow, 2010).  The perennial nature 

of switchgrass increases organic matter inputs through crop intensification and decreases the 

mineralization of C if established on soils that are by nature low in SOC (Collins et al., 2010).  

The retarded decay rates may be due to changes in litter quality, soil climate or other short-term 

decomposition controls.   

In southeastern Ontario, switchgrass is classified as an emerging bioenergy crop (REAP, 

2008).  Given this classification and the uncertainty in SOC changes following land use change, it 

is important to investigate the effects of switchgrass establishment on soil properties, specifically 

the relative amounts of SOC and soil C fractions.  The C sequestration potential of switchgrass on 

commercial farms has been debated, as results vary widely between research plots and 

commercial farms, suggesting an important role for specific farm management practices 

(Zimmerman et al., 2011).  I investigated changes in SOC dynamics along a chronosequence of 

paired sites (switchgrass versus conventional management) in southeastern Ontario.  I 

hypothesize that converting intensively managed agricultural land (based on annual crop rotations 

or tillage) to switchgrass will lead to an increase in SOC levels and an increase in the mean 

residence time of SOC.   Changes in SOC will be particularly evident in labile SOC fractions, 

including the MBC and light fraction (LF) pools, and less evident in the recalcitrant acid-stable 

(AS) C pool.  Furthermore, I predict that changes in SOC will relate significantly to site-specific 

edaphic properties or management strategies that are unique to each of the paired sites utilized in 

this study. 

3.3 Materials and Methods 

I sampled four sites (Table 3.1) in the Mixedwood Plains ecozone of southeastern Ontario 

in the summer of 2010 and 2011 (Figure 3.1).  In general, clays and loams overlay this southern 

Ontario region.  Climatic data for the four sites are shown in Table 3.1.  All of the study sites had 
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been under continuous switchgrass cropping for 4 - 11 years.  At each site, soils from adjacent 

fields that have been maintained under similar management practices (Table 3.2) as the 

switchgrass field prior to its establishment were used as control samples.  While the management 

history differed between sites (Table 3.2), the reference fields used at each site were good 

controls against which to assess the impacts of switchgrass establishment at each site.  

 

 

Figure 3.1 - Study area and sampling sites. 

 

Table 3.1 - Description of study sites. 

Site Location Predominant Soil 
MAP 

(mm) 

MAT 

(°C) 

Inkerman 45°01’N 75°20’W North Gower clay 801 5.6 

Ameliasburg 44°04’N 77°25’W 
Ameliasburg clay loam/ 

Farmington loam 
894 7.0 

Williamsburg 45°00’N 75°12’W Morrisburg clay loam 962 5.9 

Pakenham 45°22’N 76°17’W Manotick sandy loam 1029 6.2 
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Table 3.2 - Description of land use histories for the paired plots at each of the four study 

sites. 

Site Switchgrass Field History Control Field History 

Inkerman 

Established in 2007.  Fertilized with 23 kg N/ha 

every year (intensive fertilization regime – IFR). 

No C4 crops documented since at least 2000.  Non 

C4 crop rotation prior to establishment.  

Conventional disk tillage (CT) prior to switchgrass 

establishment.  

Non C4 crop rotation.  

Conventional disk 

tillage (CT). 

Ameliasburg 

Established in 2006.  Fertilized with 23 kg N/ha 

every year (intensive fertilization regime – IFR). 4 

year rotation with corn crop once every 4 years.  

No till (NT) prior to switchgrass establishment. 

4 year rotation with corn 

crop once every 4 years.  

No till (NT) prior to 

switchgrass 

establishment. 

Williamsburg 

Established in 2005.  No fertilizer applied to 

switchgrass field until 2010 (Conservation 

fertilization regime – CFR).  4 year rotation with 

occasional corn crop prior to switchgrass 

establishment.  Conventional disk tillage (CT) 

prior to switchgrass establishment. 

4 year rotation with 

occasional corn crop.  

Conventional disk 

tillage (CT). 

Pakenham 

Established in 1999.  Took 3 years to fully 

establish to consistent yield.  Fertilized with 50 kg 

N/ha from 2005 until 2009 (CFR).  Formerly hay 

field and managed with relatively low inputs.  No 

tillage (NT).  Left fallow in 2009.   

Continuous hay field 

with relatively low 

inputs.  No tillage (NT). 

 

Soil samples were collected in July 2010 and June 2011 (the latter for microbial biomass 

C only) along a single transect across each site in both switchgrass and control fields.  The 

transect was located to avoid topographic variation, and a 15 m buffer was established from any 

boundary to avoid edge effects.  Four replicate sampling locations were designed along each 

transect.  Given the variability in field size, the distance between replicates varied from 35 to 200 

m.  Coordinates for each sampling location were recorded with a handheld GPS device (Garmin 

International, GPSmap 60Cx, Olathe, KS) using a NAD27 projection.  Sample locations were 

treated as replicates for statistical analyses, although I realize that this is a case of 

pseudoreplication (Hurlbert, 1984).  Prior to sampling, loose litter on the surface was removed.  

At each location three 6.1cm-diameter soil cores to a depth of 10 cm were extracted using a hand-
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held, hammer-driven soil corer (Giddings Machine Corporation, Fort Collins, CO).  The three soil 

cores were composited by sampling location and mixed prior to soil analysis.  Samples were 

stored at 5ºC until processing and analysis.  Analysis of δ
13

C values and soil fractions was carried 

out on the top 10 cm of mineral soil, as this was expected to be the depth most sensitive to 

changes in land-use. 

Above-ground net primary productivity was estimated by clipping peak standing above-

ground biomass in mid-October 2010.  Switchgrass was harvested from four randomly located 

sampling points within a 10 meter radius of the soil sampling locations.  At each point, 

switchgrass was cut in a 1 m
2
 quadrat to10 cm above ground level and weighed in the field 

(Mettler Toledo, SB240001 Delta Range Scale, Mississauga, Ontario) to determine fresh weight.  

This large sample was mixed, and three subsamples were collected and dried to constant weight 

at 65°C for dry matter determination. 

To determine soil bulk density, a subsample (approximately 1/3 of the total sample) of all 

wet soil samples was weighed and sieved to 2 mm to remove roots and stones > 2 mm.  Roots and 

stones were oven-dried to determine dry weights.  An additional < 2 mm subsample 

(approximately 10 g) was dried at 105°C for 24 h to determine soil moisture.  Using the dry mass 

and wet mass of the < 2 mm soil subsample, the total dry mass of the sample was determined.  

Based on the dry mass of the rocks and roots, the volumes of these materials were calculated 

using generalized density values of 2.65 g cm
-3

 and 0.7 g cm
-3

, respectively (Brady & Weil, 

2008).  The total volume of the soil core, for a 10 cm increment was calculated, and the volume 

of the roots and rocks was subtracted.  The bulk density for soil < 2 mm was calculated by 

dividing the total mass of < 2 mm dry soil by the total volume of soil < 2 mm. 

Soil pH was measured by mixing 10 g of soil (< 2 mm particle size) with 10 mL 

deionized water to form a slurry.  Soil pH was measured on an Oakton 510 series pH/COND 

meter (Oakton Instruments, IL, USA).  Given the alkaline pH and soil parent material common to 
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this region, all soil samples were tested for carbonates with a few drops of 2 N HCl.  If carbonates 

were evident (effervescence when acid added), samples were repeatedly treated with 2 N HCl 

until effervescence was no longer detected.    I confirmed the removal of carbonates using X-Ray 

Diffraction (XRD).  This non- destructive method determined the types (calcite, ankerite, 

dolomite, siderite) of carbonate compounds in two soil samples pre- and post-acid treatment (n = 

4).  Identification of carbonates was achieved by comparing reference patterns of known 

compounds with XRD patterns of each sample as determined by Bragg’s Law (1913): 

n= 2d sin          Equation 3.1 

where n is an integer,  is the wavelength of incident wave, d is the spacing between place in the 

atomic lattice, and  is the angle between the incident ray and the scattering planes.  It was 

important to remove carbonate minerals, as they are often heavily enriched in 
13

C
 
relative to bulk 

soil.   

Below-ground biomass was separated by elutriation with water and washed thoroughly to 

remove soil residues.  Biomass was separated into crown biomass, coarse root biomass (> 2mm 

diameter) and fine root biomass (< 2mm diameter).  The samples were freeze dried and then 

ground using a mortar and pestle. 

Using tweezers, soil subsamples (approximately 5 g) were picked clean of all visible root 

and plant remains, dried at 60°C and ground with a planetary ball mill (SPEX SamplePrep 8000D 

Mixer/Mill, LabWrench, Midland, ON).  All bulk soil samples (carbonates removed) were 

analyzed for organic C by thermal combustion on a LECO Truspec CN analyzer (LECO 

Corporation, St. Joseph, MI, USA).  Because of possible changes in soil bulk density as a result 

of changes in management, the amount of SOC in the switchgrass and control fields was 

calculated on an equivalent soil mass basis using Equation 3.2: 

Total SOC (Mg C ha
-1

) = OC x BD x L x 10    Equation 3. 2 
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where OC is the organic C content (%), BD is the bulk density (g cm
-3

), and L is the layer 

thickness (cm). 

Soil texture was measured using the hydrometer method (Gee & Bauder, 1986).  

Approximately 60g of soil from each plot and depth were dispersed in a 5% sodium 

hexametaphosphate solution and allowed to settle over a 24-hour period. 

3.3.1 Fractionation Techniques 

Soil MBC was determined by the chloroform fumigation-extraction technique (Voroney 

et al., 2007) within seven days of sampling.  Two 20 g samples of field moist soil (<2mm 

fraction) were raised to 60% water-holding capacity.  Field capacity, or 100% water-holding 

capacity, was determined by saturating soils for 24 hours in a sealed funnel, then gravimetrically 

draining samples for 6 hours.  Soil moisture content was determined by oven-drying samples at 

field capacity for 24 hours at 105°C.  To raise samples to 60% water-holding capacity, water was 

added to achieve 60% of the soil moisture measured at field capacity (Harding & Ross, 1964).  

One of the two moistened samples was fumigated in a sealed desiccator with chloroform for 24 

hours.  Both fumigated and non-fumigated samples were shaken (200 RPM) on a platform shaker 

(Excella E5, New Brunswick Scientific So., Inc., Edison, NJ) for 1 hour with 40 mL of 0.5 N 

potassium sulfate (K2SO4) (1:2 soil to extractant ratio).  This ratio, lower than the original method 

(1:4), was utilized following a methodological check which suggested higher or similar C 

extraction efficiency than the prescribed 1:4 ratio (Appendix A).  It also reduced the ratio of salt 

to microbial C, which facilitated 
13

C measurements.  Approximately 15 mL of extract was oven-

dried to salt and ground using a mortar and pestle in preparation for isotopic analysis. 

Total extractable C content for the fumigated and non-fumigated aqueous sample was 

determined on a total organic C analyzer (Shimadzu TOC, Columbia, MD; Terrestrial Ecosystem 
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Ecology Lab, Department of Biology, Queen’s University).  Total mass of extractable C was 

calculated from the following equation: 

CF, CNF (mg g
-1

 soil) = total organic C (mg L
-1

) * [VS (mL)/MS (g)]  Equation 3.3 

where CF is the mass of extractable C in the fumigated soil, CNF is the mass of extractable C in the 

non-fumigated soil, VS is the total volume of solution in the extracted soil, and MS is the soil 

mass (oven-dry weight).  The MBC was calculated as the difference in the total mass of the 

extractable C between the fumigated and non-fumigated soil: 

MBC (mg g
-1

 soil) = (CF - CNF)/kEC     Equation 3.4  

where kEC = 0.45 and represents the extraction efficiency of MBC (Wu et al., 1990; Joergensen et 

al., 2011).   

The soil LF was isolated using the density fractionation method (Gregorich & Beare, 

2007).  Subsamples (25 g, field moist, < 2 mm) were picked free of visible organic matter > 

2mm, mixed with 50mL of 1.7 g cm
-3

 sodium iodide and shaken gently (200 RPM) on a platform 

shaker for one hour.  The samples were then left to stand for 48 hours, after which the LF was 

suctioned off using a syringe and filtered though a 25mm diameter, 0.8 μm Millipore Isopore 

Membrane filter in a Millipore Swinnex filter holder unit.  The recovered LF was washed with 

0.1N calcium chloride and distilled water to remove any salt residue, then air dried and weighed.  

The samples were freeze dried and then ground using a mortar and pestle.  The water content of 

each soil sample was obtained to report LF on an oven-dry weight basis.   Total C content was 

determined with a continuous flow elemental analyzer isotope ratio mass spectrometer (EA-

IRMS; ThermoFinnigan, San Jose, CA).   

The AS organic matter fraction was isolated by acid hydrolysis (Olk & Gregorich, 2006).  

All soil samples (< 2 mm) were picked for visible organic matter >2mm, dried at 60°C and 

ground with a planetary ball mill.  Subsamples (3 g) were refluxed for 24 hours at 116°C with 

approximately 30 mL of 6 N HCl (1:10 soil to acid ratio) on a temperature controlled digestion 
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block (Analytical Services Unit, Department of Biology, Queen’s University).  During digestion 

small watch glasses were put on top of each digestion tube to encourage reflux and prevent the 

samples from boiling dry.  After refluxing, the soil-acid solution was filtered through a Fisher Q5 

filter paper, washed with distilled water, air dried and then weighed.  Samples were finely ground 

for C isotopic and elemental analysis using a mortar and pestle.  Total C content was obtained by 

thermal combustion and elemental determination on a LECO Truspec CN Analyzer (LECO 

Corporation, St. Joseph, MI, USA).  

3.3.2 Isotopic Analysis 

Approximately 3 mg of bulk soil was weighed into a tin capsules for isotopic analysis.  The δ
13

C 

content was measured on all bulk soil samples (< 2 mm) as well as all SOM fractions, including 

both the fumigated and non-fumigated MBC samples, with a continuous flow elemental analyzer 

in-line with an isotope ratio mass spectrometer (EA-IRMS; ThermoFinnigan, San Jose, CA).  The 

13
C abundance is expressed in δ

13
C according to the equation: 

δ
13

C (‰) = [(Rsample/Rstandard) -1] * 1000       Equation 3.5 

with Rsample being the isotope ratio 
13

C/
12

C of the sample, and Rreference being the 
13

C:
12

C ratio of 

the international Vienna PeeDee formation belemite (PDB) C standard. 

The portion of switchgrass-derived C in bulk or SOC fractions was calculated according 

to Balesdent and Mariotti (1996): 

%Cswitchgrass = (δ
13

Cswitchgrass - δ
13

Ccontrol) / (δ
13

C4 - δ
13

Ccontrol) *100  Equation 3. 6 

where δ
13

Cswitchgrass is the δ
13

C value of the soil beneath switchgrass, δ
13

Ccontrol is the δ
13

C value of 

the soil from the control site and δ
13

C4 is the average δ
13

C value from above- and below-ground 

vegetation.   

 The δ
13

C (‰) of MBC was estimated as the δ
13

C of C extracted from the fumigated 

samples in excess of that extracted from the nonfumigated sample where: 
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δ
13

C MBC= (δ
13

Cf * Cf - δ
13

Cnf * Cnf) / (Cf – Cnf)    Equation 3.7 

Cf and Cnf are the amounts of C extracted from the fumigated and non-fumigated samples and 

δ
13

Cf and δ
13

Cnf are the δ
13

C
 
values of the fumigated and non-fumigated extracts, respectively 

(Gregorich et al., 2000). 

The amount of SOC in a sample derived from switchgrass was calculated from the 

following equation: 

ΔSOC = %Cswitchgrass * B       Equation 3.8 

where B is the SOC reservoir obtained from elemental analysis of bulk soil and soil fractions 

combined with measurement of bulk density. 

Turnover rate of C3-SOC was calculated by assuming exponential decay of the SOC 

using the following equation: 

At = Aoe
-kt

        Equation 3.9 

where At is the amount of switchgrass-derived C, Ao is the total SOC inventory and k is the decay 

rate constant used to estimate turnover time.  The MRT was calculated as the reciprocal of the 

turnover time.   

3.3.3 Statistics 

Prior to statistical analysis, a qualitative analysis of site averages and standard deviations 

was performed to examine general trends in the data.  Following this, all data sets were tested for 

normality using Shapiro-Wilkes W Test.  If a variable was not normally distributed, four potential 

transformations were applied in this order: natural logarithm, base-10 logarithm, square root, and 

inverse.  Data points outside the upper (third) inter-quartile range were considered outliers and 

removed (Zimmerman et al., 2011).  This was necessary for MRT given that the utilization of 

these outliers resulted in values 4-10 times the average of the remaining values.  The outliers 

removed included two δ
13

C values for the bulk soil (one at the Inkerman site and one at the 
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Ameliasburg site) and one MBC δ
13

C value at the Williamsburg site.  Additionally, due to the 

nature of the isotope mass balance approach, higher (less negative) δ
13

C values in the control 

samples compared with the corresponding switchgrass site resulted in negative values for that 

sample.  These negative values were indicative of either C4 inputs into the control fields or an 

error in measurement.  Therefore negative values were removed and included one bulk soil value 

at the Ameliasburg site and 6 MBC values (one at both the Pakenham and Williamsburg sites and 

four at the Ameliasburg site).   

Once assumptions of homogeneity of variances were met, two-way analysis of variance 

(ANOVA) was used to test for site (age) and treatment (control vs. switchgrass) effects (p < 0.05 

used at level of significance).  When significant site effects occurred, Tukey’s Honestly 

Significant Difference (HSD) was used to test for differences between individual sites.  

Vegetation variables among sites were compared using one-way ANOVA.  If significant results 

were obtained (p < 0.05), Tukey’s HSD test was used to determine differences within site.  All 

transformations and statistical analyses were performed using JMP 9.0 (SAS Institute 2009, Cary, 

NC). 

3.4 Results 

3.4.1 Soil Properties 

The paired sites generally displayed similar physical and chemical soil properties 

between adjacent sites however there was tremendous variability among the four sites studied 

(Table 3.3).  Note in particular the range of bulk density values (0.96 to 1.44 Mg m
-3

 across all 

sites) as well as the range of pH values (5.3 to 7.3 across all sites and 5.9 to 7.1 between 

treatments) at the Ameliasburg site (Table 3.3).   
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Table 3.3 - Selected physical and chemical properties of four study sites at 0-10cm.  Each 

sample mean was based on four sampling points across a single transect at each site.   

Site Treatment 
Moisture 

(%) 

Bulk 

Density 

(Mg/m
3
) 

pH 

Soil Texture (%) 

Sand Clay Silt 

Inkerman 
Switchgrass 

Control 

32 

30 

1.44 

1.43 

6.1 

5.9 

17 

27 

39 

31 

44 

43 

Ameliasburg 
Switchgrass 

Control 

23 

21 

1.02 

1.07 

5.9 

7.1 

24 

22 

25 

21 

51 

57 

Williamsburg 
Switchgrass 

Control 

32 

22 

1.10 

0.98 

7.2 

7.3 

45 

55 

17 

15 

38 

30 

Pakenham 
Switchgrass 

Control 

14 

15 

1.09 

0.96 

5.3 

5.6 

47 

52 

10 

8 

44 

40 

 

3.4.2 Above- and Below-ground Switchgrass Biomass 

The δ
13

C values of the biomass samples ranged from a maximum of -12.0‰ for the 

switchgrass leaves at the Williamsburg site to a minimum of -23.4‰ for fine root biomass at the 

Pakenham site (Table 3.4).  At the Williamsburg site, fine root biomass is significantly lighter 

than either the leaves or coarse roots (F 2, 8 = 60.8, p < 0.001).  The other sites do not show 

significant differences among isotopic values for the different plant organs.  Among sites, fine 

roots are significantly lighter at the Pakenham site than the other three sites (Table 3.4).  Given 

the variability in the plant-parts at the Pakenham site, when this site is excluded from analysis, 

there is a significant difference in the isotopic values between the coarse and fine roots across the 

remaining three sites (F 1, 18 = 16.6, p < 0.001) with the coarse roots showing a slightly heavier 

δ
13

C value.  The δ
13

C of all switchgrass plant-parts averaged -12.7 ‰ (typical for C4 plants) 

across the three remaining sites and demonstrated no relationship with climatic factors.  
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Table 3.4 - Mean variation (+ SE) in the δ
13

C values of switchgrass biomass components.   

Site 
Leaves

 
Fine Roots Coarse Roots

 

-----‰ ----- 

Inkerman -12.7 (0.2) -12.9 (0.2) a* -12.6 (0.1) 

Ameliasburg -12.6 (0.1) -13.0 (0.03) a -12.8 (0.2) 

Williamsburg -12.0 (0.1) -13.1 (0.1) a -12.3 (0.1) 

Pakenham -15.2 (2.3) -23.4 (1.1) b -15.7 (3.4) 

 
F ratio (3, 14) = 

0.92 

p value = 0.46 

F ratio (3, 9) = 

99.56 

p value < 0.001 

F ratio (3, 9) = 

1.03 

p value = 0.42 

 *Different letters within column denote significant difference between variables. 

 

3.4.3 Bulk Soil 

Total SOC did not show a significant site by treatment interaction (F 3, 24 = 2.53, p = 

0.08), however there was a significant difference among sites (F 3, 24 = 5.00, p < 0.01).  

Significant differences were seen between the Inkerman and Pakenham site as well as between 

the Ameliasburg and Pakenham site (Table 3.5).  SOC at the Pakenham site, which has a loamy 

soil texture (Appendix C), was on average 22% lower relative to the average of the three other 

sites.  Despite a lack of significant difference between treatments (F 1, 24 = 1.70, p = 0.20), the 

SOC in the surface 10 cm of the soil averaged 24 Mg ha
-1

 within all control fields and 26 Mg ha
-1

 

within all switchgrass sites.  Given the almost significant site by treatment interaction (p = 0.08), 

we explored treatment effects at individual sites using t-tests across all sites.  Results from this 

exploratory approach indicate a significant treatment effect at the Williamsburg site (F 1, 6 = 5.73, 

p = 0.05).   

The incorporation of C4 plant matter from switchgrass establishment resulted in a change 

in the δ
13

C value of the soil and thus provided an indicator to determine rates of C turnover.  Once 

again, the site by treatment interaction term was non-significant (F 3, 24 = 2.02, p = 0.14), however 
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there was a significant difference among sites (F 3, 24 = 13.35, p < 0.0001) and between treatments 

(F 1, 24 = 19.48, p = 0.0002).  Significant differences were seen between the Inkerman and 

Ameliasburg site as well as between the Inkerman and Pakenham site (Table 3.5). Switchgrass 

sites were less negative than control sites (Table 3.5), reflecting the increased input of C4-C.  

Again, given the almost significant site by treatment interaction, I explored treatment effects 

using t-tests across all sites.  Results from this exploratory approach indicate significant treatment 

effects at the Williamsburg site (F 1, 6 = 35.70, p = 0.001) and the Pakenham site (F 1, 6 = 36.19, p 

= 0.001).   Neither SOC nor δ
13

C value showed a significant relationship with soil texture, 

however SOC did show a significantly positive relationship with pH (r
2
 = 0.17, p = 0.0175). 

 

Table 3.5 - Total organic C and isotopic composition (mean + SE) in bulk soil for paired 

sites at each of the four study sites. 

Site Treatment 
% C of  

Bulk Soil 
Mg C ha

-1 
δ

13
C (‰) 

Inkerman 
Switchgrass 2.32 (0.04) 

2.25 (0.03) 

25.6 (0.7) a* 

24.6 (0.0) 

-25.4 (0.2) c* 

-26.1 (0.3) Control 

Ameliasburg 
Switchgrass 2.76 (0.47) 

2.62 (0.25) 

27.5 (3.6) a 

27.8 (1.9) 

-24.3 (0.2) a 

-24.4 (0.5) Control 

Williamsburg 
Switchgrass 2.87 (0.16) 

2.37 (0.31) 

31.6 (1.7) ab 

23.3 (3.1) 

-24.8 (0.1) bc 

-25.7 (0.1) Control 

Pakenham 
Switchgrass 

Control 

1.84 (0.09)* 

2.31 (0.10) 

20.1 (1.1) b 

21.7 (0.9) 

-24.3 (0.1) ab 

-25.4 (0.1) 

 * Different letters within column denote significant difference between variables. 

 

3.4.4 Soil C Fractions 

3.4.4.1 Microbial Biomass Carbon 

Total MBC showed no significant site by treatment interaction (F 3, 24 = 1.23, p = 0.32), however 

there was a significant site effect (F 3, 24 = 6.50, p = 0.002) as well as an overall significant 

treatment effect (F 1, 24 = 5.07, p< 0.05).  The Williamsburg site differed significantly from the 

Ameliasburg and the Pakenham site (Table 3.6).   There was also significantly more MBC in the 
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switchgrass fields than in the control fields.  MBC δ
13

C values for the switchgrass soils were less 

negative than those from the paired control fields, with the exception of the Ameliasburg site.  

The MBC δ
13

C values showed a significant site by treatment interaction (F 3, 24 = 3.6, p < 0.05) 

with the Inkerman site (IFR and CT) being the only paired site to show a significant difference in 

the MBC δ
13

C values between treatments.  There was also a significant site effect (F 3, 24 = 18.95, 

p < 0.0001).  The MBC δ
13

C values were significantly lower at the Ameliasburg site than the 

other three sites.  Additionally, the MBC δ
13

C values at the Ameliasburg site in the control field 

were on average heavier than the switchgrass field.  The amount of MBC as a percent of the total 

SOC pool ranged from 2.1-3.7% of the total soil C.  
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Table 3.6 - Amount of C and isotopic composition (mean + SE) of MBC for paired sites at each of the four study sites.  The mean MBC % 

of the total SOC is also presented.   

Site Treatment 
mg MBC  

kg
-1

 dry soil 

MBC 

kg ha
-1

 

MBC % of 

total SOC 
δ

13
C 

Inkerman 
Switchgrass 

Control 

824 (68) 

684 (82) 

907 (73) ab* 

746 (80) 

3.6 (0.3) 

3.0 (0.4) 
-19.4 (0.8) abc* 

-24.9 (0.1) d 

Ameliasburg 
Switchgrass 

Control 

519 (69) 

575 (128) 

572 (82) b 

624 (133) 

2.1 (0.1) 

2.4 (0.6) 

-16.2 (0.3) ab 

-15.0 (1.2) a 

Williamsburg 
Switchgrass 

Control 

1011 (90) 

823 (50) 

1125 (142) a 

811 (63) 

3.6 (0.4) 

3.7 (0.5) 

-18.9 (0.5) cd 

-21.1 (0.5) bcd 

Pakenham 
Switchgrass 

Control 

660 (55) 

557 (106) 

723 (77) b 

529 (97) 

3.6 (0.2) 

2.5 (0.5) 

-22.8 (0.8) cd 

-24.4 (0.2) cd 

* Different letters within column denote significant difference between variables.
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3.4.4.2 Light Fraction 

Total LF C ha
-1

 showed a significant site by treatment interaction (F 3, 24 = 3.87, p < 0.05); 

however post hoc tests did not show any differences between treatments within sites (Table 3.7).  

This variable also showed a significant site effect (F 3, 24 = 12.85, p < 0.0001) with the 

Williamsburg site having significantly less LF C ha
-1

 than the other three sites.  The δ
13

C values 

of the LF showed no significant site by treatment interaction (F 3, 24 = 0.53, p = 0.67), however 

both site (F 3, 24 = 36.99, p < 0.0001) and treatment (F 1, 24 = 27.61, p < 0.0001) differed 

significantly, with the Ameliasburg site differing from the three other sites (Table 3.7).  The LF 

from the treatment sites was less negative than control sites (Table 3.7).  Interestingly, the 

variation in isotopic values for the replicates was larger for all of the switchgrass sites than the 

control sites.  The δ
13

C values of the LF were correlated with the whole soil δ
13

C (r
2
 = 0.44, p> 

0.0001).   
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Table 3.7 - Light fraction C and isotopic composition (mean + SE) for paired sites at each of the four study sites.  The mean LF % of the 

total SOC is also presented. 

Site Treatment % C of LF 
mg LF kg

-1 

soil 

kg LF C  

ha
-1

 

% LF C 

of total 

SOC 

δ
13

C 

Inkerman 
Switchgrass 

Control 

26.8 (1.4) 

30.8 (1.4) 

579 (208) 

1988 (1011) 
175 (67) bc* 
655 (322) ab 

0.7 (0.3) 

2.7 (1.3) 

-23.2 (0.7) b* 

-28.6 (0.2) 

Ameliasburg 
Switchgrass 

Control 

24.6 (2.3) 

19.9 (1.5) 

2465 (210) 

2321 (552) 

673 (90) ab 

486 (88) ab 

2.6 (0.5) 

1.8 (0.4) 

-15.3 (0.5) a 

-21.4 (0.5) 

Williamsburg 
Switchgrass 

Control 

24.3 (3.7) 

18.3 (1.4) 

1063 (677) 

491 (196) 

276 (183) bc 

86 (33) c 

0.9 (0.6) 

0.4 (0.1) 

-20.2 (1.7) b 

-27.5 (0.4) 

Pakenham 
Switchgrass 

Control 

21.3 (0.9) 

18.5 (1.5) 

2248 (235) 

4843 (664) 

529 (61) ab 

842 (115) a 

2.6 (0.2) 

3.9 (0.6) 

-22.7 (1.1) b 

-28.4 (0.1) 

* Different letters within column denote significant difference between variables.
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3.4.4.3 Acid-Stable Fraction 

The % C of the AS fraction as well as the % AS C of the total SOC was generally higher in the 

switchgrass fields than the control fields with the exception of the Pakenham site (Table 3.8).  

The amount of AS C ha
-1

 showed no significant site by treatment interaction (F 3, 24 = 2.53, p = 

0.08), however there was a significant site effect (F 3, 24 = 5.91, p < 0.005).   The AS fraction 

showed a significant difference between the Ameliasburg and Williamsburg sites as well as 

between the Ameliasburg and Pakenham sites.  The δ
13

C values of the AS C fraction showed a 

significant site by treatment interaction (F 3, 24 = 5.14, p < 0.01).  A significant difference was 

observed between treatments in the Williamsburg and Pakenham sites (Table 3.8).  There was a 

significant site (F 3, 24 = 67.82, p < 0.0001) and treatment (F 1, 24 = 70.43, p < 0.0001) effect.  The 

Ameliasburg site differed from the three other sites showing less negative δ
13

C values for the AS 

C fraction.  The switchgrass fields were less negative than the control fields and as expected, the 

difference in the δ
13

C values between treatment was much smaller than in both the MBC and LF 

constituents due to the much longer turnover time of the AS fraction.  Linear correlations showed 

that the amount of  log10 transformed AS fraction ha
-1

 significantly increased with WHC (R
2
 = 

0.45, p < 0.0001) as well as % clay (R
2
 = 0.18, p = 0.01).   
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Table 3.8 - Acid-stable C and isotopic composition (mean + SE) of AS C for paired sites at each of the four study sites.  The mean AS % of 

the total SOC is also presented. 

Site Treatment 
g AS kg

-1 

dry soil 
% C of AS 

Mg AS  

C ha
-1 

% AS C of 

total SOC 
δ

13
C (‰) 

Inkerman 
Switchgrass 746.5 (5.1) 

742.7 (6.3) 

1.29 (0.03) 

1.23 (0.05) 

10.6 (0.3) ab* 

10.0 (0.6) 

41.6 (0.8) 

40.8 (2.1) 
-26.9 (0.1) bc* 

-27.6 (0) cd Control 

Ameliasburg 
Switchgrass 760.6 (18.5) 

750.1 (8.9) 

1.70 (0.45) 

1.57 (0.16) 

14.1 (3.6) a 

13.0 (1.6) 

49.3 (5.6) 

46.1 (2.6) 

-25.0 (0.1) a 

-25.5 (0.2) a Control 

Williamsburg 
Switchgrass 720.6 (15.7) 

676.4 (5.7) 

1.42 (0.11) 

1.10 (0.19) 

11.2 (0.7) b 

7.3 (1.3) 

35.4 (1.0) 

30.8 (1.9) 

-26.4 (0.2) b 

-27.3 (0.1) cd Control 

Pakenham 
Switchgrass 842.1 (3.3) 

834.8 (7.4) 

0.78 (0.07) 

1.08 (0.01) 

7.2 (0.7) b 

8.6 (0.2) 

35.4 (1.5) 

39.9 (1.0) 

-26.4 (0.2) b 

-28.1 (0.1) d Control 

* Different letters within column denote significant difference between variables.
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3.4.5 C4-Derived C 

The switch from predominately C3 crops to switchgrass, a C4 plant, resulted in changes 

in the δ
13

C values of the bulk soil and almost all of the soil fractions (with the exception of MBC 

at the Ameliasburg site).  This isotopic shift allows me to calculate the contribution of 

switchgrass inputs to the soil C pool and an estimate of the MRT of the C3-C that remains in the 

soil and in the different soil C fractions (Equation 3.9; Table 3.9; Figure 3.2).  Given the strong 

presence of C4 inputs at the Ameliasburg site in the control field as indicated by the MBC, results 

from the other soil fractions at this site (Table 3.9) should be interpreted with caution.   
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Table 3.9 - Average proportions of C4-dervied C, decomposition rate (k), and mean residence time (MRT) of C in the bulk soil, microbial 

biomass (MBC), light fraction (LF) and acid stable (AS) fractions. Standard error values presented for MRT.  

Site 

Bulk Soil MBC LF AS 

C4-C 

(%) 

k 

(yr
-1

) 

MRT 

(yr) 

C4-C 

(%) 

k  

(yr
-1

) 

MRT 

(yr) 

C4-C 

(%) 

k  

(yr
-1

) 

MRT 

(yr) 

C4-C 

(%) 

k  

(yr
-1

) 

MRT 

(yr) 

Inkerman 5.1 0.0161 
65 

(9.4) 
45.3 0.1557 

7  

(1.8) 
34.1 0.1058 

19 

(1.6) 
5.0 0.0128 

81 

(8.7) 

Ameliasburg 2.7 0.0054 
185 

(0.9) 
-- -- -- 69.0 0.2456 

4  

(0.9) 
3.8 0.0077 

147 

(27.9) 

Williamsburg 7.2 0.0124 
85 

(9.6) 
25.2 0.0662 

15 

(0.7) 
49.5 0.1259 

13 

(6.0) 
6.5 0.0113 

115 

(37.9) 

Pakenham 8.8 0.0084 
89 

(14.5) 
20.1 0.0206 

52 

(9.1) 
36.6 0.0434 

27 

(4.6) 
10.7 0.0103 

109 

(21.7) 
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The bulk soil C content derived from C4 sources ranged from 2.7-8.8% (Table 3.9).  In 

general, C4-derived soil C increased over time since establishment with the exception of the 

Ameliasburg site (Figure 3.2, Table 3.9).  Excluding this site, the MRT was 81 years based on the 

average from all four sampling sites in each switchgrass field.  The MBC content ranged from 

20.1- 45.3% from a C4 source and translated into a MRT ranging from 7-52 years.  LF derived 

from C4 inputs ranged from 34.1-69.0% of the total LF C, resulting in MRT of LF C ranging 

from 4-27 years with an average of 17 years excluding the Ameliasburg site.  The portion of C4-

derived C in the LF was substantially more than any of the other fractions with the exception of 

the MBC at the Inkerman site (Table 3.9).  The portion of C4-derived C in the AS fraction ranged 

from 3.8-10.7% and was similar to that of the bulk soil.  The C4-derived AS C increased over 

time since establishment with the exception of the Ameliasburg site (Figure 3.2).  The MRT of 

the AS fraction ranged from 81-147 years, and with the exception of the Ameliasburg site, was 

longer than the bulk soil turnover time.  The average MRT of the AS fraction with the 

Ameliasburg site excluded was 102 years. 

The annual accumulation of SOC was 0.32, 0.16, 0.38, and 0.16 Mg ha
-1

 for the 

Inkerman, Ameliasburg, Williamsburg and Pakenham sites respectively.  The average 

accumulation is 0.26 Mg C ha
-1

 yr
-1

. 
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Figure 3.2 - Mass of C derived from C3 and C4 inputs at the 0-10cm depth in the bulk soil, 

microbial biomass C (MBC), light fraction C (LF), and acid stable C.  The top of each bar 

represents the C4 contribution to the pool.  Note the different vertical scales for the four 

fractions presented. 

 

3.5 Discussion 

Given the classification of switchgrass as an ―emerging bioenergy crop‖ (REAP, 2008), 

site selection was restricted based on the number of available commercial sites.  I was unable to 

establish replicated sites with similar times since establishment, leading to utilization of 

replicated ―sites‖ within each of the fields at the four sites. This sampling creates issues of 

pseudoreplication given that replicates are not necessarily statistically independent (Hurlbert, 

1984).  While this might limit my ability to extrapolate these results to all of Ontario, my results 

do provide insight into soil C changes associated with switchgrass establishment, and will 
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contribute to meta-analyses when further results becomes available in the southeastern Ontario 

region.   

Soil fractionation and 
13

C analysis was only carried out on the top 10 cm of the soil profile.  

Previous research has suggested that the majority of soil C is stored near the surface (Gregorich et 

al., 1996; Jabbagy & Jackson, 2000), but also that the surface layers are more sensitive to changes 

in cropping (Garten & Wullschleger, 2000).  Changes in SOC are often drastically diminished 

below 10cm (Del Galdo et al., 2003).  Additionally, time constraints and analytical costs for 

isotopic analysis limited the number of samples that could be analyzed. 

Traditionally, C4 plant species have been suggested to have relatively low variation in δ
13

C 

between above- and below-ground plant parts due to negligible discrimination associated with the 

transfer of C below-ground (Farquhar et al., 1989).  Results obtained from the Williamsburg site 

indicate significant differences between fine roots and other plant parts (Table 3.4).  The fine 

roots at the Pakenham site show significantly lower δ
13

C values than the other three sites.  

Although I certainly observed above-ground biomass δ
13

C values within the normal C4 plant 

range, results for roots suggest the presence of C3 plants at this site.  It is odd that this re-

establishment of native C3 plants was not evident in the above-ground biomass δ
13

C values, 

however the ratio of C3:C4 above-ground biomass may be so low that C3 vegetation was not 

sampled during biomass sampling.   In addition, the high sand content at the Pakenham site, 

which in comparison to clay typically provides organic matter stabilization through protection, 

could be accelerating the decomposition of switchgrass root C, leaving a δ
13

C signature more 

reflective of emerging C3 plants.  My results also indicate significant differences between fine 

and coarse root below-ground plant matter (Table 3.4).  The more rapid turnover of fine roots 

compared with coarse roots should have encouraged δ
13

C values of fine roots to be more 

reflective of the ideal C4 plant signature (~12‰).  Meanwhile the coarse roots, especially in the 

less established sites, may still reflect the signature of the C3 plants previously grown at these 
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sites.  My observations oppose this decomposition theory and indicate that some form of 

discrimination against 
13

C, likely in post-photosynthetic fractionation (Badeck et al., 2005), may 

be happening.  This observation is worth noting for future research and hard to explain given the 

objectives of this study.   

3.5.1 Soil Dynamics 

I found no significant interaction between site and treatment for bulk SOC values, however 

there was a significant difference between treatments at the Williamsburg site, as indicated by t-

tests.  The significance at this one site is attributed to time since establishment although this was 

not evident in the two-way ANOVA interaction.  The non-significance from the two-way 

ANOVA suggests that soils at these sites under switchgrass cultivation do not generally 

accumulate measurable SOC over these time scales.  This contrasts with Zan et al. (2001), who 

found that switchgrass production in southern Quebec increased soil C by 3 Mg ha
-1

 yr
-1

 

compared with a corn field after only four years of production.  This high accumulation rate is 

likely the result of the intensive management associated with corn cropping, used as the reference 

condition in their study.  The comparatively less intensive management of my control sites 

suggest that the average annual accumulation rate across our four sites is 0.26 Mg C ha
-1

 yr
-1

.  My 

results are more comparable to those observed by Collins et al. (2010) who observed an average 

annual C accrual rate of 1.0 Mg ha
-1 

yr
-1

 in the top 15cm following the transition from native 

shrub-steppe to switchgrass.  Similarly, model simulations for short-rotation woody coppice 

willow systems in England present an average soil C sequestration rate of 0.41 Mg C ha
-1 

yr
-1

 to a 

depth of 23 cm (Grogan & Matthews, 2002).  While research in the Great Plains (Liebig et al., 

2005) and southeastern US (Garten & Wullschleger, 2000; Ma et al., 2000) has shown greater 

rates of soil C accumulation following the establishment of switchgrass for soil conservation, my 

results suggest similar patterns many not be found in eastern Canada.  In a large compendium and 
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assessment of Canadian studies, VandenBygaart et al. (2003) concluded that the introduction of 

no-tillage practices for conservation soil management did not increase SOC stores in eastern 

Canada, potentially due to higher soil moisture levels.  In contrast, the adoption of no-till in 

western Canada increased SOC stores by approximately 2.9 Mg ha
-1

.  These differences may be 

attributed to geographic variability in soil moisture.  Moisture levels near the soil surface are 

likely greater in eastern Canada, thus favoring greater decomposition of SOM inputs near the soil 

surface (VandenBygaart et al., 2003).   

The calculated bulk soil turnover times (Table 3.9) concur with estimates from other 

southeastern Ontario research utilizing C isotopic methodologies (Gregorich et al., 2000).  In 

comparison to other temperate study locations, Balesdent et al. (1990) in Boigneville, France, 

evaluated the difference in turnover times of SOM in three different tillage management 

scenarios.  The MRT for soils under conventional tillage, minimal tillage and no tillage for their 

research were estimated at 56, 68 and 127 years respectively (Table 3.10).  My results indicate 

that the MRT for C3-C following the establishment of switchgrass in soil at four sites in 

southeastern Ontario averages 81 years (Table 3.9).  This value corresponds more closely with the 

MRT of SOC under conservation soil management practices than those under an intensive soil 

management scenario as identified by Balesdent et al. (1990). 
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Table 3.10 - Estimates of soil organic matter decomposition rates from shift in the natural 

abundance of δ
13

C in soil (CT (conventional tillage) NT (no-tillage)). 

Author Site 
Crop & 

management 

Soil 

layer 

Soil 

fraction 
k (yr

-1
) 

MRT 

(yr) 

Jaggard (this 

study) 

Inkerman, 

Ontario 
switchgrass 0-10cm 

Bulk soil 

MBC 

LF 

AS 

0.0161 

0.1557 

0.1058 

0.0128 

65 

7.4 

10.2 

81 

Jaggard (this 

study) 

South-

eastern 

Ontario 

switchgrass, CT 

switchgrass, NT  
0-10cm Bulk soil 

0.0140 

0.0074 

76 

121 

Balesdent et al., 

1990 

Boigneville, 

France 

maize, CT 

maize, NT 

maize, min. till 

0-30cm 

0-26cm 

0-28cm 

Bulk soil 

0.0180 

0.0079 

0.0148 

56 

127 

68 

Schneckenberger 

& Kuzyakov, 

2007 

Southern 

Germany 
Miscanthus 0-10cm Bulk soil 0.09 11 

Collins et al., 

2010 

North-

western US 
switchgrass 0-15cm Bulk soil 0.0162 62 

Gregorich et al., 

2000 

Eastern 

Canada 
maize 0-20cm 

Bulk soil 

MBC 

0.0142 

0.0886 

93 

16 

Blagodatskaya et 

al., 2011 

Southern 

Germany 
Miscanthus 0-10cm 

MBC (CO2 

efflux) 

MBC (soil) 

12.5 

 

0.145 

0.08 

 

6.9 

Gregorich et al., 

1995 
Ontario maize 

0-5cm 

0-15cm 
LF 

0.0911 

0.0518 

11.0 

19.3 

Murage et al., 

2007 
Ontario 

maize, CT 

maize, NT 
0-20cm LF 

0.0476 

0.1200 

9.5 

8.3 

 

 

 With the exception of the Ameliasburg site, increases in the MRT across time since 

switchgrass establishment are generally evident for the SOC constituents explored (Table 3.9; 

Figure 3.3), suggesting an overall reduction in SOC turnover rates across soil constituents with 

various turnover times.  Although MRT is calculated for C3-C following a change in 

management, the observed increase suggests that switchgrass establishment should increase not 

only the MRT of C3-C that remains, but also ―new‖ C4-C.  Moreover, the difference in 
13

C 

between treatment and control fields also continues to increase over the time scale of this 

chronosequence (Figure 3.3), but the greater changes in the more labile (LF) compared to the 
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more resistant (AS) fractions suggest that it will take much longer than 11 years before 

switchgrass establishment will cease to modify SOC pools.  This has implication for the time 

scale over which any assessment for the effects of switchgrass establishment on soil C would 

have to occur. 

 

 

Figure 3.3 - Absolute change in δ
13

C values between treatments at the 0-10cm depth for C in 

the microbial biomass (MBC), light fraction (LF), acid-stable fraction (AS) and bulk soil. 

 

A comparison between the management of sites prior to switchgrass analysis provides 

insight into the influence of management history.  When the four sites are separated based on 

prior tillage practices, Inkerman and Williamsburg with prior CT has a MRT of 76 years and 

Ameliasburg and Pakenham with prior NT has a mean residence time of 121 years (Table 3.10).  
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The differences in turnover times indicate the persistence that prior management practices can 

have on soil dynamics.    

My initial attempts to measure MBC (and δ
13

C) were not successful, leading me to explore 

alternative methods for measuring MBC.  My initial results measured extremely low MBC values 

(34.7 + 24.4 ug MBC/g soil) and consistently generated peak areas below detection limits for 

δ
13

C analysis.   Large quantities of salts (K2SO4 in this case) with a relatively small amount of C 

in the extract can hamper accurate mass spectrometric analysis (Gregorich et al., 2000).  

Following a method evaluation (Appendix A) I decided to reduce the ratio of soil:extractant  to 

1:2 as well as incubating soils at room temperature for 48 hours prior to fumigation and/or 

extraction.  I then repeated my MBC measurements on fresh soils collected in late June of 2011.  

I obtained much better results (711.8 + 217.3 ug MBC/g soil) from the 2011 samples with values 

that correspond to other MBC results from fields in southeastern Ontario (0.73 + 0.27 mg MBC/g 

soil; Foote, 2007).  Moreover the MBC % of total SOC corresponds to ranges cited elsewhere 

(0.3-4%; Von Lutzow et al., 2007).  The variance I observed in the MBC values between my 

initial and final results may be the result of multiple factors including: the age structure of the 

microbial community, the pre-treatment of soil such as sampling, intensity of sieving, length of 

pre-incubation period or moisture adjustment (Joergensen, 1996; Joergensen et al. 2011).   

I did not see any significant effects of time on MBC change or accumulation for any of the 

measurements.  Moreover, unlike the other SOC constituents, no general trend was observed 

(Figure 3.2).   This was not expected given that increased microbial activity and hence biomass is 

usually associated with the accumulation of organic matter due to conservation management 

practices such as NT and perennial crops (Loveland & Webb, 2003).  Differences between 

treatments for the δ
13

C of MBC were not significant with the exception of the Inkerman site, the 

site with the shortest time since establishment.  I find it surprising that the older sites, specifically 

the Williamsburg site, had not achieved a more distinct MBC δ
13

C value in the switchgrass field 
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that reflected the C4 isotopic signature (Table 3.6) of the switchgrass.  The δ
13

C of the vegetation 

at the Pakenham site suggests the re-establishment of some C3 plants, potentially due to the 

switchgrass stand passing maturity, so the lack of significant differences at this most mature site 

is not surprising and may be attributed to these observed changes in vegetation. 

With the exception of the Inkerman site, the low contribution of C4-derived C to the MBC 

pool (Table 3.9) is inconsistent with other literature.  Other studies report over 55% of the MBC 

derived from C4-C after only a few years of continuous C4 cropping (Ryan & Aravena, 1994; 

Gregorich et al., 2000).  Typically, the availability of a C4 substrate for microbial consumption 

should result in MBC being the most rapid fraction to assimilate a strong C4 signature.  It does 

not appear that I was able to overcome challenges in obtaining reliable results for MBC with the 

exception of the Inkerman site.  The MRT for MBC obtained from the Inkerman site was 7.4 

years.  At this site, switchgrass-derived C contributions to MBC concur with other studies and 

suggest a MRT akin to literature values (Smith & Paul, 1990; Gregorich et al., 2000).  Future 

research efforts should focus solely on this site in southeastern Ontario for more extensive MBC 

analyses and confirmation of our reported turnover time for modeling purposes. 

To my surprise I saw no difference in total LF C between the switchgrass and control fields 

across all sites (Table 3.7).  I expected to see higher LF C values under switchgrass compared to 

the control sites, with the exception of the Pakenham site, given the similar intensity of soil 

cultivation for switchgrass compared to prior hay cropping at this particular site.  Previous work 

has suggested that LF C should increase immediately following the establishment of perennial 

grasslands (McLauchlan et al., 2006).  This increase is generally not as pronounced as that for 

MBC, and thus does not always depict significant changes even over century long 

chronosequence studies following agricultural abandonment (Foote & Grogan, 2010).  Despite 

limited differences in LF quantity, δ
13

C was significantly less negative under switchgrass 

compared to control fields, indicating a significant input of switchgrass C into LF.  The LF in the 
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switchgrass fields was on average 6 ‰ higher than the control fields (Table 3.7).  Additionally, 

the δ
13

C values at the Ameliasburg site were significantly different than the other three sites.  The 

significantly higher LF δ
13

C values at the Ameliasburg site may be explained by the land use 

history which hosted more C4 cropping rotations than any of the other sites.  

The variation in the δ
13

C values for the LF within the replicates for each of the switchgrass 

fields was greater than the paired control fields.  This increased variability between 

pseudoreplicates in the treatment field across all sites may be the result of slower turnover time of  

LF, and the subsequent influence of C3 LF residues, largely pieces of undecomposable plants, on 

the signature across all sites, but not necessarily all replicates.  In the control fields, which are 

generally planted with C3 crops continuously, variation between sampling plots was expected to 

be small.  Conversely, the introduction and continuous C4 cropping systems has altered the 

steady state and new equilibrium has not yet been reached, as evidenced by the high variability in 

the δ
13

C values.  Additionally, the very large variability in the δ
13

C values for the LF at the 

Pakenham site may be explained by the isotopic values for the roots which suggest the integration 

of C3 vegetation into the agricultural system.  In general, the differential in the LF δ
13

C values 

(Figure 3.3) shows the trend of an increase over time, with the exception of the Pakenham site.  

Moreover, the same hypothesis as noted above, which suggests that the sandy texture at the 

Pakenham site may accelerate organic matter decomposition, may be applied to the LF; if the 

switchgrass stand is being replaced by native C3 plants, C4 organic matter from switchgrass may 

be decomposing very quickly resulting in LF that reflects incoming C3 organic matter. 

Despite LF C contributing only a small amount to the whole SOC pool (0.4-3.9%) (Table 

3.7), the significant correlation between the δ
13

C values and the whole soil δ
13

C suggests that LF 

is a good indicator C pool to detect changes due to land-use, and furthermore that although it is a 

C pool with an expected MRT of decades, it responds quickly to changes in land-use .  This is 

corroborated with the result that, on average 47% of the organic C in the LF was derived from 



71 

 

switchgrass (Figure 3.2) and the δ
13

C values generally increase over time (Figure 3.3).  It is 

surprising that the amount of C4-derived LF C is more than that of MBC (32 + 16%).  

Additionally, given that the LF is typically perceived as a transitory pool between fresh plant 

residues and SOM (Gregorich & Janzen, 1996) it is suspicious that there is no increase in C4-C 

over time unless equilibrium was achieved during the establishment years prior to our analysis.  

This is inconsistent however with the observed variability as discussed above.   

Across the three sites used for the calculation, the MRT of the LF was calculated to be 17 

years.  This value corresponds well with other studies and shows little difference in MRT across 

other study sites with varying land uses (Gregorich et al., 1995; Murage et al., 2007) (Table 

3.10).  There was a large range in the MRT, varying between 4 and 27 years across sites 

including the Ameliasburg site.  The very long turnover time in the LF at the Pakenham site (27 

years) may be indicative of some LF containing charcoal.  Murage et al. (2007) demonstrated that 

the turnover times for the LF with charcoal are inconsistent with turnover times associated with 

this slow pool and that the MRT of LF containing charcoal may be 2.5 times longer than LF 

without charcoal.  Future research incorporating LF should utilize methodologies that are capable 

of delineating charcoal as a separate entity for physical separation of the LF.  For modeling 

purposes, the mean decay constant (k) for LF C obtained from all sites with the exception of the 

Ameliasburg site is 0.092 yr
-1

 and is reflective of the intermediate or slow decay of LF C reported 

in other studies (Gregorich et al., 1995).   

As expected, the amount of AS C did not show a site by treatment interaction due to the 

passive nature of this pool as well as the large magnitude of this pool, averaging approximately 

40% of the total SOC (Table 3.8).  The Ameliasburg site did show significantly more AS C than 

all other sites, likely due to the texture of the soil and NT management practices.  The δ
13

C values 

of the AS fraction showed a significant site by treatment interaction with Williamsburg and 

Pakenham demonstrating significantly low δ
13

C values in the treatment fields.  This observation 
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in the two most mature sites can be attributed to the longer time since establishment at these sites, 

and is supported by the observation that over time the AS fraction did show an increase in the 

proportion of C4-derived C (Table 3.9).  Regression analyses demonstrated a relationship 

between the amount of AS C and soil physical properties, including WHC and clay content.  Acid 

hydrolysis removes carbonates and protein materials, leaving largely intact the more biologically 

recalcitrant components.  Research has demonstrated that the accumulation of these passive 

materials is moderated by clay content and soil water (Krull et al, 2003).  In general, the AS 

fraction produced results that showed very little variability, specifically in δ
13

C values, supporting 

the use of this pool in future fractionation research which utilizes mass spectrometry.  Moreover, 

given that this chemically separated soil C pool represents the passive pool, composed of 

biologically recalcitrant materials that may persist for centuries (Paul et al, 2006), interests in 

long-term soil carbon storage should emphasize the importance of this pool.  Significant changes 

to the AS fraction following changes in land-use represent the sequestration of atmospheric C for 

time periods much longer than other, more labile soil C fractions. 

3.5.2 Modeling Applications 

The results from this study indicate that the MRT of not only the bulk SOC, but many of 

the isolated fractions, vary slightly from values applied in models such as CENTURY.  In the 

CENTURY model (Parton et al, 1993) the maximum decomposition rate (k) for the active 

(average of active SOM, surface microbes, surface and soil metabolic material), slow and passive 

SOC fraction are 11.7, 0.2, and 0.0045 yr
-1 

respectively. Worth recalling in comparing these 

CENTURY values with those obtained in my study, is that site differences in soil temperature, 

moisture, texture, litter quality and initial SOC will all affect the actual rates of decomposition.  

Nevertheless, this study suggests that variation in decomposition rates exist between switchgrass 

and other management systems.  Actual quantification of SOC sequestration rates under 
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switchgrass in southeastern Ontario may require more site-specific information to give accurate 

results.  This is a challenge for soil C accounting following switchgrass establishment in Ontario.     

The data and information obtained from this study will contribute to the development of 

switchgrass specific SOC modeling exercises.  Ogle and Paustian (2005) state that experimental 

results provide the basis for modeling the impact of land-use and management on SOC storage.   

The integration of multiple pools (Figure 3.1), not previously explored in switchgrass systems 

(Table 3.10), increases the parameters available for simulation modeling, thus improving the 

validity of SOC modeling for SOC sequestration prediction.   

3.6 Conclusion 

This study presents much more moderate soil C storage potential under switchgrass in 

southeastern Ontario than values reported elsewhere.  We did not observe significant increases in 

bulk SOC even after 11 years following switchgrass establishment, and only observed increases 

in a limited number of SOC fractions which should be more responsive than bulk soil to changes 

in land management.  MBC did not demonstrate a general trend or changes between treatments 

that act as a useful indicator of changing soil conditions following switchgrass establishment.  

Conversely, both the LF and the AS fraction provided results that indicate significant changes, 

particularly in the δ
13

C values over relatively short periods of time for the slow and passive pools 

respectively.   The establishment of switchgrass results in the MRT of 81 years for SOC.  In 

comparison to other studies investigating alternative agriculture systems, this value suggests that 

switchgrass establishment may promote longer term storage of SOC in southeastern Ontario than 

other management practices.  This is particularly evident at sites that incorporated no-tillage in 

their pre-switchgrass establishment management practices. 

Former land use practices had a significant effect on SOC accumulation following 

switchgrass establishment.  The influence that farm scale histories and crop management 
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practices have on C storage emphasizes the importance of local management and the need to 

incorporate this information into simulation of soil C dynamics following switchgrass 

establishment.  Additionally, time since switchgrass establishment, which was evaluated by the 

integration of chronosequence design, is an important factor in SOC accumulation.  Generally, we 

observed more significant changes in the more established sites.  Our results also indicated that 

significant time will be required for complete ―replacement‖ of C3 carbon with switchgrass C.  

Changes in total SOC may, therefore, take several decades, and it may be well over a decade 

before total soil C changes can be measured following switchgrass establishment.   The 

information presented in this study is the first to examine the implications of commercial 

switchgrass production in southeastern Ontario on soil C dynamics and soil quality.  Future 

research should attempt to provide further replication into the management practices explored in 

this study, and to lengthen the temporal scope of switchgrass impacts on soil C dynamics. 
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Chapter 4 - Estimating the vertical distribution and turnover of soil 

organic carbon following the establishment of switchgrass   

4.1 Abstract 

The carbon contained in agricultural soils represents a significant part of the terrestrial 

carbon reservoir, but a substantial amount of this carbon has been lost through intensive 

agriculture.  Switchgrass, a highly productive perennial C4 grass suitable for bioenergy 

applications, can rehabilitate degraded soils by promoting organic matter accumulation.  In spite 

of the benefits of growing switchgrass both for bioenergy and soil rehabilitation, little is known 

about the rates of accumulation of soil carbon or the controlling mechanisms.  My objective is to 

determine changes in whole-profile soil organic carbon to a depth of 40 cm following the 

establishment of switchgrass in southeastern Ontario.  Sampling entailed a paired plot 

(switchgrass and control) chronosequence designed to explore both the effects of prior 

management practices and time on soil carbon accumulation.  I utilized carbon isotopes to 

elucidate changes in soil carbon levels as well as to determine the decomposition rates of soil 

carbon beneath switchgrass.  The results indicated an annual accumulation of soil organic carbon 

ranging from 0.44 - 0.95 Mg C ha
-1 

to a depth of 40 cm.  Prior tillage practice as well as prolific 

below-ground productivity supports significant increases in soil carbon as observed at one of the 

study sites.  As shown elsewhere, the agronomic practices and plant attributes of switchgrass 

cultivation may decrease soil carbon decomposition rates, thus promoting the storage of carbon in 

soil.  Additionally the mean residence time of soil organic carbon in fields with prior tillage is 78 

years, while in fields with no-tillage it is 108 years.  The historical legacy of tillage practices is 

evident even after many years of switchgrass cultivation.  Soils that have been aggressively 

cultivated (i.e. tillage) may provide the greatest increases in soil carbon levels when emphasis on 

below-ground productivity is encouraged.   
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4.2 Introduction 

The earth’s soils are the largest surface terrestrial carbon (C) pool, with approximately 

10% of this pool contained in agricultural soils (Post et al., 1990; Paustian et al., 1997).  For a 

given climatic regime and management system, soil organic carbon (SOC) content in most 

permanent agricultural systems reaches a steady state or equilibrium level (Paustian et al., 2000).  

However, shifts in land use or management, such as changes in cultivation or cropping system, 

can disturb steady state conditions.  Large losses of SOC through mineralization of this pool are 

typically observed following the cultivation of soils.  In Ontario, it has been estimated that soil 

cultivation for 30 or more years has decreased SOC by 30-35% from native temperate forest soils 

(Ellert & Gregorich, 1996).  This loss of SOC not only reduces soil quality, but also releases C 

into the atmosphere, propagating global climate change.   

The storage of SOC is controlled by the balance of C inputs from primary production and 

the outputs through soil heterotrophic respiration (Jenny, 1941; Schlesinger, 1977).  Cultivation 

reduces C inputs and enhances rates of plant litter decay.  The mechanisms accounting for such 

changes can be explained by modification of plant residue availability as well as decomposition 

rate-modifying factors such as changes in physical and biochemical soil properties (Paustian et 

al., 1997).     

While agricultural practices have led to a decline in soil C in many cases, agricultural 

management also provides opportunities to restore SOC in degraded soils.  Recent initiatives 

focus on modifying management practices that mitigate the release of SOC through the 

management of SOC inputs and outputs.  Such approaches include increasing cropping intensity, 

decreasing tillage as well as establishing conservation crops (Lal, 2007).  Proposed conservation 

crops include herbaceous perennial bioenergy crops such as switchgrass (a C4 warm-season 

grass) that exhibit high above- and below-ground productivity, low water and nutrient demands 

and require no tillage due to their perennial nature.  These crops also provide an alternative 
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energy feedstock to fossil fuels.  Switchgrass offers an innovative strategy to not only provide a 

renewable energy source, but also to further mitigate climate change by increasing soil C 

sequestration. 

In southeastern Ontario, where switchgrass is emerging as a bioenergy crop, research 

specific to this region is needed to understand the key factors regulating switchgrass growth and 

subsequent C cycling processes.  To investigate the processes controlling changes in SOC storage 

following switchgrass establishment, a reference location with similar soil properties and land-use 

history is required for comparison.   Zan et al. (2001) investigated C sequestration between 

different crops in southern Quebec.  After four years of production, both perennial systems 

(switchgrass and willow) had significantly higher root C than corn, and switchgrass had 

significantly more root C at deeper soil depths than willow.  Moreover, switchgrass cultivation 

showed an increase in soil C concentration by 18% over 6 years relative to annual corn.  Garten 

and Wullscheleger (2000) also explored soil C changes beneath switchgrass, using δ
13

C to 

determine the contribution of switchgrass to SOC in the southeastern United States.  After 5 years 

of cultivation, switchgrass-derived C composed 19-31% of the SOC in the upper 40 cm.  The 

sequestration of soil C through the cultivation of switchgrass depends, however, on initial soil C 

inventories, prevailing climate, soil type and site management.  Although no research specific to 

switchgrass has been conducted in southeastern Ontario, Foote and Grogan (2010) explored soil 

C accumulation during different stages of temperate forest succession in the region of interest.  

Their results indicate that agricultural lands in southeastern Ontario can be moderate C sinks, and 

that time since agricultural abandonment is more important than soil type within this climatic 

region. 

Natural abundance stable C isotope ratios (e.g. δ
13

C) can provide a natural tracer to 

quantify changes in SOC turnover times and mean residence time (MRT) following land-use 

change.  This is made possible when the δ
13

C signature of one crop differs from the other, 
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providing an opportunity to track ―new‖ C into the soil.  In this study, I explore changes in SOC 

turnover following switchgrass establishment based on well documented differences in the δ
13

C 

values between C3 and C4 plants (Farquahar et al., 1989; Balesdent & Mariotti, 1996).  When 

agricultural practices convert land from a predominately C3 to a C4 system (or vice versa), 

changes in the δ
13

C value of the soil provide an excellent marker to determine the source of SOC 

due to the consistent and predictable nature of stable C isotopes.  Switchgrass, being a C4 plant 

with a δ
13

C of -14 to -12‰ should alter the δ
13

C of a C3 dominated soil environment (-28 to -

26‰; Boutton, 1996) when incorporated into the soil.  The variation in the δ
13

C value of soil is 

controlled primarily by C inputs from vegetation and decay processes in the soil that are 

influenced by climate and various soil properties (Garten and Wullschleger, 2000).  Therefore, 

the SOC reflects a combination of processes and will persist in the SOC pool for the temporal 

period as prescribed by the turnover rate of SOC in that ecosystem.   

The objective of this research is to investigate the dominant factors controlling the 

storage of switchgrass-derived C in southeastern Ontario.  I used my data to test the following 

hypotheses: 

1. SOC content will increase following switchgrass establishment largely due to increased 

mean residence time of SOC following the establishment of switchgrass; 

2. Soil texture influences the accumulation of switchgrass-derived SOC; 

3. Switchgrass-derived SOC accumulation is strongly influenced by below-ground 

biomass. 

I investigated these hypotheses at a chronosequence of sites in southeastern Ontario where 

switchgrass has been established for four to eleven years.  In each case, a non-switchgrass field 

that was exposed to similar management prior to switchgrass establishment was located near the 

switchgrass field to serve as a control. 
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4.3 Materials and Methods 

4.3.1 Field Methods 

I sampled four sites in southeastern Ontario in the summer of 2010 (Table 4.1).  All had 

been under switchgrass cropping systems for 4-11 years and had different soil physical and 

chemical properties.  I selected four sites (Table 4.2) based on time since establishment, 

suitability of control, and minimal past C4 crop usage.   Control fields were adjacent fields 

maintained under similar management practices as the switchgrass field prior to its establishment.   

Table 4.1 - Description of study sites. 

Site Location Predominant Soil 
MAP 

(mm) 

MAT 

(°C) 

Inkerman 45°01’N 75°20’W North Gower clay 801 5.6 

Ameliasburg 44°04’N 77°25’W 
Ameliasburg clay loam/ 

Farmington loam 
894 7.0 

Williamsburg 45°00’N 75°12’W Morrisburg clay loam 962 5.9 

Pakenham 45°22’N 76°17’W Manotick sandy loam 1029 6.2 
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Table 4.2 - Description of land use histories for the paired plots at each of the four study 

sites. 

Site Switchgrass Field History Control Field History 

Inkerman 

Established in 2007.  Fertilized with 23 kg N/ha 

every year (intensive fertilization regime – IFR). 

No C4 crops documented since at least 2000.  Non 

C4 crop rotation prior to establishment.  

Conventional disk tillage (CT) prior to 

switchgrass establishment.  

Non C4 crop rotation.  

Conventional disk tillage 

(CT). 

Ameliasburg 

Established in 2006.  Fertilized with 23 kg N/ha 

every year (intensive fertilization regime – IFR). 4 

year rotation with corn crop once every 4 years.  

No till (NT) prior to switchgrass establishment. 

4 year rotation with corn 

crop once every 4 years.  

No till (NT) prior to 

switchgrass establishment. 

Williamsburg 

Established in 2005.  No fertilizer applied to 

switchgrass field until 2010 (Conservation 

fertilization regime – CFR).  4 year rotation with 

occasional corn crop prior to switchgrass 

establishment.  Conventional disk tillage (CT) 

prior to switchgrass establishment. 

4 year rotation with 

occasional corn crop.  

Conventional disk tillage 

(CT). 

Pakenham 

Established in 1999.  Took 3 years to fully 

establish to consistent yield.  Fertilized with 50 kg 

N/ha from 2005 until 2009 (CFR).  Formerly hay 

field and managed with relatively low inputs.  No 

tillage (NT).  Left fallow in 2009.   

Continuous hay field with 

relatively low inputs.  No 

tillage (NT). 

 

Soils were sampled along a single transect across each field in July of 2010.  Transects 

were selected to avoid topographic variability and to minimize variation in soil properties due to 

landscape position.  No sampling was done within 15m of an edge to avoid edge effects.  Four 

plots spaced equally along each transect were selected for sampling.  Given the variability in field 

size, the distance between replicates varied between 35 and 200m.  Coordinates for each sampling 

location were recorded using a handheld GPS devise (Garmin International, GPSmap 60Cx, 

Olathe, KS) with a NAD27 projection.  Sampling locations were treated as pseudoreplicates 

(Hurlbert, 1984), as it would have been almost impossible to find true replicates of the pairs of 

fields even on the same farm. 
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Prior to sampling, any litter on the soil surface was removed.  At each sampling plot, 

three 6.1cm-diameter soil cores were extracted using a hand-held, hammer-driven soil corer 

(Giddings Machine Corporation, Fort Collins, CO) to a depth of 40cm.  Upon extraction, the soil 

cores were laid on a board and divided into 0-10, 10-20, 20-30, and 30-40cm sections (Figure 

4.1).  Within each plot, all three cores of the same depth interval were composited.  Cores were 

stored in Ziploc plastic bags and stored at 5ºC until processing and analysis.   

 

Figure 4.1 - Soil core being segmented into 10cm increments at the Ameliasburg site, July 8, 

2010. 

 

Above-ground annual net primary productivity was estimated by clipping peak standing 

above-ground biomass in mid-October.  Switchgrass samples were collected from four randomly 

located sampling points within a 10m radius of the sample plot where soil samples were taken.  

At each point, all switchgrass biomass within a 1m
2
 quadrat was cut 10 cm above ground level 

using hedge shears, then weighed in the field to determine fresh weight.  This large sample was 

mixed thoroughly, then three subsamples were removed and placed in paper bags and dried to 
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constant weight at 65°C for field moisture determination; this value was used to calculate dry 

weight of harvested biomass.  Total C contained in biomass was calculated as 42% of the 

harvested biomass (Brady and Weil, 2008). 

4.3.2 Laboratory Methods 

To determine soil bulk density, each sample was weighed wet, then a subsample 

(approximately 1/3 of the sample) was weighed, sieved to 2 mm, separated into roots and stones 

> 2 mm and reweighed.  Roots and stones were oven-dried to determine dry weights.  An 

additional < 2 mm subsample (approximately 10 g) was dried at 105°C for 24 h to determine soil 

moisture.  Using the dry mass and wet mass of the < 2 mm soil subsample, the total dry mass of 

the larger sample was determined.  Based on the dry mass of the roots and rocks, the volumes of 

these materials were calculated using generalized density values of 0.7 g cm
-3 

and 2.65 g cm
-3

, 

respectively (Brady & Weil, 2008).  The total volume of the soil core, for a 10 cm increment, was 

calculated, and the volume of the roots and rocks was subtracted.  The bulk density for soil < 2 

mm was calculated by dividing the total mass of < 2 mm dry soil by the total volume < 2 mm 

soil. 

Approximately 300 g of unsieved wet soil from each of the sampling locations was used 

to determine below-ground biomass, including live and dead crown biomass, coarse root biomass 

(> 2 mm diameter) and fine root biomass  < 2 mm diameter).  Root biomass was separated from 

soil by elutriation with water, then washed thoroughly, dried (50°C) and weighed.  All live and 

dead roots were separated from the root crown. 

Soils were analyzed for pH by combining 10 g of < 2 mm soil with 10 mL of deionized 

water, stirring to make a slurry, then measuring pH (pH/CON 510 Series, Oakton Instruments, IL, 

USA).  
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  For both SOC and δ
13

C determination, all visible root and plant remains were removed 

from a < 2 mm subsample with tweezers.  The soil was then dried at 60°C and ground with a 

planetary ball mill (SPEX SamplePrep 8000D Mixer/Mill, LabWrench, Midland, ON).   

Given the alkaline pH and calcareous soil parent material at two of the four paired sites, 

samples were tested for the presence of carbonates by adding a few drops of 2N hydrochloric acid 

(HCl) to a ~5g subsample.  If carbonates were evident, samples were repeatedly treated with 2N 

HCl until effervescence was no longer detected.  The removal of carbonates was confirmed by X-

Ray Diffraction on a small subset of samples.  Only samples determined free of carbonates were 

used for organic C and C isotope determinations. 

All bulk soil samples were analyzed for organic C by thermal combustion (LECO 

Truspec CN, LECO Corporation, St. Joseph, MI, USA).  Because of the possible differences in 

soil bulk density resulting from land-use change, SOC content was calculated on an equivalent 

soil mass basis: 

Total SOC (Mg C ha
-1

)= OC x BD x L x 10    Equation 4.1 

where OC is the organic C content (%), BD is the bulk density (g cm
-3

) and L is the layer 

thickness (cm). 

Soil texture was measured using the hydrometer method (Gee et al., 1986) on a 60g soil 

sample from each plot and depth increment following overnight dispersal in 5% sodium 

hexametaphosphate solution.  

4.3.2.1 Isotopic Analysis 

Each of the bulk soil and vegetation samples (above- and below-ground) was run for δ
13

C with a 

continuous flow elemental analyzer in-line with an isotope ratio mass spectrometer (EA-IRMS; 

ThermoFinnigan, San Jose, CA).  The 
13

C abundance is expressed in δ
13

C according to the 

equation: 
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δ
13

C (‰) = [(Rsample/Rstandard) -1] * 1000       Equation 4.2 

with Rsample being the isotope ratio 
13

C/
12

C of the sample, and Rreference being the 
13

C/
12

C ratio of 

the international PeeDee formation belemite (PDB) C standard. 

The portion of switchgrass-derived C was calculated according to Balesdent and Mariotti (1996): 

%Cswitchgrass = (δ
13

Cswitchgrass - δ
13

Ccontrol) / (δ
13

C4 - δ
13

Ccontrol) *100  Equation 4.3 

where δ
13

Cswitchgrass is the δ
13

C value of the soil beneath switchgrass, δ
13

Ccontrol is the δ
13

C value of 

the soil from the control site and δ
13

C4 is the average δ
13

C value from above- and below-ground 

vegetation.   

The amount of SOC in a sample derived from switchgrass was calculated from the 

following equation: 

 ΔSOC = %Cswitchgrass * B       Equation 4.4 

where B is the total SOC inventory obtained from elemental analysis of bulk soil. 

 Turnover rate of C3-derived SOC was calculated by assuming exponential decay of the 

SOC using the following equation: 

At = Aoe
-kt

        Equation 4.5 

where At is the amount of switchgrass-derived C, Ao is the total SOC inventory and k is the decay 

rate constant used to estimate turnover time.  The MRT was calculated as the reciprocal of the 

turnover time.   

4.3.3 Statistical Analysis 

All data sets were tested for normality using Shapiro-Wilkes W Test.  If a variable was 

not normally distributed, four potential transformations were applied in this order: natural 

logarithm, base-10 logarithm, square root, and inverse.  Data points outside the upper (third) 

inter-quartile range were considered outliers and removed (Zimmerman et al., 2011).  This was 

necessary for MRT given that the utilization of these outliers resulted in values 4-10 times the 
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average of the remaining values.  The outliers removed included four δ
13

C values: one at the 

Inkerman site, two at the Ameliasburg site and one at the Pakenham site.  Additionally, due to the 

nature of the isotope mass balance approach, higher (less negative) δ
13

C values in the control 

samples compared with the corresponding switchgrass site resulted in negative values for that 

sample.  These negative values were indicative of either C4 inputs into the control fields or an 

error in measurement.  Therefore negative values were removed and included one value at the 

Williamsburg site.  Once assumptions of homogeneity of variances were met, two-way analysis 

of variance (ANOVA) was used to test for site and treatment effects (p < 0.05) within each depth 

increments.  When site effects were significant, a second two-way ANOVA was used to evaluate 

any depth by treatment interactions within site.  Tukey’s Honestly Significant Difference (HSD) 

tested for differences within site or depth as required.  Vegetation variables were compared using 

one-way ANOVA.  If significant results were obtained (p < 0.05), Tukey HSD test was used to 

determine across site differences.  All transformations and statistical analyses were performed 

using JMP 9.0 (SAS Institute 2009, Cary, NC). 

4.4 Results 

The paired sites generally displayed similar soil properties between adjacent sites; there 

was, however, variability between the four sites used in this study (Table 4.3).  Soil bulk density 

ranged from 0.96 to 1.38 g/cm
3
 and generally increased with depth.  Soil pH ranged from 5.3 to 

7.7 with significant differences (F 1, 30 = 76.58, p < 0.001) between treatments at the Ameliasburg 

site (Table 4.3).  X-ray diffraction (XRD) indentified the presence of carbonates including calcite, 

ankerite and dolomite (Appendix B) at sites with alkaline soil chemistry.  The removal of these 

inorganic C sources was confirmed using XRD. 
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Table 4.3 - Average physical and chemical properties of soils under switchgrass within 

study sites selected in southeastern Ontario. 

Site 

Treatment 

&  

Depth (cm) 

Moisture 

(%) 

Bulk 

Density 

(g cm
-3

) 

pH
 

Soil Texture (%) 

Sand Clay Silt 

Inkerman S
w

it
ch

g
ra

ss
 

0-10 

10-20 

20-30 

30-40 

32 

29 

30 

32 

1.10 

1.09 

1.09 

1.09 

6.1 

6.4 

6.6 

6.7 

17 

20 

8 

6 

39 

38 

55 

54 

44 

42 

37 

41 
C

o
n

tr
o
l 0-10 

10-20 

20-30 

30-40 

30 

29 

32 

34 

1.15 

1.15 

1.17 

1.19 

5.9 

6.0 

6.3 

6.3 

27 

29 

11 

9 

31 

32 

53 

49 

43 

40 

37 

43 

Ameliasburg S
w

it
ch

g
ra

ss
 

0-10 

10-20 

20-30 

30-40 

23 

21 

23 

25 

1.02 

1.09 

1.10 

1.07 

5.9 

6.0 

6.5 

6.6 

24 

25 

25 

27 

25 

28 

31 

30 

51 

48 

44 

43 

C
o
n
tr

o
l 0-10 

10-20 

20-30 

30-40 

21 

21 

25 

26 

1.07 

1.12 

1.16 

1.12 

7.1 

7.2 

7.3 

7.5 

22 

23 

21 

22 

21 

24 

31 

31 

57 

53 

49 

47 

Williamsburg S
w

it
ch

g
ra

ss
 

0-10 

10-20 

20-30 

30-40 

32 

28 

20 

19 

1.10 

1.14 

1.22 

1.38 

7.2 

7.2 

7.5 

7.7 

45 

52 

54 

67 

17 

14 

15 

8 

38 

34 

30 

25 

C
o
n
tr

o
l 0-10 

10-20 

20-30 

30-40 

22 

23 

16 

17 

0.98 

1.11 

1.17 

1.15 

7.3 

7.3 

7.5 

7.5 

55 

55 

62 

65 

15 

14 

7 

9 

30 

31 

30 

27 

Pakenham S
w

it
ch

g
ra

ss
 

0-10 

10-20 

20-30 

30-40 

14 

16 

11 

14 

1.09 

1.22 

1.29 

1.29 

5.3 

5.6 

5.9 

6.0 

47 

48 

42 

32 

10 

9 

16 

24 

44 

43 

43 

44 

C
o

n
tr

o
l 0-10 

10-20 

20-30 

30-40 

15 

12 

11 

20 

0.96 

1.24 

1.29 

1.33 

5.6 

5.3 

5.8 

6.0 

52 

55 

41 

22 

8 

8 

14 

39 

40 

36 

46 

39 
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Above-ground biomass was highest at the Ameliasburg site, but only differed 

significantly from the Williamsburg site (Table 4.4).  Crown biomass increased over time since 

establishment, with no crown biomass evident at the Inkerman site.  Root biomass was 

significantly different between the Inkerman and Williamsburg sites (Table 4.4) and related 

negatively with above-ground biomass across all sites.  Shoot:root ratios differed significantly 

across sites, being highest at the Ameliasburg site and lowest at the Williamsburg site.  Post hoc 

tests indicated that the sites following an intensive fertilization regime (Inkerman and 

Ameliasburg) differed from the sites receiving less fertilizer (Williamsburg and Pakenham).  

Table 4.4 – Above-ground, crown and root biomass C (+ SE) at four study sites. 

Site 

Above-ground 

biomass
 

Crown 

Biomass 

Root Biomass 

(to 40cm depth)
 Shoot: Root

 

-----Mg C/ha-----  

Inkerman 5.40 (0.21) ab* n/a 6.21 (0.90) b 0.91 (0.11) a 

Ameliasburg 6.28 (0.66) a 2.67 (0.51) 6.49 (0.61) ab 0.98 (0.07) a 

Williamsburg 3.87 (0.62) b 6.96 (2.31) 8.94 (0.44) a 0.44 (0.09) b 

Pakenham 4.85ǂ ab 8.77 (1.23) 8.84 (0.50) ab 0.55 (0.03) b 

 
F3, 12 =4.67 

p = 0.02 

F2,9 = 4.12 

p = 0.05 

F3,12 = 5.33 

p = 0.01 

F3,12=10.84 

p = 0.01 

* Different letters within a column differ significantly among sites. 

n/a indicates that there was no crown development apparent in samples 

ǂ Data from REAP – CANADA, 2008. 

 

Root biomass in the top 10 cm accounted for 52% of the total below-ground biomass 

across all sites and was significantly different (F 3, 60 = 66.3, p < 0.0001) than any of the other 

depth increments (Figure 4.2).  Root biomass to a depth of 40cm was greater than the above-

ground biomass at all sites with notably larger below-ground biomass at the Williamsburg and 

Pakenham sites (Table 4.4). 
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Figure 4.2 - Root biomass in 10cm increments to a depth of 40  cm.  Horizontal error bars 

are + one standard error of the mean. 

 

The SOC inventories in the top 40 cm of the soil at the Pakenham, Williamsburg, 

Ameliasburg and Inkerman sites averaged 51, 79, 84, 55 Mg C ha
-1  

in switchgrass fields and 56, 

61, 81 and 53 Mg C ha
-1 

in control fields, respectively.  There were no significant site by 

treatment interactions at any depth increments, however, with the exception of the 30-40cm 

increment all depths showed significant site effects (p < 0.05).  Across depths, the Pakenham sites 

generally displayed significant differences with the Ameliasburg site.   
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Figure 4.3 - Depth profiles of mean SOC beneath switchgrass and control fields at four 

study sites in southeastern Ontario.  Each mean is based on measurements from 12 soil 

cores.  Horizontal error bars are + one standard error of the mean. 

 

There were no significant depth by treatment interactions at any sites, however there were 

depth effects at all sites (p < 0.01).  In general, C content decreased with increasing depth 

resulting in significant differences between the top and bottom two depths (Figure 4.3).  

Williamsburg was the only site to show significant treatment effect (F 1, 24 = 12.23, p = 0.0019) 

with more SOC in the switchgrass field than the adjacent control fields.  This is particularly 

obvious at the 0-10 and 10-20 cm depths (Figure 4.3).   

Based on the vertical distribution of SOC with depth, the surface 10 cm of soil contained 

between 32-46% of the SOC inventory to a depth of 40 cm.  SOC and root biomass correlated 
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positively across all sites (Table 4.5).  This was significant at all sites except the Ameliasburg 

site.  SOC and % clay content correlated negatively at the Inkerman, Ameliasburg and Pakenham 

site; however this was not significant at the Ameliasburg site.  In contrast, the Williamsburg site 

demonstrated a significantly positive correlation between SOC and clay content. 

 

Table 4.5 - Pearson product-moment correlation coefficient between SOC (Mg C ha
-1

) and 

switchgrass root biomass, % clay for both fields at each site.  Significant correlations are in 

bold. 

Property Site 
Correlation 

coefficient 
p value 

Root biomass 
(root 

transformed) 

Inkerman 0.77 < 0.001 

Ameliasburg 0.39 0.14 

Williamsburg 0.82 < 0.0001 

Pakenham 0.78 < 0.001 

% clay 
(root 

transformed) 

Inkerman -0.76 <0.0001 

Ameliasburg -0.27 0.13 

Williamsburg 0.51 0.003 

Pakenham -0.74 < 0.0001 

 

4.4.1 C isotopes in Vegetation and Soil 

The average δ
13

C value for the vegetation including fine roots, coarse roots and above-

ground biomass was -12.7‰ (Figure 4.4).  At the Pakenham site, there were δ
13

C values for the 

vegetation (-25.3 to -21.5‰), particularly the fine root biomass that reflected δ
13

C values for C3 

plants (-28 to -26‰) as opposed to C4 plants (-14 to -12‰).   
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Figure 4.4 - Box-and-whisker plot presenting median, maximum, and minimum values, as 

well as lower and upper quartiles for each of the vegetation samples among four study sites. 

 

Sites differed significantly at all depths for δ
13

C in the soil (Table 4.7).  The Ameliasburg 

site differed from the Inkerman site at all depths, and the Pakenham site differed from the 

Inkerman site (10-20 and 20-30 cm depth increments only) (Tables 4.6, 4.7).  Treatments also 

differed at all depths, but were barely non-significant (p = 0.08) at the the 20-30cm increment.  

Control fields had a significantly more negative δ
13

C value (Tables 4.6, 4.7).   

Given the significant site effect observed at each depth, the treatment by depth interaction 

at each site was explored with a second two-way ANOVA (Table 4.8).  The input of switchgrass-

derived C resulted in significantly greater δ
13

C values throughout the profile at the Inkerman, 

Williamsburg and Pakenham switchgrass sites compared to the control soils (Table 4.8).  

Additionally, there was a significant depth effect at the Inkerman site (Table 4.8) with significant 

differences between the top 20 cm and bottom 20 cm explored in this study.   
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Table 4.6 - δ
13

C values and C4-derived SOC in switchgrass soils and adjacent control soils 

at four sites in southeastern Ontario.   

Site 
Depth 

(cm) 

Switchgrass 

soil (δ
13

C ‰) 

Control soil 

(δ
13

C ‰) 

Switchgrass-

derived SOC 

Fraction 

(%) 

Mg C 

ha
-1

 

Inkerman 

0-10 

10-20 

20-30 

30-40 

-25.4 (0.2) 

-25.8 (0.2) 

-25.4 (0.1) 

-25.1 (0.2) 

-26.1 (0.3) 

-26.3 (0.1) 

-26.0 (0.3) 

-25.3 (0.2) 

5.1 

4.2 

4.4 

3.3 

1.3 

0.8 

0.3 

0.1 

Ameliasburg 

0-10 

10-20 

20-30 

30-40 

-24.3 (0.2) 

-24.3 (0.3) 

-24.4 (0.3) 

-23.7 (0.3) 

-24.4 (0.5) 

-24.7 (0.3) 

-24.5 (0.5) 

-24.3 (0.5) 

2.7 

5.8 

8.3 

8.5 

0.6 

1.6 

1.3 

1.3 

Williamsburg 

0-10 

10-20 

20-30 

30-40 

-24.8 (0.1) 

-25.3 (0.1) 

-24.5 (0.4) 

-24.2 (0.2) 

-25.7 (0.1) 

-25.3 (0.2) 

-25.9 (0.7) 

-25.0 (0.3) 

7.2 

3.2 

10.7 

6.5 

1.9 

0.7 

1.9 

0.8 

Pakenham 

0-10 

10-20 

20-30 

30-40 

-24.3 (0.1) 

-24.1 (0.3) 

-24.2 (0.4) 

-24.1 (0.3) 

-25.4 (0.1) 

-25.5 (0.6) 

-24.5 (0.6) 

-25.3 (0.4) 

8.8 

11.5 

8.0 

9.6 

1.8 

2.0 

0.6 

0.4 
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Table 4.7 - Two-way ANOVA for the soil δ
13

C among site, treatment and their interaction 

within depth. Significant results (p < 0.05) are shown in bold. 

Depth Model Effect F ratio (d.f.) P value 

0-10 cm 

Site 

Treatment 

Site*Treatment 

13.35 (3, 24) 

19.48 (1, 24) 

2.02 (3, 24) 

<0.0001 

<0.001 

0.137 

10-20 cm 

Site 

Treatment 

Site*Treatment 

9.61 (3, 24) 

7.94 (1, 24) 

2.11 (3, 24) 

<0.001 

<0.01 

0.125 

20-30 cm 

Site 

Treatment 

Site*Treatment 

3.83 (3, 24) 

3.13 (1, 24) 

0.80 (3, 24) 

<0.05 

0.090 

0.506 

30-40 cm 

Site 

Treatment 

Site*Treatment 

5.29 (3.24) 

11.19 (1, 24 

1.01 (3, 24) 

0.006 

0.003 

0.407 

 

Table 4.8 - Two-way ANOVA for the soil δ
13

C among treatment, depth and their interaction 

within site.  Significant results (p < 0.05) are shown in bold. 

Site Model Effect F ratio (d.f.) P value 

Inkerman 

Treatment 

Depth 

Treatment*Depth 

11.40 (1, 24) 

5.25 (3, 24) 

0.54 (3, 24) 

0.0025 

0.0063 

0.6596 

Ameliasburg 

Treatment 

Depth 

Treatment*Depth 

1.09 (1, 24) 

0.57 (3, 24) 

0.22 (3, 24) 

0.3069 

0.6387 

0.8800 

Williamsburg 

Treatment 

Depth 

Treatment*Depth 

12.58 (1, 24) 

1.85 (3, 24) 

1.77 (3, 24) 

0.0016 

0.1654 

0.1803 

Pakenham 

Treatment 

Depth 

Treatment*Depth 

13.92 (1, 24) 

0.68 (3, 24) 

0.93 (3, 24) 

0.0010 

0.5704 

0.4413 

 

 

The switchgrass-derived SOC (Equation 4.4) in the top 40 cm of the soil at the Inkerman, 

Ameliasburg, Williamsburg and Pakenham sites averaged 2.5, 4.7, 5.4 and 4.9 Mg C ha
-1

, 

respectively beneath switchgrass (Table 4.6).  Approximately 34% of the total switchgrass-

derived C was contained in the upper 10 cm, however, the Ameliasburg site was below average at 

12% of the switchgrass-derived C.  Two-way ANOVA shows a significant site by depth 
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interaction for switchgrass-derived SOC (F 9, 39 = 4.00, p = 0.001).  Post hoc tests show significant 

differences at the Williamsburg site between the 0-10 cm depth increment and deeper soil 

profiles.  

The annual incorporation of switchgrass-derived C at the Inkerman, Ameliasburg, 

Williamsburg and Pakenham sites averaged 0.63, 0.95, 0.90, 0.44 Mg C ha
-1 

yr
-1

 respectively.  

Annual incorporation of switchgrass-C showed the trend of a decrease with depth.  Assuming 

exponential decay of the SOC (Equation 5), the mean decay constant across all sites to a depth of 

40 cm was 0.012 yr
-1

.  There was no significant difference among site or depth; however, it 

appears that tillage history has an effect on the mean decay constant.  By calculating the 

reciprocal to turnover times specific to each sampling point at all depths across all switchgrass 

fields, the MRT of the SOC to a depth of 40 cm is on average 94 years.  The average MRT at the 

two sites with conventional tillage histories is 78 years and is 108 years at the two sites with no-

tillage history (Table 4.9). 

 

Table 4.9 - Mean decay constant (k) and MRT for four switchgrass sites and associated 

tillage histories. 

Site Tillage History k MRT (yr) 

Inkerman Conventional Tillage 0.012 85 

Ameliasburg No-Tillage 0.009 111 

Williamsburg Conventional Tillage 0.014 70 

Pakenham No-Tillage 0.010 105 

 

4.5 Discussion 

I investigated the patterns and controls of C cycling following the establishment of 

dedicated switchgrass cropping systems in southeastern Ontario.  Given the classification of 

switchgrass as an ―emerging bioenergy crop‖ (REAP, 2008), site selection was restricted due to 
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the small number of available commercial sites in the region.  While I would have liked to 

replicate the different time points in the chronosequence, there were just too few sites available 

from which to choose.  

Annual above-ground biomass production (Table 4.4) was lower than other studies 

investigating switchgrass across warmer geographic climates with longer growing seasons (5-

10.5 Mg C ha
-1

; McLaughlin & Kszos, 2005; Collins et al., 2010) as well as at similar climate in 

Quebec (6.4-7 Mg C ha
-1

; Zan et al., 2001).   The above-ground productivity at the Ameliasburg 

site did, however, show comparable annual values to the studies aforementioned.   This higher 

productivity at the Ameliasburg site, as well at the Inkerman site, could be attributed to the IFR as 

denoted in crop management histories compared with the Williamsburg and Pakenham sites.  

Additionally, the above-ground productivity showed a positive correlation with mean annual 

temperature (MAT), a trend also observed by Garten & Wullschleger (2000).  The lower 

productivity in combination with the correlation with MAT suggests that cool temperatures and 

the shorter growing season for C4 plants in southeastern Ontario may be impairing switchgrass 

production.  It has been suggested that switchgrass may not be suitable for northerly 

environments and that northern latitudes may be better suited for C3 grasses (Almaraz et al., 

2009).  

The greater root density in the top 10cm is consistent with other studies (Collins et al., 

2010; Garten et al., 2010) that report > 50% of root biomass for switchgrass is concentrated in the 

surface soils.  Differences in root mass distribution between sites may be due to differences in 

fertilizer regimes, growth habitats and soil types.  My results suggest that the fertilizer regime 

alters the C allocation in biomass production.  The higher shoot:root ratios for the biomass at the 

Inkerman and Ameliasburg sites are likely due to the intensive fertilization regime employed at 

these sites (Table 4.4).  The Williamsburg and Pakenham sites did not have regular annual 
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fertilizer application, and consequently higher below-ground biomass and lower above-ground 

biomass, thus decreasing the shoot:root ratios. 

We found a significantly positive correlation (Table 4.5) between total SOC and root 

biomass, suggesting that root C inputs are an important determinant of SOC at the four sites 

studied.  Conversely, above-ground biomass showed no significant relationship or trend with total 

SOC.  This is consistent with literature showing that SOC is largely controlled by vegetation 

inputs, and that the contribution of roots to SOC is often greater than above-ground inputs 

(Jobbagy & Jackson, 2000; Rasse et al., 2005, Xiong & Katterer, 2010).  This observation in 

conjunction with the negative correlation between above- and below-ground biomass, suggests 

that management practices such as reduced fertilizer application (CFR) that encourage below-

ground biomass growth, may enhance the rate of SOC accumulation.  Moreover, manipulation of 

the harvest index (ratio of harvested product to total plant mass), which generally seeks to 

increase the above-ground C allocation for biomass utilization, could compromise C inputs 

necessary to maintain or even enhance SOC storage. 

Total SOC did not differ greatly across the chronosequence of sites.   The similarity 

between switchgrass and control fields at the Pakenham (oldest site) suggests no difference in soil 

C accumulation or C inputs under switchgrass compared to hay crop management.  This is not 

surprising given the similarity between these crops and their associated management practices.  

There is, however, a significant difference in the δ
13

C values between treatments at this site with 

the switchgrass field having much higher δ
13

C values.  Given that switchgrass-derived C has had 

a significant input at the site, but SOC levels have not changed it may be that this site has reached 

a new steady-state or that C inputs in the control field parallel those in the switchgrass field.   

The Williamsburg site was the only paired site where soil C differed between the two 

treatments.  The transition to switchgrass from a prior management system, which included 

annual crops and tillage, has increased SOC stores, particularly in the top 20cm (Figure 4.4).  
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This SOC increase is likely due to: higher C inputs from both litter as well as prolific below-

ground biomass (Figure 4.2; Table 4.5); quality of switchgrass litter and roots which is very high 

in lignin and thus more recalcitrant that other C inputs (Johnson et al., 2007); decreased 

decomposition rate from decreased temperatures beneath crop cover (Raich & Schlesinger, 1992 

Kirschbaum, 1995; Izzauralde et al., 2006); decreased wind and water erosion due to perennial 

soil cover; and the adoption of NT soil management.  NT has been shown to increase the rate of 

stable microaggregate formation which reduces SOC depletion by decomposition (Six et al., 

1998; Six et al., 2002).   

The Ameliasburg site did not show any significant difference supporting SOC 

accumulation from switchgrass establishment for either SOC or δ
13

C values.  One explanation for 

the lack of difference may be attributed to differences in soils, particularly disparities in the pH of 

switchgrass and control soils.  The more alkaline soils (Table 4.3) in the control field may provide 

an alternative mechanism for the stabilization of organic matter (Sollins et al., 1996), despite 

inputs being lower in the control system.   Another explanation for non-significance between 

treatments at the Ameliasburg site may be lack of time since establishment.  Foote & Grogan 

(2010) suggest that SOC accumulation in southeastern Ontario following the adoption of a 

restorative SOC management program (i.e. agricultural abandonment) is strongly dependent on 

the time since abandonment.   The lack of difference in the δ
13

C values between treatments may 

be due to the interference of prior C4 crops in the site history.   This is supported by the heavier 

δ
13

C values in the control field at the Ameliasburg site relative to the other three reference sites.   

The Inkerman site shows no difference in amount of SOC between treatments.  Again, 

this may be due to the limited time since establishment of switchgrass (four years).  The 

significant difference in the δ
13

C values between treatments at the Inkerman site, does, however, 

indicate significant switchgrass inputs into SOC.  Interestingly, the Inkerman site was the only 

site to show a depth effect for the δ
13

C values suggesting the switchgrass inputs have not had the 
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same effect at deeper depths observed elsewhere.  This is corroborated with the low root biomass 

(Figure 4.2) and no crown biomass.  I predict, given the soil management history at this site, 

which included tillage that significant increases in SOC will occur in the future.   

The δ
13

C values across all sites generally increased (less negative) with depth in a number 

of fields (Table 4.6).  Similar trends have been observed in other studies (Gregorich et al., 1995; 

Schneckenberger & Kuzyakov, 2007).  This has been attributed partly to a decrease in the δ
13

C in 

atmospheric CO2 during the last century which alters the surface soil horizon δ
13

C values more 

than deeper horizons.  Atmospheric δ
13

C-CO2 has decreased by approximately 1.2‰ since 1850 

due to the dilution of 
13

C content of the atmosphere with CO2 from fossil fuel use as well as 

deforestation (Freidli et al., 1986). 

In this study, SOC related negatively to soil clay content at two sites.  This is contrary to 

many soil C models that incorporate clay content as a key factor controlling SOC stabilization 

(Parton et al., 1987; Coleman & Jenkinson, 1996; Izzaurralde et al, 2006).  The stabilization of 

organic C by minerals in soil makes them more resistant to microbial decomposition, leading to 

positive correlations between clay content and SOC.  It has also been reported, however, that the 

importance of clay could vary across soils with different mineralogy and that clay content 

correlates well with other factors such as moisture retention and cation exchange capacity (Oades, 

1988).  The surface charge characteristics on clay mineral surfaces define the ability of clay 

minerals to absorb and protect SOC (Krull et al., 2003).  In native forest ecosystems, where the 

clay mineralogical structure differs from native grasslands, studies propose that clay content is 

unrelated to soil C (Davidson & Lefebre, 1993; Percival et al., 2000).  Schimel et al. (1994) 

demonstrated that the effects of texture on SOC stabilization vary with climate, suggesting that 

the impact of clays on SOC stabilization cannot always be based on clay content alone.  My 

results demonstrate a positive relationship between soil clay content and SOC at the 



99 

 

Williamsburg site across all depths (Table 4.5).  This may be explained by the observation that 

alkaline soils increase organic matter in the organo-mineral soil fraction (Sollins et al., 1996).   

The annual accrual rate of switchgrass-derived C at the Inkerman, Ameliasburg, 

Williamsburg and Pakenham averaged 0.63, 0.94, 0.90, 0.44 Mg C ha
-
1, respectively.  Studies 

investigating the annual accumulation of C in agricultural lands following the establishment of 

grasslands in temperate climate zones show tremendous variability (11.0 Mg C ha
-1

 yr
-1

, Gebhart 

et al., 1994; 0.16 Mg C ha
-1

 yr
-1

, Burke et al., 1995; 3.3 Mg C ha
-1

 yr
-1

, Post & Kwon, 2000).  

Research in Tennessee presents the annual incorporation of switchgrass derived SOC in the range 

of 1.71-2.09 Mg C ha
-1 

to a depth of 40 cm (Garten & Wullschleger, 2000).  It has been suggested 

that these results be interpreted with caution because of very low SOC contents (0.6-0.8%) prior 

to switchgrass establishment which may have led to greater total C accumulation.   Similar to my 

switchgrass results, a Miscanthus study conducted in Germany which also utilized C isotopic 

composition as a tracer of the source of C, found approximately 6 to 11 Mg C4-C ha
-1 

to a depth 

of 100 cm after 9 and 12 years of Miscanthus cultivation, respectively (Schneckenberger & 

Kuzyakov, 2007).  This accumulation correspond to an annual input of 0.67 and 0.92 Mg C ha
-1

, 

values similar to those observed in this study.  This similarity may be attributed to comparable 

climatic conditions between southeastern Ontario and study sites in Germany.   

The hypothesized reduction in SOC decomposition under switchgrass was reflected in 

this study’s estimate of MRT of the C3-SOC determined from C isotopic compositions (Table 

4.9).  The calculation of the MRT assumes that the C3-C in the reference field reflects the amount 

of C3-C in the switchgrass field prior to switchgrass establishment.  MRT averaged across all 

four sites was 94 years, higher than observed in other studies exploring SOC turnover times 

following switchgrass establishment at different geographical locations (Collins et al., 2010) as 

well as under different crops (Balesdent et al., 1990; Schneckenberger & Kuzyakov, 2007).  

Collins et al. (2010) found that the MRT of SOC under switchgrass in northwestern US was 62 
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years.  In general, depending on the physical and chemical properties of various ecosystems, the 

MRT of SOC has been suggested to vary between 10-520 years (Raich & Schlesinger, 1992).  

The average global turnover time has been estimated at 32 years.  Our results suggest that 

managing agricultural soils for dedicated switchgrass bioenergy production may slow rates of 

SOC turnover, leading to an increase in the storage of SOC and promoting C sequestration. 

4.6 Conclusions 

Results from my research do not show a consistent pattern of increasing SOC following the 

establishment of switchgrass across four sites in southeastern Ontario.  Increases in SOC under 

switchgrass management are likely dependent upon prior cropping history at individual sites as 

well as the time since establishment.  Additionally, the storage of C below switchgrass may 

depend on a number of mechanisms that modify the turnover time of SOC.  At one site, soil clay 

content related positively to SOC across depths, but this was not observed across all sites.   

This research suggests that the vertical distribution of SOC may be dominated by patterns 

of plant C allocation rather than soil textural controls.  Shoot:root ratios were generally <1 and 

demonstrated relationships with climate and fertilization practices.  The high allocation of 

biomass to below-ground productivity provides a source of new C to the soil and the immediate 

contact between plant detritus and the mineral soil matrix creates greater opportunity for soil C 

stabilization.  In contrast to many agronomic practices that are designed to increase productivity 

of the harvestable products, switchgrass allocated a significant amount of C to below-ground 

productivity. 

Overall, the MRT of 94 years for SOC to a depth of 40 cm presented in this study suggests 

that C cycling in soils managed for dedicated switchgrass bioenergy have longer turnover times 

than other sites and cropping systems as indicated in the literature.  This is particularly evident in 

the sites that employed NT practices prior to switchgrass establishment.  In general, soils that are 
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low in SOC due to previous land management practices such as tillage demonstrate increases in 

SOC stores, potentially caused by a lengthened MRT of SOC compared with other studies.  
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Chapter 5 - Conclusions 

5.1 Summary 

Recent initiatives in the province of Ontario focus on the integration of renewable energy 

feedstocks into energy generation.  The rationale for these changes is driven by the 

interconnected nature of energy, land use and climate change.  Fossil fuel energy generation can 

result in devastating land cover change in addition to releasing substantial amounts of stored 

carbon (C) into the atmosphere.  Increasing the utilization of renewable energy sources to 

mitigate climate change has been suggested as an approach to combat detrimental changes to the 

global climate system.  Bioenergy, and more specifically, perennial bioenergy systems, not only 

offsets atmospheric carbon (CO2) via photosynthesis and biomass production, but can also 

enhance soil quality. 

This thesis examined the effects of switchgrass establishment on the cycling of soil 

organic carbon (SOC) in southeastern Ontario.  SOC is considered to be a critical metric to 

evaluate soil health.  Additionally, increases in SOC following switchgrass establishment, which 

has been documented elsewhere, could sequester C into the soil and further mitigate global 

climate change.  Measuring changes in bulk SOC in response to land-use change, however, is 

challenging, because changes in SOC are relatively small and occur over very long temporal 

scales. 

I used two techniques to explore short-term changes in SOC following switchgrass 

establishment at four commercial switchgrass sites in southeastern Ontario.  Each of these 

switchgrass sites was paired with an adjacent control field of similar soil and management history 

to evaluate changes in soil properties due to switchgrass establishment.   

The average annual accumulation rate of SOC was 0.26 Mg ha
-1

 y
-1

 at the 0-10cm depth 

and 0.73 Mg ha
-1

 y
-1

 for the 0-40cm depth.  These accumulation rates are lower than values 
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reported elsewhere, possibly related to climatic factors in southeastern Ontario compared to other 

sites reporting these changes, or to the intensity of prior land management strategies. Not 

surprisingly, the greatest changes in SOC seemed to have occurred at the most degraded sites.  

The accumulation of C did not result in significant changes to the bulk soil C pool with the 

exception of the Williamsburg (second oldest) site.  Significant increases in SOC are attributed to 

high below-ground biomass, pre-switchgrass soil tillage and time.  The oldest site did not show 

increases in SOC in the switchgrass field, likely due to prior hay cropping which would have 

provided very similar inputs and management practices to switchgrass cropping. 

In general, both the bulk soil and soil C fractions show an increasing δ
13

C differential 

between control and switchgrass fields over time, with no indication of differences reaching a 

plateau or new steady-state (Figure 3.3).  This suggests that switchgrass establishment influences 

changes to SOC extending beyond 11 years.  In the interim, the utilization of soil C fractionation 

techniques in conjunction with C isotopes provided a more sensitive indicator to explore the 

influence of switchgrass establishment on SOC dynamics.   

Despite significant changes across sites, microbial biomass carbon (MBC) did not offer a 

clear indication of patterns pertaining to C accumulation following switchgrass establishment and 

the decomposition rates were, in most cases, very different from those previously reported for this 

fraction.  Moreover, analytical issues associated with isotopic analysis of MBC warrant careful 

consideration when integrating this fractionation technique into future studies.  Both the light 

fraction (LF) and the acid-stable (AS) fraction provide an indication of the changing soil 

conditions following switchgrass establishment.  Correlations between LF and total soil C as well 

as the relatively fast turnover times (17 years), compared with bulk soil, suggest that LF can 

provide valuable insight into soil C accumulation following switchgrass establishment.  Results 

did not indicate significant differences between treatments in the AS fraction, likely due to the 

long mean residence time (MRT) of 102 years as well as the size of this pool, constituting 
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approximately 40% of the total SOC pool.  Over longer time scales, the effects of switchgrass 

establishment on this fraction are likely to increase.  The AS fraction should be explored in future 

studies given the ease of applying the method, particularly for isotopic analysis, and that changes 

in this recalcitrant pool represent lasting soil C storage.   

Results from biomass measurement indicate a correlation between above-ground 

productivity and climate.  Switchgrass, as a warm-season plant, may be reaching its geographical 

limits; this warrants further investigation across a larger climatic range.  Below-ground biomass 

to a depth of 40cm was higher than above-ground biomass; across sites this corresponded well 

with SOC stores, indicating the importance of below-ground biomass inputs for enhanced SOC 

storage in switchgrass systems.  Soil texture did not play as prominent a role in SOC cycling as 

hypothesized, possibly due to complex interactions with management.  Unlike many SOC studies, 

and simulation models often validated from soil data obtained from western North American 

grasslands, my results suggest that clay is not a key factor controlling SOC stabilization at my 

sites in southeastern Ontario. 

The MRT of bulk soil was 81 years at the 0-10 cm depth and 94 years at the 0-40 cm 

depth.  Moreover, the MRT at the 0-40 cm depth is 78 years for sites with prior intensive tillage 

practices and 108 years for sites where no-till practices were used.  This difference indicates the 

historical legacy that prior tillage practices have on the cycling of SOC even after years of 

switchgrass establishment.  Despite the annual accumulation of SOC being lower at my sites 

compared to other switchgrass sites across North America, the MRT of the bulk soil and soil C 

fractions are similar to studies that have evaluated conservation agricultural practices (i.e. no-till) 

(Table 3.10).  This suggests that increases in SOC, albeit marginal, may be retained for longer in 

the soil matrix, therefore suggesting that switchgrass is rightly entitled to its conservation 

bioenergy crop status due to potential benefits it may have on SOC and consequently soil health 

in southeastern Ontario.   
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5.2 Future Directions 

Bioenergy has the potential to supply much of the world’s energy demand, specifically in 

North America, given the abundance of agricultural land no longer dedicated to food production 

due to agricultural intensification.  The promotion of sustainable energy, as is mandated by 

Ontario’s Green Energy and Green Economy Act, demands that energy feedstocks, specifically 

bioenergy, be addressed from a geographical perspective with concern for crop selection and land 

management decisions.  Encompassing a regional analysis has been shown to be useful in 

assessing the sustainability of energy systems within the wider contest of globalization, local 

resource use and regional energy development (Pulselli et al., 2009).  Maximizing energy yields 

while also improving environmental conditions requires that species selection and management 

practices are suitable for local soil and climate site conditions (Sims et al., 2006).  To achieve 

appropriate selection, cropping system choices require assessment at different relevant spatial and 

temporal scales using a variety of quantitative metrics. 

The methodological approach for systematic analysis of bioenergy continues to be 

debated within academic literature (Adler et al., 2008; Mabee & Mirck, 2011).  The development 

of successful bioenergy feedstocks to optimize ecological benefit as well as energy generation 

capacity requires the integration of the continually growing scientific knowledge base on 

bioenergy (Dale et al., 2011b).  Indicators, as metrics that provide information about potential or 

realized effects for each of these categories, can be used to evaluate bioenergy systems (Williams 

et al., 2009; Heink & Kowarik, 2010; McBride et al., 2011).  This approach of using indicators 

can capture a large range of environmental effects.  When addressing the environmental 

sustainability of bioenergy systems, multiple categories of assessment should include: 

productivity, soil quality, water quality and quantity, biodiversity, air quality and greenhouse 

gases (McBride et al., 2011).  While my research addresses some of the soil quality issues, it does 

not address the others. 
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5.2.1 Productivity 

Above-ground net primary productivity (ANPP) is often suggested as the sole indicator to 

assess the productivity potential of bioenergy systems (McBride et al., 2011).  In general, more 

modest yields than those observed in the US are obtained with switchgrass cultivation at more 

northern latitudes (Madakadze et al., 1998; Zan et al., 2001; Samson et al., 2005).  My research at 

four study sites in southeastern Ontario demonstrates some marginal and extremely variable 

annual ANPP ranging from 6-19 Mg ha
-1 

y
-1 

(Appendix F).  The variability is strongly related to 

management practices including fertilizer application as well as soil properties and climatic 

variables.  There continues to be debate in the literature regarding the suitability of switchgrass, a 

C4 crop, to prosper in northerly (cooler) environments (Almaraz et al., 2009).  It has been 

suggested that northern latitudes may not provide the best yields and that cool-season (C3) 

grasses may be a more appropriate energy feedstock.   

Although emphasis on productivity is typically placed on above-ground biomass, the 

value of below-ground productivity should not be discredited.  Despite the methodological 

difficulty associated with measuring annual below-ground productivity, my research indicates 

that below-ground biomass is strongly related to soil C accumulation.  Depending on fertilization 

regimes, our study sites in southeastern Ontario showed tremendous allocation of biomass below-

ground, generally more than that allocated to above-ground productivity.  The threat of 

detrimental effects to soil by modifying the harvest index through selective breeding would be 

diminished if evaluation of productivity was based on net (both above- and below-ground) 

primary productivity and not solely ANPP.  This threat is due to the strong synergism between 

availability of crop residues including root biomass and soil C (Lal, 2007). 

Despite inconsistent reports on the suitability of switchgrass and the ANPP in 

southeastern Ontario, I would encourage ongoing research particularly on switchgrass cultivar 

assessment and development.  Moreover, in comparison with woody forest biomass, an 



107 

 

alternative to grass bioenergy in this region, the estimated biomass productivity for five 

jurisdictions in eastern Ontario suggests that the potential productivity of grass grossly exceeds 

that of wood production (Mabee & Mirck, 2011).  Given a heat energy content of 19 GJ Mg
-1

 for 

switchgrass (Samson et al., 2005), average home heating need in Canada of approximately 75 GJ 

yr
-1 

(Natural Resources Canada), and average ANPP data obtained from this research, a third of a 

hectare of land dedicated to switchgrass could provide enough energy to heat a Canadian home 

annually.  

5.2.2 Soil Quality 

Switchgrass has been cited as a conservation crop (McLaughlin & Kszos, 2005) given its 

capacity to restore soils degraded by cultivation and mismanagement.  Despite challenges in 

determining metrics to assess soil quality (Gregorich et al., 1994), SOC is considered the most 

important indicator of soil health given its role in managing the C balance, cation exchange 

capacity, humification, microbial community dynamics, erosion,  leaching, nutrient availability 

and water holding capacity (Reeves, 1997).  Following the establishment of perennial bioenergy 

systems, my research shows marginal increases in SOC which were highly dependent on prior 

cropping systems, time since establishment, prior management practices including tillage history 

and the distribution of above- and below-ground productivity.  My results correspond to other 

literature which proposes that the greatest soil improvements are observed on poorer-quality sites 

where the conversion from annual to perennial crops resulted in SOC increases primarily in the 

upper 10 cm (Garten & Wullschleger, 2000).  This research also suggests that the conversion 

from annual crops to switchgrass extends SOC turnover times to those often observed in 

conservation soil management practices such as no-till.  Besides improving soil quality and 

consequently increasing agricultural productivity, the sequestration of atmospheric carbon in 

SOC also acts to mitigate recent global climate changes.   
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 Further research is required to assess total nitrogen (N) and extractable phosphorus (P), 

two macronutrients for regulating productivity.  The application of excessive N and P can result 

in nutrient runoff and leaching, however depletion of N and P can hinder productivity of the 

system.  Although nutrient management has been investigated in the US (Bransby et al., 1998; 

Vogel et al., 2002) research specific to southeastern Ontario has not been conducted.  Nutrient 

research in native forest ecosystems, like that of the Mixedwood Plains Ecozone in southeastern 

Ontario is crucial given that unlike native grasslands, N tends to be a limiting factor in 

productivity.   

5.2.3  Water Quality and Quantity 

The category of water quality and quantity utilizes a series of indicators that assess the 

concentration of nutrients (N and P), suspended sediments and herbicides as well as flow rates 

and consumptive water use (McBride et al., 2011).  In the Great Lakes region, changes in 

dissolved nutrient levels, primary productivity and water clarity have been shown to be strongly 

associated with agricultural intensity (Trebitz et al., 2007).  Although no research exists to date 

focusing on bioenergy production in Ontario, the deployment of perennial bioenergy crops on 

agricultural lands in the Great Lakes region of southeastern Ontario could potentially aid in 

minimizing nutrient export.  Perennial crops often have higher nutrient-use efficiency, so the 

adoption of perennials can diminish: (1) nutrient inputs, due to nutrient translocation during 

senescence as well as reduced nutrient requirements of C4 plants; and (2) the movement of 

nutrients and sediments to waterways due to soil cover (Costello et al., 2009; Dale et al., 2011b).  

Additionally, the deep, prolific rooting systems beneath switchgrass acts to mitigate soil erosion 

and should reduce suspended sediments. 

 Herbicides applied to agricultural fields can infiltrate into surface waters, resulting in 

exposure of aquatic organisms to toxic substances.  Measuring herbicide concentrations is 
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expensive and has not been conducted for switchgrass systems in southeastern Ontario.  It should 

be noted however that given the difficulty in establishing switchgrass, potentially due to its C4 

metabolic system and late growth in comparison to C3 plants, herbicide applications prior to 

switchgrass seeding and during establishment is likely to be a normal practice in southeastern 

Ontario (Kurt Vanclief, personal communication).    

 In southeastern Ontario, water usage for switchgrass has not been evaluated, however 

given relatively high precipitation in contrast with western North America, there should be 

limited concern for excessive water usage for irrigation in the east.  Additionally, enhanced water 

use efficiencies of C4 crops are well documented to exceed those of C3 crops by a factor of two 

(Ehleringer & Monson, 1993).  As emphasized by Samson (2005), the C4 metabolism of 

perennial grass species offers many benefits as a bioenergy source.  

5.2.4 Biodiversity 

 Although no research specific to southeastern Ontario has been conducted to date, studies 

at various locations across the US have investigated the abundance and diversity of insects, soil 

fauna and avian species in switchgrass agroecosystems (Gardiner et al., 2010; Robertson et al., 

2011).  Results from such studies conclude that species of interest generally respond positively to 

increased vegetation diversity of switchgrass cultivation compared with intensively managed 

monoculture systems (Murray et al., 2003; Gardiner et al., 2010).   A caveat made clear in most 

of this research states that observations were dependent on the structural heterogeneity of the 

dedicated switchgrass bioenergy sites as well as the spatial arrangement of the agro-landscape.  

The extensive benefits of high-diversity grassland projects have been observed elsewhere in the 

US (Tilman et al., 2006).  In southeastern Ontario, observations of high plant diversity in 

switchgrass fields, which may be attributed to C3-C4 competition as discussed above, could 

promote biodiversity for switchgrass systems in C3 plant climates.   
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5.2.5 Air Quality 

Air pollutants are generally derived from the combustion of feedstocks and almost 

entirely a function of the combustion process (Darko Matovic, personal communication, August 

4, 2011).  As such, there should be little geographic variability, but distinct emissions related to 

specific combustion processes.   

A biomass demonstration project conducted by Lafarge Cement (Bath, Ontario) during 

the fall of 2010 compared emissions between a baseline period (coal-coke mix only) and during a 

biomass co-firing demonstration (coal-coke mixed with biomass).  During the demonstration, 

biomass sources, which constituted 8.8% of the energy matrix, included millet, sorghum, hemp, 

switchgrass, maize and oat hulls.  Although this demonstration did not utilize a homogeneous 

switchgrass feedstock, the co-firing of biomass with coal and coke reflects the rapid progress in 

the development of the utilization of biomass materials in coal-fired industrial settings (Sims et 

al., 2006).  The results from this study did not demonstrate any significant differences in air 

pollutants, however given the benefits associated with the integration of renewable energy, no 

difference was deemed beneficial for energy generation by Lafarge.  Additional research and 

development is required as progress continues with biorefining and the development of 

innovative combustion methods. 

5.2.6 Greenhouse Gas Flux 

The evaluation of greenhouse gas (GHG) flux is arguably the most complex category 

when assessing energy crops.  The careful selection of system boundaries is necessary to evaluate 

GHG flux and it is suggested that full life cycle assessment (LCA), utilizing ISO 14040 

standards, is essential for holistic and reliable quantification.  The ongoing integration of 

appropriate model inputs, developed from empirical data and specific to geographical regions, is 

a prerequisite for valid modelling applications.  The incorporation of data, specifically changes in 

SOC turnover rates, obtained from this study should contribute towards dynamic modelling in 
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LCA and GHG quantification.  This is an important contribution given that in perennial systems, 

the recovery of SOC following establishment is a substantial factor contributing to the negative 

GHG footprint of these systems.   

5.3 Conclusions 

Environmental sustainability is fundamental to the success of bioenergy.  As stated by 

Robertson et al. (2011), without the environmental pieces in place, the major rationale for 

developing a bioeconomy – climate stabilization – is aborted.  Future research should strive to 

complete the evaluation of the environmental sustainability of switchgrass bioenergy in 

southeastern Ontario.  Furthermore, additional bioenergy crops, including annuals such as corn, 

should be evaluated using the same criteria.     

Despite the gaps in available knowledge to assess switchgrass produced for bioenergy in 

southeastern Ontario, there are some valuable conclusions that collectively support the 

environmental sustainability of switchgrass grown for energy in the region.  There is tremendous 

capacity for sustainable energy generation as well as added ecological benefits if abandoned and 

marginal lands are to be used for biomass production.  Devising policies and incentives that place 

appropriate, relative market values on the array of products and ecosystem services offered by a 

landscape is one way to move toward more sustainable land use management (Dale et al., 2011a).  

These policies must also act as a guide for what crops to produce and where to grow them.  

Guidelines for management actions can be a part of a comprehensive set of best management 

practices for particular bioenergy systems.  The correct management of land for biomass 

production could enhance ecosystem services over space and time.  In the case of switchgrass in 

southern Ontario, profitable and sustainable production could be achieved on lower-value 

cropland given the capacity for switchgrass to grow on marginal and slightly degraded lands.  To 

encourage the Green Energy Act, the Ontario government should be supporting not only 
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renewable energy generation, but also good land stewardship, through incentive and market 

development for conservation energy crops.  In doing so, the Green Energy Act will encourage 

the management of land for higher productivity energy crops which also provide beneficial 

ecological services, such soil conservation and (potentially) soil C sequestration.   
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Appendix A – Microbial Biomass Carbon Method Check 

For future reference and to build upon a body of literature suggesting the use of 

alternative extractants, or difference concentration of extract solutions for MBC methods, 

specifically when applying isotopic techniques, I tested four different methods for extraction.  

Lower concentrations of K2SO4 have been used to reduce the osmotic effects on living cells 

during extraction of the control soils for MBC methods (Gregorich et al., 2000).  I utilized one 

soil sample, a treatment soil from the Pakenham switchgrass field at the 0-10cm depth, to test for 

differences in the concentration or amount of extractant.  Only one extract, the 1:4 (soil: extract) 

at 0.25N showed significantly higher MBC.  The δ
13

C did not show any significant differences 

between treatments. 

 

 

MBC and δ
13

C from four different extracts varying in soil to extract ratio and 

K2SO4 molarity.  Box depicts range of values and line presents mean (n = 3).  Error bars 

represent the standard deviation.  The asterisks shows significantly higher MBC (F ratio (3, 

8) = 16.17; P value <0.001). 
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Appendix B – Results from X-Ray Diffraction 
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Appendix C – Soil Texture Method Comparison 

  
Average from Individual Samples 

(n = 4) 

From Pooled Method 

(n =1) 

Site 
Depth 

(cm) 

Sand 

% 

Clay 

% 

Silt 

% 
Classification 

Sand 

% 

Clay 

% 

Silt 

% 
Classification 

Inkerman 

0-10 16.9 39.2 43.9 silty clay loam 17.9 42.7 39.4 clay 

10-20 20.4 37.5 42.1 clay loam 19.6 41.8 38.6 clay 

20-30 7.9 55.0 37.1 clay loam 11.7 53.4 34.9 clay 

30-40 5.9 53.5 40.6 silty clay 7.1 56.2 36.6 clay 

Control 

Inkerman 

0-10 26.6 30.7 42.7 clay loam 27.5 34.8 37.7 clay loam 

10-20 28.5 31.9 39.6 clay loam 23.6 38.4 38.0 clay loam 

20-30 10.6 52.6 36.8 clay 10.3 50.3 39.4 clay 

30-40 8.6 48.6 42.8 silty clay 10.1 51.3 38.5 clay 

Ameliasburg 

0-10 23.7 25.4 50.9 silty loam 23.3 28.4 48.3 
clay loam/silt 

loam 

10-20 24.6 27.7 47.7 
loam/clay 

loam 
23.7 26.5 49.8 loam/silt loam 

20-30 25.2 31.2 43.7 clay loam 27.3 32.3 40.4 clay loam 

30-40 26.5 30.4 43.1 clay loam 27.9 30.7 41.4 clay loam 

Control 

Ameliasburg 

0-10 22.3 20.8 56.9 silt loam 24.7 26.3 49.0 silt loam/loam 

10-20 23.2 23.9 52.9 silt loam 28.7 24.3 47.0 loam 

20-30 20.8 30.7 48.5 clay loam 18.4 35.9 45.7 silty clay loam 

30-40 21.8 31.2 47.0 clay loam 21.8 35.2 43.0 clay loam 

Williamsburg 

0-10 45.4 16.8 37.7 loam 38.5 23.5 38.0 loam 

10-20 52.1 13.9 34.0 
loam/sandy 

loam 
44.7 19.3 35.9 loam 

20-30 54.4 15.3 30.3 sandy loam 52.2 19.3 28.5 
loam/sandy 

loam 

30-40 67.1 8.0 24.9 sandy loam 59.0 15.6 25.4 sandy loam 

Control 

Williamsburg 

0-10 55.2 14.6 30.2 sandy loam 49.4 17.4 33.2 loam 

10-20 55.4 13.5 31.1 sandy loam 44.4 20.8 34.8 loam 

20-30 62.4 7.4 30.2 sandy loam 53.8 15.2 31.0 sandy loam 

30-40 65.0 8.5 26.6 sandy loam 56.8 15.2 28.0 sandy loam 

Pakenham 

0-10 46.7 9.6 43.7 loam 42.3 11.2 46.4 loam 

10-20 47.6 9.4 43.0 loam 40.3 12.2 47.4 loam 

20-30 41.5 15.7 42.8 loam 35.4 16.4 48.2 loam 

30-40 32.1 24.1 43.8 loam 29.4 21.1 49.5 loam 

Control 

Pakenham 

0-10 52.3 7.9 39.8 
loam/sandy 

loam 
44.3 12.4 43.2 loam 

10-20 55.1 8.4 36.4 sandy loam 47.4 12.6 40.0 loam 

20-30 40.5 13.8 45.7 loam 44.2 16.8 39.0 loam 

30-40 22.2 38.9 38.9 clay loam 29.2 37.4 33.4 clay loam 
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Appendix D – Bulk Soil Data 

Site Plot 
Depth 

(cm) 

Bulk 

Density 

Bulk Soil 

% C δ
13

C 

Inkerman 1 0-10 1.15 2.33 -25.7/-26.0 

Inkerman 2 0-10 1.08 2.43 -25.2 

Inkerman 3 0-10 1.03 2.29 -25.4 

Inkerman 4 0-10 1.16 2.23 -25.0 

Inkerman 1 10-20 1.10 1.83 -25.1 

Inkerman 2 10-20 1.17 2.16 -25.9 

Inkerman 3 10-20 1.17 0.83/0.82 -26.0 

Inkerman 4 10-20 1.24 1.58 -26.1 

Inkerman 1 20-30 1.08 0.51 -25.4 

Inkerman 2 20-30 1.11 0.78 -25.4 

Inkerman 3 20-30 1.02 0.45 -25.1 

Inkerman 4 20-30 1.37 0.53 -25.8 

Inkerman 1 30-40 1.11 0.39 -25.0 

Inkerman 2 30-40 1.18 0.42 -24.9 

Inkerman 3 30-40 1.12 0.36 -24.7/-24.8 

Inkerman 4 30-40 1.13 0.39 -25.8 

C Inkerman 1 0-10 1.11 2.27 -26.6 

C Inkerman 2 0-10 1.13 2.17 -26.2 

C Inkerman 3 0-10 1.06 2.30 -26.1 

C Inkerman 4 0-10 1.08 2.24/2.27 -25.4 

C Inkerman 1 10-20 1.23 1.42 -26.4 

C Inkerman 2 10-20 1.19 1.89 -26.3 

C Inkerman 3 10-20 1.15 1.97 -26.2 

C Inkerman 4 10-20 1.24 0.94/0.95 -26.5 

C Inkerman 1 20-30 1.20 1.42 -25.1/-25.8 

C Inkerman 2 20-30 1.22 0.51 -25.5 

C Inkerman 3 20-30 1.14 0.68 -26.7 

C Inkerman 4 20-30 1.21 0.54 -26.4 

C Inkerman 1 30-40 1.15 0.34 -25.5 

C Inkerman 2 30-40 1.11 0.34 -25.6 

C Inkerman 3 30-40 1.13 0.41/0.41 -25.4 

C Inkerman 4 30-40 1.12 0.46 -24.8/-24.7 

Ameliasburg 1 0-10 1.11 1.88 -24.1 

Ameliasburg 2 0-10 1.11 2.42/2.44 -24.7 

Ameliasburg 3 0-10 0.92 2.63 -24.3 

Ameliasburg 4 0-10 0.92 4.09 -24.1 

Ameliasburg 1 10-20 1.21 1.55 -24.2 

Ameliasburg 2 10-20 1.16 2.13 -24.2 
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Ameliasburg 3 10-20 1.03 2.19 -25.3 

Ameliasburg 4 10-20 0.95 3.51 -23.7 

Ameliasburg 1 20-30 1.16 0.86 -23.0 

Ameliasburg 2 20-30 1.16 1.24 -25.0 

Ameliasburg 3 20-30 1.01 2.95 -23.9 

Ameliasburg 4 20-30 1.07 1.56 -25.5/-25.6 

Ameliasburg 1 30-40 1.06 0.69 -23.4 

Ameliasburg 2 30-40 1.17 0.62 -24.7 

Ameliasburg 3 30-40 0.90 3.84 -22.6/-24.3 

Ameliasburg 4 30-40 1.15 0.54/0.53 -23.3 

C Ameliasburg 1 0-10 1.04 3.02 -23.9 

C Ameliasburg 2 0-10 1.00 3.09 -23.7 

C Ameliasburg 3 0-10 1.07 2.23 -25.8 

C Ameliasburg 4 0-10 1.17 2.15 -24.1 

C Ameliasburg 1 10-20 1.03 2.90 -24.3/-24.4 

C Ameliasburg 2 10-20 1.09 2.76 -24.5 

C Ameliasburg 3 10-20 1.14 1.66 -25.6 

C Ameliasburg 4 10-20 1.21 1.97 -24.4 

C Ameliasburg 1 20-30 0.96 3.47 -25.9 

C Ameliasburg 2 20-30 1.19 1.14/1.13 -24.0 

C Ameliasburg 3 20-30 1.19 0.73 -24.0 

C Ameliasburg 4 20-30 1.28 1.01 -24.0/-24.2 

C Ameliasburg 1 30-40 1.03 2.36 -25.7 

C Ameliasburg 2 30-40 1.19 0.53 -23.8 

C Ameliasburg 3 30-40 1.18 0.49 -23.6 

C Ameliasburg 4 30-40 1.07 0.65 -24.2 

Williamsburg 1 0-10 1.03 2.97 -24.9 

Williamsburg 2 0-10 1.27 2.67/2.71 -24.9 

Williamsburg 3 0-10 1.05 3.28 -24.4/-24.3 

Williamsburg 4 0-10 1.07 2.71/2.40 -24.9 

Williamsburg 1 10-20 0.98 3.04 -25.6/-25.6 

Williamsburg 2 10-20 1.13 2.63 -25.6/-25.3 

Williamsburg 3 10-20 1.30 2.05/2.05 -24.9 

Williamsburg 4 10-20 1.14 1.90 -25.3/-25.2 

Williamsburg 1 20-30 0.94 1.23 -24.0/-23.7 

Williamsburg 2 20-30 1.13 1.24 -25.6 

Williamsburg 3 20-30 1.42 1.12 -24.3 

Williamsburg 4 20-30 1.27 0.55 -23.9 

Williamsburg 1 30-40 1.34 0.80 -23.8 

Williamsburg 2 30-40 1.41 0.54 -24.5 

Williamsburg 3 30-40 1.46 0.86 -24.4 

Williamsburg 4 30-40 1.32 0.27 -24.2/-23.9 

C Williamsburg 1 0-10 1.01 2.91/2.93 -25.6/-25.5 

C Williamsburg 2 0-10 0.92 2.74 -25.7 

C Williamsburg 3 0-10 0.97 1.53 -26.0 

C Williamsburg 4 0-10 1.03 2.28 -25.6 

C Williamsburg 1 10-20 0.97 2.21 -25.5 
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C Williamsburg 2 10-20 1.17 1.87 -25.4 

C Williamsburg 3 10-20 1.12 1.84/1.97 -25.5 

C Williamsburg 4 10-20 1.18 1.32 -24.7 

C Williamsburg 1 20-30 1.23 0.86 -25.6 

C Williamsburg 2 20-30 1.22 1.20 -25.0 

C Williamsburg 3 20-30 1.20 1.04 -28.0 

C Williamsburg 4 20-30 1.02 0.76 -24.9 

C Williamsburg 1 30-40 1.11 0.59 -25.7 

C Williamsburg 2 30-40 1.20 0.48 -24.8 

C Williamsburg 3 30-40 1.14 0.55 -24.6-24.4 

C Williamsburg 4 30-40 n/a 

Pakenham 1 0-10 1.09 1.63/1.69 -24.7 

Pakenham 2 0-10 1.19 1.79 -24.3 

Pakenham 3 0-10 1.08 2.04/2.12 -24.0 

Pakenham 4 0-10 1.00 1.85 -24.2 

Pakenham 1 10-20 1.22 1.17 -24.2/-23.9 

Pakenham 2 10-20 1.24 1.47/1.98 -23.3 

Pakenham 3 10-20 1.26 1.44/1.44 -25.0/-24.7 

Pakenham 4 10-20 1.14 1.32 -24.1/-24.2 

Pakenham 1 20-30 1.32 0.44 -23.4 

Pakenham 2 20-30 1.28 1.18 -25.4 

Pakenham 3 20-30 1.32 0.83/0.83 -23.7 

Pakenham 4 20-30 1.26 0.52/0.52 -24.4 

Pakenham 1 30-40 1.24 0.37 -24.3 

Pakenham 2 30-40 1.20 0.41 -24.6 

Pakenham 3 30-40 1.27 0.34 -23.3 

Pakenham 4 30-40 1.42 0.31 -24.2 

C Pakenham 1 0-10 0.99 2.07 -25.4 

C Pakenham 2 0-10 0.98 2.48 -25.6 

C Pakenham 3 0-10 0.97 2.45 -25.5 

C Pakenham 4 0-10 0.89 2.25 -25.1/-25.1 

C Pakenham 1 10-20 1.23 1.31/1.32 -26.8 

C Pakenham 2 10-20 1.14 1.83 -26.2 

C Pakenham 3 10-20 1.34 1.58 -24.9 

C Pakenham 4 10-20 1.22 1.40 -24.3 

C Pakenham 1 20-30 1.28 0.68 -23.5/-24.1 

C Pakenham 2 20-30 1.12 1.30 -26.1 

C Pakenham 3 20-30 1.41 0.68 -24.0 

C Pakenham 4 20-30 1.34 0.62 -24.0 

C Pakenham 1 30-40 1.17 0.36 -24.9 

C Pakenham 2 30-40 1.51 0.45 -26.2/-26.5 

C Pakenham 3 30-40 1.19 0.36 -25.5 

C Pakenham 4 30-40 1.43 0.36 -24.6 
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Appendix E – SOC Fraction Data for 0-10cm Depth 

Site Plot 

MBC LF AS 

% C (mg/L) δ
13

C 

% LF 

C of 

total 

SOC 

δ
13

C 

% AS 

C of 

total 

SOC 

δ
13

C 

Inkerman 1 
FUM – 138.6 

NON – 44.7 

FUM – -19.5 

NON – -29.1 
1.40 -21.8 39.8 -26.9 

Inkerman 2 
FUM – 158.7 

NON – 52.6 

FUM – -19.4 

NON – -25.4 
0.46 -24.3 41.7 -26.9 

Inkerman 3 
FUM – 139.2 

NON – 29.1 

FUM – -20.5 

NON – -30.3 
0.51 -24.5 41.1 -27.1 

Inkerman 4 
FUM – 155.6 

NON – 25.7 

FUM – -22.3 

NON – -25.6 
0.32 -22.1 43.8 

-26.7/ 

-26.8 

C Inkerman 1 
FUM – 125.3 

NON – 30.1 

FUM – -25.2 

NON – -28.3 
1.17 -28.3 44.7 -27.7 

C Inkerman 2 
FUM – 120.8 

NON – 38.9 

FUM – -25.2 

NON – -26.4 
6.57 -28.1 43.6 -27.7 

C Inkerman 3 
FUM – 162.0 

NON – 45.4 

FUM – -25.4 

NON – -28.3 
1.88 -29.0 38.5 -27.5 

C Inkerman 4 
FUM – 121.3 

NON – 40.7 

FUM – -25.5 

NON – -26.9 
1.06 -29.0 36.3 -27.7 

Ameliasburg 1 
FUM – 100.8 

NON – 40.6 

FUM – -18.9 

NON – -24.6 
3.35 -14.7 43.5 -24.8 

Ameliasburg 2 
FUM – 118.9 

NON – 48.0 

FUM – -17.8 

NON – -23.9 
1.64 -16.8 41.7 

-25.1/ 

-25.0 

Ameliasburg 3 
FUM – 118.1 

NON – 48.3 

FUM – -18.7 

NON – -26.8 
3.65 -14.4 46.0 -25.2 

Ameliasburg 4 
FUM – 136.7 

NON – n/a 

FUM – -17.9 

NON – -24.3 
1.76 -15.3 66.0 -25.1 

C Ameliasburg 1 
FUM – 146.5 

NON – 45.0 

FUM – -19.4 

NON – -22.7 
1.72 

-19.6/ 

-20.9 
52.5 -25.9 

C Ameliasburg 2 
FUM – 98.4 

NON – 56.3 

FUM – -20.4 

NON – -25.4 
1.28 -22.5 47.5 -25.5 

C Ameliasburg 3 
FUM – 181.3 

NON – 88.2 

FUM – -15.7 

NON – -20.7 
1.26 -21.2 44.2 

-25.7/ 

-25.5 

C Ameliasburg 4 
FUM – 175.3 

NON – 80.1 

FUM – -17.7 

NON – -22.0 
2.81 

-21.4/ 

-21.4 
40.2 -25.0 

Williamsburg 1 
FUM – 245.4 

NON – 105.7 

FUM – -18.3 

NON – -17.9 
2.69 -17.0 32.7 -26.4 

Williamsburg 2 
FUM – 270.8 

NON – n/a 

FUM – -19.9 

NON – -16.4 
0.25 -24.8 35.2 -25.8 

Williamsburg 3 
FUM – 199.5 

NON – 90.8 

FUM – -25.7 

NON – -20.6 
0.33 

-18.4/ 

-19.0 
37.2 -27.0 

Williamsburg 4 
FUM – 236.3 

NON – 63.1 

FUM – -18.5 

NON – -20.2 
0.29 -20.1 36.6 -26.5 



133 

 

C Williamsburg 1 
FUM – 217.8 

NON – 90.2 

FUM – -22.3 

NON – -20.1 
0.47 -27.8 32.5 -27.2 

C Williamsburg 2 
FUM – 178.5 

NON – 63.1 

FUM – -22.6 

NON – -26.4 
0.59 -27.2 32.5 -27.4 

C Williamsburg 3 
FUM – 206.7 

NON – 73.5 

FUM – -21.0 

NON – -26.5 
0.22 -28.5 25.2 -27.3 

C Williamsburg 4 
FUM – 191.5 

NON – 72.7 

FUM – -22.1 

NON – -26.5 
0.10 -26.5 33.2 -27.4 

Pakenham 1 
FUM – 129.1 

NON – 48.9 

FUM – -23.1 

NON – -25.7 
2.28 -19.4 33.6 -25.8 

Pakenham 2 
FUM – 150.4 

NON – 25.4 

FUM – -22.0 

NON – -25.1 
3.26 

-24.2/ 

-23.0 
37.4 -26.8 

Pakenham 3 
FUM – 148.1 

NON – 39.7 

FUM – -25.0 

NON – -27.1 
2.21 -24.0 38.3 -27.0 

Pakenham 4 
FUM – 128.1 

NON – 38.49 

FUM – 22.5 

NON – -24.2 
2.59 -23.7 32.3 -26.0 

C Pakenham 1 
FUM – 147.8 

NON – 56.8 

FUM – -24.7 

NON – -25.8 
3.01 

-28.3/ 

-28.4 
42.3 -28.0 

C Pakenham 2 
FUM – 92.4 

NON – 61.8 

FUM – -25.4 

NON – -25.4 
3.44 -28.2 40.2 -28.0 

C Pakenham 3 
FUM – 148.1 

NON – 48.7 

FUM – -25.1 

NON – -26.9 
3.44 -28.4 37.5 -28.4 

C Pakenham 4 
FUM – 161.5 

NON – 57.5 

FUM – -25.1 

NON – -27.5 
5.78 

-28.7/ 

-28.8 
39.5 

-27.9/ 

-27.9 
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Appendix F – Biomass Sampling Data 

Site 
Wet Mass 

g m
-2 

Dry Mass 

 g m
-2

 
% Moisture 

Above-ground 

Biomass 

Mg ha
-1

 

Inkerman 

2423 1141 47% 11.4 

2674 1356 51% 13.6 

2510 1234 49% 12.3 

3009 1329 44% 13.3 

Ameliasburg 

2681 1455 54% 14.6 

2228 1208 54% 12.1 

2284 1284 56% 12.8 

3531 1895 54% 19.0 

Williamsburg 

1525 679 45% 6.8 

1228 565 46% 5.7 

2152 1116 52% 11.2 

2262 1069 47% 10.7 

 


