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Nineteen farms growing herbaceous biomass crops, switchgrass (Panicum virgatum) and
Miscanthus (Miscanthus spp.), were sampled for soil organic carbon (SOC) across Ontario,
Canada in 2016, along with nearby agricultural fields and woodlots to compare SOC between
land-uses. Woodlots contained significantly higher (p<0.05) SOC concentrations (4.26 ± 0.29%)
than any other land-use. Switchgrass and Miscanthus had numerically higher SOC
concentrations (2.50 ± 0.29% and 2.50 ± 0.36%, respectively) than agricultural fields (2.21 ±
0.31%) depicting SOC sequestration potential. Numerical trends in SOC stocks showed that
woodlots (103.55 ± 7.40 Mg C ha-1) contained more SOC than switchgrass (85.30 ± 7.14 Mg C
ha-1), Miscanthus (83.36 ± 8.97 Mg C ha-1), and agriculture (80.51 ± 7.74 Mg C ha-1). SOC
stocks in woodlots were significantly higher (p<0.05) than Miscanthus and agriculture, but not
switchgrass. δ13C analysis and baseline comparisons showed that herbaceous biomass crops are
adding organic matter to the SOC pool.
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Chapter 1 – Literature Review
1.1 The demand for biomass and bioenergy.
The insecurity of fossil fuel resources and growing concern over carbon dioxide (CO2) induced climate change has guided the world’s energy sector and governments to search for
alternative energy systems that share two fundamental goals: (1) to ensure reliable, sustainable
and affordable energy supplies, and (2) to achieve approximately carbon-neutral, yet highly
efficient energy systems (Erb et al., 2012; Tooyserkani et al., 2013; Chadwick et al., 2014). In
this respect, plant biomass has emerged as a standout energy resource that can be used to help
offset the use of fossil fuels while contributing to these energy goals (Chew and Doshi, 2011).
Bioenergy is renewable and often considered a viable substitute for fossil fuels to reduce carbon
(C) emissions (Sikkema et al., 2011) and acid gases (Kaliyan and Morey, 2009). Since biomass
is created from recently photosynthesized plant materials, the use of biomass as an energy source
would be largely C neutral if external energy for processing and transportation is neglected. The
C released from bioenergy production would be offset by the C captured during biomass
feedstock production if land-use change related emissions remain relatively low (Chew and
Doshi, 2011).
In 2012, the International Energy Agency (IEA) forecasted that the modern use of
biomass will more than double from 526 Million tonnes oil equivalent (Mtoe) in 2010 to
approximately 1200 Mtoe by the year 2035 (IEA, 2013). However, more recent information
suggests that this estimate should be increased. In their 2014 report, the Intergovernmental Panel
on Climate Change (IPCC) suggested that to effectively mitigate climate change by the year
2100, the entire world needs to completely abandon the use of fossil fuels (IPCC, 2014). They
also suggest that bioenergy and biofuels will likely be a major source of future energy to replace
1

energy currently generated from fossil fuels. However, it is noted that this is contingent on the
use of sustainable management practices as well as improved polices and mechanical efficiencies
(IPCC, 2014).
Throughout the world and especially in Canada, the most readily available sources of
biomass for bioenergy are agricultural crop residues, forest logging residues and forest
byproducts such as sawdust (Mabee et al., 2006). However, the continuous removal of these
feedstocks is unsustainable and can have unintended, negative environmental consequences,
especially to soil (Erb et al., 2012; Kludze et al., 2013; Deen, 2017). For example, Osbourne et
al. (2014) found that the removal of corn (Zea mays) stover for bioenergy production decreased
soil organic matter (SOM) levels and increased the erodibility of soil in three separate locations
across the United States (Brookings, SD; Morris, MN; and Ithaca, NE).
Instead of removing agricultural residues from the field, many farmers in North America
grow annual row crops such as corn, solely for bioenergy production. In these systems the grain
is removed and used as a feedstock for ethanol production. Policies over the last two decades in
Canada and the United States have favoured this practice to help augment the use of fossil fuels;
however, there are many unintended consequences in doing so. There are large C emissions
associated with the conversion of forest and grassland to corn production as the C previously
stored in those systems (trees and soil organic matter) is lost (Searchinger et al., 2008). Even low
estimates found within the literature, such as those by Hertel et al. (2010), suggest that the CO2
emissions from indirect land-use change still outweigh the climate change mitigation potential of
corn ethanol. Moreover, this conversion to agricultural land can also lead to a reduction in
wildlife habitat, increased use of pesticides and fertilizer as well as increased food prices (Erb et
al., 2012).
2

1.2 Biomass crops in Ontario
1.2.1 Overview
In Ontario, there is growing interest in producing biomass crops as a renewable biomass
source to augment the use of corn grain and agricultural residues in the creation of advanced
biofuels, direct combustion for heating and electricity, the manufacturing of bioproducts,
(Kludze et al., 2013) and as animal bedding (Agri-Technology Commercialization Center, 2015).
The most common biomass crops in Ontario include perennial warm season grasses such as
switchgrass (Panicum virgatum) and Miscanthus (Miscanthus spp.). While woody species such
as hybrid willow (Salix spp.) and poplar (Populus spp.) are also grown in Ontario (Marsal et al.,
2016), herbaceous biomass species have attracted the most attention. In comparison to common
Ontario row crops such as corn, soybean (Glycine max) and wheat (Triticum aestivum), perennial
warm-season grasses are of interest due to their high yields, low nutrient requirements, drought
and frost tolerances and environmental benefits. They are also cultivated in a manner similar to
common Ontario hay and forages and therefore, do not require specialized harvesting equipment.
1.2.2 Suitable habitat and history
Though both switchgrass and Miscanthus are warm-season C4 grasses, they are suitable
for cultivation in Ontario, especially in Southern Ontario. Switchgrass for example, is native to
most of North America east of the Rocky Mountains (Barney and DiTomaso, 2010). It can be
found in both costal and savanna environments; however, it is most often associated as a major
component of the tallgrass prairie ecosystem (Vogel and Jung, 2001). Due to its broad
environmental tolerance and its ability to grow on marginal lands, the suitable habitat range for
switchgrass is quite large. Known sightings and reports show that switchgrass of different
varieties are currently found from southern Canada through the United States to Mexico, Cuba,
3

Bermuda, and Costa Rica (Ahrens et al., 2014). With climate change, models predict that the
suitable habitat range for switchgrass will grow substantially (Barney and DiTomaso, 2010).
This is promising for its cultivation as a biomass crop.
The habitat suitability for Miscanthus is similar, although not as extensive as reported for
switchgrass. Miscanthus is a genus of grass native to Asia, but different varieties have been
successfully cultivated in southern Canada, the United States, the United Kingdom, Scandinavia
and Eastern Europe. Like switchgrass, models predicting habitat suitability for Miscanthus with
various climate change scenarios show that Miscanthus varieties will be able to grow in a wider
range of habitats throughout the Northern Hemisphere (Hager et al., 2014).
Historically, switchgrass was primarily used as a forage species by European settlers of
North America. Although it has been previously studied throughout the 20th century as a
component of forage mixtures in mixed prairie grass systems, it was not until the 1970’s that
research became focused on switchgrass as a monoculture crop. More recently, research has
focused on its promising biomass and bioenergy properties (Parrish and Fike, 2005). Likewise,
early interest in Miscanthus was as an ornamental plant when it was first brought to North
America in the 19th century (Dougherty et al., 2014). However, observed plant properties such as
its high yields, drought tolerance and frost tolerance made it a prime candidate for biomass and
bioenergy production.
1.2.3 Yield of switchgrass and Miscanthus
Switchgrass and Miscanthus, both being warm-season grasses use C4 photosynthesis and
as such, more efficiently fix CO2 from the atmosphere, in comparison to C3 crops (Heaton et al.,
2004). C4 photosynthesis and their perennial nature are often cited as major reasons for the
favorable productivity and nutrient use efficiency in these herbaceous biomass systems. In North
4

America, Miscanthus produces larger yields than switchgrass (Heaton et al., 2004; Marsal et al.,
2016; Tubeileh et al., 2016; Deen, 2017; Lee et al., 2018). Marsal et al. (2016) reported a mean
yield of 5.99 ± 0.46 Mg ha-1 y-1 in switchgrass and 17.03 ± 8.10 Mg ha-1 y-1 for Miscanthus
during 5 years on plots located in Guelph, ON. While the switchgrass yields reported by Marsal
et al. (2016) may be considered low, they are consistent with yields reported across the province.
Within Ontario, switchgrass and Miscanthus at maturity have been reported to reach dry matter
yields of 7-12 (Sampson et al., 2016) and 17-22 Mg ha-1 yr-1, respectively (Withers et al., 2016).
However, it is important to note that yields can differ due to stand age, genetic cultivars, site
conditions (temperature, solar radiation, soil moisture, length of growing season, etc.), and
management (Tubeileh et al., 2016).
1.2.4 Switchgrass and Miscanthus cultivars
For each species of herbaceous biomass crop, multiple cultivars exist for biomass
production. Switchgrass, due to its habitat range and initial genetic diversity possesses many
different cultivars (Parrish and Fike, 2005) which can be primarily divided into upland and
lowland cultivars (Samson, 2007; Oliveira et al., 2017). Popular lowland cultivars such as
“Alamo” and “Kanlow” can achieve higher yields than upland cultivars, but they are more
susceptible to frost and are not suitable for northern climates such as in Canada (Parrish and
Fike, 2005). Upland cultivars such as “Cave-In-Rock” and “Shelter” are more robust to colder
temperatures (Samson, 2007) and prefer drier soil conditions in comparison to the lowland
cultivars (Lee et al., 2018). In addition, upland cultivars typically grow thinner and shorter
stems and their roots tend to be thicker with longer root internodes (Lee et al., 2018).
Relative to switchgrass, Miscanthus varieties are fewer and therefore, less varieties have
been identified for biomass production. Varieties of Miscanthus can be primarily divided by
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genotypes into the diploid and triploid varieties. Diploid varieties of Miscanthus include M.
Sinensis and M. Sacchariflorus. These varieties have historically been used as ornamentals. M.
Sinensis and M. Sacchariflorus have been known to form a hybrid called M. x giganteus which is
a sterile triploid (Lewandowski et al., 2000). Other common cultivars of M. Sinensis x M.
Sacchariflorus include “Amuri”, “Nagara” and “M1 Select” (Deen et al., 2011). Due to the
number of hybrids and cultivars available, it can be difficult to find and compare scientific
literature on yields. In an extensive study on yields of 15 Miscanthus genotypes grown at
various European locations, Clifton-Brown et al. (2001) observed that M. giganteus hybrids
achieved higher yields than M. Sinensis and M. Sacchariflorus cultivars. Clifton-Brown et al.
(2001) also noted that M. Sinensis varieties were able to tolerate a wider range of environmental
conditions such as temperature and this may influence cultivar selection for certain areas.
1.2.5 Nitrogen management
Both switchgrass and Miscanthus have lower Nitrogen (N) requirements in comparison to
common food crops and respond less to N fertilizer than annual crops (Heaton et al., 2009;
Tubeileh et al., 2016). Lower N requirements in biomass crops compared to common field crops
is often attributed to C4 photosynthesis, but more so due to their perennial nature. Switchgrass
and Miscanthus are both rhizomatous grasses that can translocated nutrients from their
aboveground vegetation to their and belowground rhizomes as winter arrives for use in the
following growing season (Heaton et al., 2004). In Miscanthus stands, Heaton et al. (2009)
found that N contained in the aboveground biomass decreased from 300 kg N ha-1 in August to
40 kg N ha-1 in late fall after senescence. Similar changes in aboveground biomass N also been
reported by Dohlman et al. (2012) for switchgrass. While these studies did not directly measure
nutrient translocations to rhizomes, this process has been well documented for example,
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Christian et al. (2006) who demonstrated translocation from the aboveground material to
rhizomes using 15N-labeled fertilizer in young Miscanthus stands.
In addition to nutrient translocation, extensive root systems and longer growing seasons
also contribute to lower N requirements in perennial biomass cropping systems (McIsaac et al.,
2010). Based on observations in Ontario, Samson et al. (2016) have stated that fertilizer rates of
60-70 kg of N ha-1 were sufficient for switchgrass and Withers et al. (2016) recommended 50-60
kg N ha-1 for Miscanthus. Within the scientific literature similar values are suggested but differ
based on crop, cultivar, location and harvest date. Generally, large yield responses to N
fertilization have occurred in soils with low initial levels of plant available N (Tubeileh et al.,
2016).
1.2.6 Cultivation and harvest
While yields and nutrient use efficiencies are lower in switchgrass compared to
Miscanthus, switchgrass can be grown on a wider variety of soil types and is less affected by
factors such as temperature and drought (Parrish and Fike, 2005). Switchgrass also typically has
better initial establishment and is more easily planted in Ontario since it is planted by seed
(Deen, 2017). Miscanthus on the other hand is propagated by rhizomes and therefore requires
specialized equipment which can cause establishment difficulties. Nevertheless, new
advancements in planting equipment in Ontario may help to alleviate these issues (Ontario AgriFood Technologies, 2015)
Due to rhizome nutrient translocation processes, it is recommended that herbaceous
biomass be harvested in late fall or early spring. This allows for nutrients such as N and
potassium (K) to be translocated to the rhizomes for reuse in subsequent growing seasons. Late
fall harvest usually results in increased yields in northern latitudes as less biomass is lost due to
7

lodging, weathering and leaf droppage; however, there are advantages to spring harvest (Heaton
et al., 2004). Harvest in spring, prior to the growing season, allows for nutrients to be leached
from the biomass over winter. This results in biomass with a lower moisture content and less
nutrients such as calcium (Ca), magnesium (Mg), phosphorus (P), potassium (K) and sodium
(Na) (Tubeileh et al., 2016). These properties are more desirable for storage as well as
downstream uses in biofuels or direct combustion.
1.3 Ecosystem services and environmental benefit of herbaceous biomass
Due to the agronomic properties discussed in section 1.2 above, biomass crops can also
be grown successfully on marginal agricultural land, although production on marginal land is
often associated with reduced productivity (Marsal et al., 2016). In southern Ontario, most of the
available marginal land is currently under agricultural production. As such, introduction of
switchgrass or Miscanthus will likely displace existing crops such as corn, soybean, wheat, hay
and forages (Deen, 2017). Biomass crops could be a suitable alternative to existing crops since
they could have less negative soil health and environmental impact and have been shown to
improve soil properties and ecosystem services (Gelfand et al., 2013).
Lower N requirements and reduced use of inorganic fertilizer in comparison to crops
such as corn have favorable environmental outcomes. The reduced use of N fertilizer would
lower production costs to farmers and result in decreased nitrous oxide emissions, a potent
greenhouse gas with a warming potential 298 times that of CO2 over 100 years (McCalmont et
al., 2017). In addition, due to their high productivity and extensive root systems, biomass crops
have demonstrated the ability to stabilize soil and thereby reduce soil erosion and non-point
source water pollution (Kort et al., 1998; McCalmont et al., 2017). As such, biomass crops have
a history of being effectively utilized in riparian areas as buffer strips to reduce sediment loading
8

and improve water quality in small streams (Christen and Dalgaard, 2013). Growth of biomass
crops can also help to enhance wildlife habitat. In the United Kingdom, Semere and Slater
(2007) noted that many small mammals can benefit from the dense cover in biomass fields and
this cover is utilized by bird species such as (Alauda arvensis), lapwings (Vanellus vanellus) and
meadow pipits (Anthus pratensis). Bellamy et al. (2008) observed greater diversity and
abundance of birds in Miscanthus fields compared to wheat fields in the United Kingdom and
attributed this to improved foraging opportunities as well as to better habitat structures found in
the Miscanthus stands.
Both switchgrass and Miscanthus have been used and studied for their potential to
remediate degraded land. Switchgrass has an extensive history of use in grassland restoration
projects, especially in prairie ecosystems (Parrish and Fike, 2005). Miscanthus on the other hand
has been identified as a potential hyperaccumulator of chromium that can potentially be used to
phytoremediate chromium elevated soils (Sharmin et al., 2012). Both switchgrass and
Miscanthus have also been identified as potential crops for the phytoremediation of hydrocarbon
contaminated soils. Laboratory experiments conducted by Pradhan et al. (1998) determined that
the cultivation of switchgrass on hydrocarbon contaminated soil from Newark NJ led to a 57%
decrease in polycyclic aromatic hydrocarbons (PAHs) over a six-month period. This was largely
attributed to increased microbial activity in the rhizosphere. A similar effect was reported by
Didier et al. (2012) for Miscanthus. In their study, the plants were able to sustain populations of
PAH degrading microbes in their rhizosphere and reduced overall PAH levels in soil. Didier et
al. (2012) believed this effect was likely caused by Miscanthus root exudates that improved PAH
dissipation and sustained microbial populations. Soil stabilization, reduced soil erosion,
enhanced microbial activity and phytoremediation are all potential benefits to the soil that can be
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provided by the cultivation of herbaceous biomass crops. However, these benefits are also linked
to a broader soil concept that is often thought to be the most important ecosystem service derived
from the cultivation of biomass crops: the accumulation of soil organic matter (SOM).
1.4 Definition and importance of soil organic matter
Soil organic matter is a component of soil derived from the continuum of dead and
decaying biological material found within the soil matrix at various stages of decay (Brady and
Weil, 2010). Within the soil, SOM undergoes a series of physical, chemical and biological
transformation processes that cause complex interactions between soil minerals and SOM
materials themselves. Given these complex interactions, the study and nature of SOM is difficult
and not fully understood (Lehman and Kleber, 2015). Nevertheless, research on SOM dates
back centuries and its importance as a soil and ecosystem property is well documented (Schnitzer
and Monreal, 2011).
Despite its small relative concentration within the soil mass, SOM has a profound effect
on soil physical, chemical and biological properties. Increases in SOM are closely associated
with many beneficial soil characteristics, such as improved bulk density, porosity, soil
permeability, water holding capacity, aggregation, and cation exchange capacity (Thevathasan et
al., 2014). In addition, SOM can provide a reservoir for nutrients, provide energy for biological
activity, reduce erosion potential, and reduce metal toxicity (Doran and Parkin, 1994). Therefore,
increases in levels of SOM are also closely associated with increases in overall soil fertility,
productivity, health and function.
SOM also plays a vital role in the global C cycle. SOM is estimated to contain 58% soil
organic carbon (SOC) and as such, the terms are often used interchangeably, especially with
respect to climate change (Dungait et al., 2012). The soil C pool, is estimated to be two times
10

larger than the C stored in the atmosphere and three times that in terrestrial vegetation (Eswaran
et al., 1993; Lemus and Lal, 2005). Due to its size, managing the soil C pool can have a
significant role in addressing climate change (Lal, 2004). Soil can become a source or a sink of C
depending on the inputs and outputs of C in any given system. For example, the advent of
agriculture in North America has had a substantial impact on levels of SOM. By analyzing
historical SOM data using computer models, Dumanski et al. (1998) estimated that soils across
Canada have a 35% reduction in SOC compared to pre-settlement levels. This is largely due to
reduced system inputs of organic matter and poor management practices that lead to increased
erosion of SOM and to increased biological activity (Lemus and Lal, 2005). With proper
management, it is possible to sequester atmospheric C back into the soil and thus, help to
mitigate climate change (Lal, 2004; Jastrow et al., 2006). However, this depends on numerous
factors such as the soil properties, climate, crop species and management practices (Gauder et
al., 2016).
1.5 Carbon dynamics in biomass systems
1.5.1 Overview
With increasing demand for biomass and a limited supply of forest products, the
extraneous removal of agricultural residues may exacerbate losses of SOM in Canada. Given
market trends and climate predictions of habitat suitability for herbaceous biomass crops, their
acreage within North America will likely rise. In provinces such as Ontario, limited available
land will cause herbaceous biomass crops to displace current agricultural practices (Deen, 2017).
Research has indicated that herbaceous biomass crops may be able to increase SOM
levels and provide long-term C storage in lands where they have been introduced (Lemus and
Lal, 2005; Gelfand et al., 2013; Agostini et al., 2015; Qin et al., 2016). However, often this can
11

be dependent on the type of land-use activity displaced (Sanscartier et al., 2014). For example,
with respect to marginal land, the accumulation of SOC might be enhanced since C emissions
associated with land-use change are thought to be low with the introduction of biomass crops
(Gelfand et al., 2013). Nevertheless, given the complex nature of SOM and the infancy stage of
herbaceous biomass as a common crop, the fate of SOM in herbaceous biomass crops is still not
fully understood.
1.5.2 Major carbon components in biomass systems
To fully understand the fate of SOM in herbaceous biomass systems, it is important to
understand the major C components within the systems. One major C component in biomass is
the aboveground material which consists of the stems and leaves of the switchgrass and
Miscanthus plants. As previously noted, it is reported that switchgrass and Miscanthus can
achieve dry matter yields of 7-12 (Sampson et al., 2016) and 17-22 Mg ha-1 yr-1 (Withers et al.,
2016), respectively in Ontario. However, it is important to note that not all these materials are
available for decomposition. Since these crops are being harvested for their aboveground
biomass, only the litter left on the field are available for decomposition and therefore addition,
into the SOC pool.
Belowground plant components such as roots and rhizomes provide one of the primary
inputs of organic C into the soil (Rasse et al., 2005; Kong and Six, 2010). Both switchgrass and
Miscanthus have extensive root systems that have been observed to extend well below a 1m soil
depth. Early research on native perennial grasses by Weaver and Darland (1949) reported
switchgrass roots deeper than 3m in various soils throughout Nebraska and Northern Kansas.
Although switchgrass roots have been known to extend deep into the soil, most of the root
biomass (>50%) in switchgrass plantations exists within the top 30 cm of the soil (Mclaughlin
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and Walsh, 1998; Ma et al., 2000; Zan et al. 2001). In total, Ma et al. (2000) estimated the entire
root mass of Cave-In-Rock switchgrass plantations grown in Alabama to be 18.132 Mg ha-1
within a 3m soil profile. However, it should be noted that estimates for total root biomass can
vary due to location, sampling depth, cultivar and nutrient management (Ma et al, 2000). For
example, Bolinder et al. (2002) reported the root biomass of the Trailblazer switchgrass cultivar
grown in Fredericton, NB to be 5.740 Mg ha-1 within the top 45 cm of the soil profile.
The development and yield of root biomass in Miscanthus is similar to switchgrass. In
Germany, Neukirchen et al. (1999) found Miscanthus roots up to a depth of 2.5 m and calculated
that 28% of the total root biomass occurred within the top 30 cm. Total dry root biomass of the
Miscanthus stands within the top 1.8m was estimated to be as high as 13.9 Mg ha-1. Results were
variable between sampling years and difficulties in differentiating between live and dead root
structures were reported by Neukirchen et al. (1999). Similar studies have documented deep
Miscanthus rooting structures and dry root matter yields where >50% of the root mass existed
within the top 30 cm of the soil profile. Kibet et al. (2015) measured 16.79 Mg ha-1 of root
biomass within the 0-100 cm soil profile in 6-year-old Nebraskan Miscanthus stands; however,
9.21 Mg out of the 16.79 Mg measured was found in the top 10 cm. In some cases, the
belowground biomass of Miscanthus in the top 40 cm has been known to reach 1.5 times the
mass of the aboveground material (Clifton-Brown et al., 2007). Nevertheless, as described by
Dohleman et al. (2012) information on rooting mass and structures of Miscanthus in North
America is limited and additional studies are needed.
Root structures of these perennial crops can influence SOM levels through different
mechanisms. While the entire root masses of switchgrass and Miscanthus do not turnover each
year, the fine root material that serves as the main interface between roots and the soil is in a
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constant state of die-back and regrowth. Moreover, as roots grow through the soil, abrasion
between the root surfaces and soil particles cause root cells to be lost in a process called root
sloughing (Rasse et al., 2005). These processes are ill defined and often simply referred to as
fine root turnover. In addition to fine root turnover, biomass crops also exude organic substances
into the soil from their roots and rhizomes called root exudates. Root exudates have been studied
in Miscanthus, largely due to their remedial properties on chemical pollutants in soil but,
exudates are also likely to contribute to the overall SOM retained in biomass cropping systems.
Total root C inputs, considering fine-root turnover and exudates, for annual crops have been
estimated at 200% of the total root biomass (Rasse et al., 2005). However, it is not clear if this
figure is comparable in perennial, herbaceous biomass systems.
1.5.3 Decay of biomass residues
Another aspect to consider when examining C inputs in biomass systems is the rate at
which these residues decay within the soil. Different plant components have different chemical
recalcitrance which can impact their decay rates and therefore their retention within the soil. For
example, Buech et al., (2000) demonstrated that residues from Miscanthus collected in various
locations throughout Germany decayed at different rates during a 20-week incubation study.
Rhizomes and stubble decayed the quickest, while root material decayed at the slowest rate.
Buech et al., (2000) concluded that the difference in decay rate was likely due to differences in
the amount of easily decomposable substances found in the various forms of residues. When
subject to hydrolysis with hot water, Miscanthus rhizomes had the highest proportion of hot
water-soluble substances and roots had the least. In addition, roots had higher proportions of
soluble organic substances using various forms of acid hydrolysis compared to any other type of
residue (shoot-tops, stubble, leaves and rhizomes). Similar results for Miscanthus residues have
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been reported by Amougou et al. (2011) who found that 59.4% of added rhizome-C was
mineralized in a 263-day incubation study. After the incubation period, 52.6% of added leaf-C
was mineralized and only 30% of added root-C was mineralized. In comparison to other residue
types, roots had the highest Klason Lignin content, and this was what Amougou et al. (2011)
thought controlled differences in C mineralization. Literature values of mean residence times
(MRT) specific to herbaceous biomass residues are not well developed. In addition, common in
situ methods of measuring residue decay such as litter bags can provide highly variable results.
In studies examined by Agostini et al. (2015), MRT for Miscanthus residues ranged from 0.90 to
3.19 years and MRT of switchgrass residues ranged from 0.35 to 3.71 years. Studies such as by
Beuch et al. (200) and Amougou et al. (2011) demonstrate that MRT is highly dependent on the
residue being examined and this is an important consideration.
1.5.4 Influence of biomass residues on soil organic matter
Identifying and quantifying potential inputs and decay rates of biomass residues is
valuable for understanding SOM dynamics in herbaceous biomass systems. However, this alone
does not indicate whether the SOM pool has been directly influenced. Detectable changes in total
SOC levels can take many years to be accurately observed and therefore a variety of techniques
can be used to measure direct changes to the SOM pool from biomass cropping systems. To
measure direct changes to the SOM pool, one frequently used technique involves the use of
stable isotopes.
Historically, stable isotope analysis has involved labelling plant material with the 14C
isotope and tracking its incorporation into the soil. However, since switchgrass and Miscanthus
make use of the C4 photosynthetic pathway, a unique approach using the natural abundance of
stable C isotopes found inherently in the plant material can be used. The two most abundant
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stable isotopes of C are 12C and 13C and their ratio (δ13C) can be used as a tracer to track changes
in the SOC pool (Ramnarine, 2010). Compared to C3 plants, C4 plants produce biomass material
more enriched in 13C, which is a unique and traceable δ13C value. Therefore, instead of labelling
the biomass with a specific C isotope, natural abundance techniques can be used to measure how
much of the SOC pool consists of C4 derived biomass. Since most agricultural crops are C3
plants and switchgrass and Miscanthus are both C4 plants, it is possible to track changes in the
SOC pool directly from biomass crops using δ13C natural abundance.
Several studies have capitalized on δ13C natural abundance techniques to directly track
changes in the SOC pool attributed to the growth of herbaceous biomass. For example, Felten
and Emmerling (2012) measured SOC and soil δ13C signatures in a long-term Miscanthus field
as well as an adjacent field cropped with cereals. They found that the 16-year old Miscanthus
stand previously cropped with cereals contained 22 Mg C ha-1 more SOC than the reference field.
Using isotopic signatures, Felten and Emmerling (2012) observed that after 16 years, Miscanthus
derived C increased by 17.7 Mg ha-1 and 76% of this was accumulated in the top 15cm.
Therefore, the increase in total SOC was attributed to large amounts of leaf litter, harvest
residues and root biomass inputs in Miscanthus stands.
In addition to the large addition of plant residues, reduced tillage and associated reduced
biological activity are often cited as major reasons for increases in SOC levels in biomass
cropping systems (Lemus and Lal, 2005). Physiochemical protection is also thought to be a
major mechanism for long-term SOC retention whereby the stabilization of SOC is governed by
sorption to soil mineral surfaces, occlusion within aggregates, and deposition in soil pores
(Jastrow et al. 2006). These physical and chemical processes limit access of decomposing
organisms to protected plant residues which reduces their rate of decomposition (Schmidt et al.,
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2011; Dungait et al., 2012). Tillage is assumed to break up stable aggregates thereby improving
access for microorganisms to decompose organic matter and conditions (aeration) to promote
microbial activity. δ13C natural abundance techniques and examinations of various SOM
fractions, indicate that increases in SOC in herbaceous biomass systems are due to increases in
the amount of physically-protected SOM resulting from reduced tillage (Dondini et al., 2009).
However, tillage with respect to SOM research has had mixed results. Many studies examining
the effect of agricultural tillage within the entire plow layer have only seen a redistribution of
SOM and not seen an effect of tillage on total SOC sequestration (Murage et al., 2007). As such,
it is unclear if the effect of tillage plays a significant role in overall SOC sequestration in the
long-term.
1.5.5 Rates of carbon sequestration
Despite the complex nature of SOM dynamics, empirical evidence thus far suggests that
both switchgrass and Miscanthus can increase SOC levels in a variety of scenarios though the
exact causes and mechanisms for SOC accumulation are still not fully understood. A compilation
of SOC sequestration rates reported by various herbaceous biomass studies reported in the
scientific literature is provided in Table 1.
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Table 1. Carbon sequestration rates reported throughout the literature on positive changes in SOC (Mg C ha-1 yr-1)
associated with the introduction of herbaceous biomass crops. No study site looked at multiple cropping cycles of
biomass and therefore study length is also reflective of the stand age. Total SOC Stocks (Mg C ha-1) are those
calculated at the end of the study period. N/A indicates data that was not reported.
Biomass
Crop

Location

Study
length
(years)

Sample
depth
(cm)

Soil texture

SOC Stock
(Mg C ha-1)

Δ SOC (Mg
C ha-1 yr-1)

Reference

Miscanthus
Miscanthus

Denmark
Ireland

16
15

0-100
0-30

Loamy sand
Sandy loam

106
64

0.78
0.6

Miscanthus
Miscanthus

Ireland
Germany

14
16

0-60
0-150

Sandy
Loamy sand

131
112.5

3.2
1.1

Miscanthus
Switchgrass
Switchgrass
Switchgrass
Switchgrass
Switchgrass

Germany
Quebec
Nebraska
Washington
Nebraska
Germany

11
3
5
3
9
11

0-90
0-60
0-120
0-90
0-150
0-90

Silt loam
Sandy loam
Various
Fine sand
Silty clay loam
Silt loam

85.4 – 94.8
110 - 130
N/A
20.23
151.0
89.4 - 94.3

1.44
3.0
2.9
0.5
2.0
1.59

(Hansen et al., 2004)
(Clifton-Brown et al.,
2007)
(Dondini et al., 2009)
(Felten and Emmerling,
2012)
(Gauder et al., 2016)
(Zan et al., 2001)
(Liebig et al., 2008)
(Collins 2010)
(Follet et al., 2012)
(Gauder et al., 2016)

Agostini et al. (2015) conducted a meta-analysis using data from many of the studies
provided in Table 1 and calculated that the mean values of SOC change in switchgrass and
Miscanthus stands are 1.59 and 1.21 Mg C ha−1 yr−1, respectively. However, it is important to
note that rates are highly variable and can be influenced by many factors such as sampling depth,
duration, and previous land-use. In addition, sequestration rates reported are often determined by
comparing biomass fields to an agricultural reference field. Few studies have used a time series
to determine net SOC changes in herbaceous biomass systems. However, those that do typically
report positive net SOC changes. Even then, this might not always be the case, especially in early
years. Soil disturbance, rhizosphere priming and reduced system inputs from immature biomass
crops may result in no SOC change or even a loss of SOC. However overall, evidence points to a
net gain in SOC in biomass cropping systems (Lemus and Lal, 2005; Agostini et al. 2015).
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Chapter 2 – Introduction and research rationale
2.1 Soil organic matter in Ontario policy
Given the recent commitments made by both the Canadian Federal Government and the
Government of Ontario to act against climate change, both agriculture and soil have come to the
forefront of the C management discussion. For example, The Government of Ontario’s
comprehensive “Climate Change Action Plan” includes “Agriculture, Forests and Lands” as one
of the government’s key areas of action. Within this action area, the Government of Ontario is
seeking to “maximize carbon storage from agriculture, enhance carbon storage in natural systems
and increase our understanding of how agricultural and natural lands emit and store carbon”
(Ontario Ministry of Environment and Climate Change, 2017). With regards to soil and
agriculture, the Government of Ontario has made a 30-million-dollar commitment to support soil
health programs from 2017 to 2021 (Ontario Ministry of Agriculture, Food and Rural Affairs,
2017). This fact is also reflected in the Ontario Ministry of Food Agriculture and Rural Affairs
(OMAFRA) initiative to create “An Agricultural Soil Health and Conservation Strategy for
Ontario” (Ontario Ministry of Agriculture, Food and Rural Affairs, 2017). Within the newly
released draft report, SOC is identified as a critical indicator for soil productivity and
conservation. OMAFRA stresses the importance of tracking SOC in agricultural fields and seeks
to promote future efforts that monitor changes in SOC (Ontario Ministry of Agriculture, Food
and Rural Affairs, 2017).
Within this policy framework, biomass crops are a strong candidate for promotion in
Ontario agriculture. Biomass crops could potentially enhance and maximize SOC storage and
therefore, improve the soils’ overall fertility and productivity. Moreover, if used as a cellulosic
feedstock for bioenergy, biomass crops could reduce Ontario’s reliance on fossil fuels.
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Bioenergy is largely considered C neutral, if transportation and processing is ignored (Chew and
Doshi, 2011). C neutral technologies and reduced reliance on fossil fuels are also other major
areas outlined in Ontario’s “Climate Change Action Plan” and are important considerations
(Ontario Ministry of Environment and Climate Change, 2017). Furthermore, if markets continue
to grow as projected, the use of biomass crops as an energy source could diversify income for
Ontario biomass growers in the future. With the new cap and trade initiatives being
implemented within the province, additional income to Ontario biomass growers may also come
in the form of C offset credits.
If SOC increase under herbaceous biomass crops in Ontario is verified and the relevant
policy is developed, farmers such as those of the Ontario Biomass Producers Cooperative
(OBPC) could receive monetary credits from the Government of Ontario as compensation for the
environmental benefit of increasing the C stored within the soil. However, before this can be
achieved it is important to understand how biomass crops are being grown within the province
and exactly what benefit they provide. Since SOM is influenced by many factors, it is also
important to determine if biomass crops can enhance levels of SOC in Ontario soils, and if so,
what is the potential for SOC storage.
2.2 Required research
Due to their favorable agronomic properties, environmental benefits including the ability
to reduce C emissions, together with increasing demand for bioenergy, it is likely that the land
devoted to herbaceous biomass crops will increase in Ontario. However, given the complex
nature of SOM, it is unclear to what extent the herbaceous biomass crops, switchgrass and
Miscanthus, will be able contribute to SOC under Ontario growing conditions. Worldwide, even
though studies have looked at SOC dynamics in commercial biomass fields, none of these
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studies have looked at SOC sequestration in several locations in a given region. While research
has indicated that switchgrass and Miscanthus are likely to accumulate SOC, especially on less
productive agricultural land, this has not been verified in Ontario. If Ontario policy is to reward
farmers for SOC storage in biomass cropping systems, SOC accumulation must first be verified
within the province. Therefore, it is the aim of this research project to directly address these
knowledge gaps.
2.3 Research objectives
Based on the research knowledge gaps and the Government of Ontario’s recent policy goals
outlined in sections 2.1 and 2.2 respectively, the specific objectives to be addressed throughout
this study are as follows:
1. Create a GIS database of current SOC levels in switchgrass and Miscanthus fields in
Ontario to facilitate the long-term monitoring of SOC.
2. Compare levels of SOC in soils associated with biomass, agricultural and forest land-uses
and then determine the C sequestration potential of biomass crops.
3. Compare levels of SOC in biomass stands of varying species, ages, soils and locations
across Ontario to determine the influence of these parameters on SOC levels.
4. Use δ13C isotope techniques and existing soil C data to measure direct changes in the
SOC pool attributed to the introduction of biomass crops.
5. Use computer simulation models of biomass cropping systems to help understand C
dynamics in these systems and identify their long-term potential to accumulate SOC.
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Addressing these objectives will form a strong foundation that will allow long-term SOC
monitoring. In addition, comparing SOC between land-uses and using computer simulation
models will help identify current trends in SOC within tested biomass fields and will also help to
make projections about their long-term impact on SOC levels in Ontario.
2.4 Hypotheses
To address the objectives above, SOC levels in switchgrass fields, Miscanthus fields,
agricultural fields and woodlots were examined throughout Ontario and the following null
hypotheses (H0) and alternative hypotheses (Ha) were derived:
H0 1: Switchgrass and Miscanthus will not influence SOC in the top 30 cm layer of soil
Ha 1: Switchgrass and Miscanthus will influence SOC in the top 30 cm layer of soil
H0 2: Within the tested herbaceous biomass fields, SOC levels will not increase with stand age.
Ha 2: Within the tested herbaceous biomass fields, SOC levels will increase with stand age
H0 3: Soil texture will not influence SOC in the tested herbaceous biomass fields.
Ha 3: Soil texture will influence SOC in the tested herbaceous biomass fields.
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Chapter 3 – Methodology
3.1 Soil organic carbon levels and land-use comparisons
3.1.1 Study locations
A database of current SOC levels in Ontario biomass fields was obtained by sampling
Ontario farm fields growing either switchgrass or Miscanthus. Through consultation with the
OBPC and OMAFRA, nineteen farm sites across Southern Ontario were identified for study and
are shown in Figure 1.

Figure 1. Locations of the nineteen fields sites in Southern Ontario assessed for soil organic carbon content
throughout the summer of 2016 created in Google Earth Pro. Numbers represent the unique farm identification
number used throughout this study.

Seventeen of the nineteen sites were commercial farms and two were research stations
established and operated by the University of Guelph (ID numbers 18 and 19). The locations of
the commercial farms ranged as far west as Parkhill, ON and as far east as Seeley’s Bay, ON and
the distance between these extremes was approximately 330 km. Maps and more detailed
information about each farm location can be found in Appendix A. All commercial farms were
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not growing herbaceous biomass as their primary source of income and therefore the acreage
devoted to biomass production was often small relative to the rest of the farm operations.
Management strategies and cultivars for both biomass crops and common agricultural crops at
each farm differed (personal communications with biomass growers, 2016). Traditionally there
has only been a single seed source for switchgrass in Ontario and therefore, all farms growing
switchgrass were growing the Cave-In-Rock (Panicum virgatum L.) cultivar. For Miscanthus,
varieties found on each farm differed and included either M. x giganteus or clones of M. sinensis
x M. sacchariflorus such as Nagara, Illinois, or M1 Select.
At each farm location biomass fields of varying age and soil texture were sampled for
SOC content. Where possible to compare differences in SOC based on land-use, woodlots and
agricultural fields in proximity to the biomass fields were sampled at each farm where possible.
Doing so allowed for comparisons to be made between land-uses found at similar geographic
locations with similar soil types and biophysical conditions. Due to limitations at each farm (i.e.
availability and access permissions), not all four land-use types (switchgrass, Miscanthus,
agricultural and woodlot) were able to be sampled at each farm location. In total, 21 switchgrass
fields, 9 Miscanthus fields, 15 agricultural fields and 16 woodlots were sampled. As biomass was
not the primary income source for any of the farmers, biomass fields were often situated far from
the primary farm. All agricultural fields were managed in some variation of either a corn, soy,
wheat or a corn, soy rotation. There was only one exception (Farm 10) that had 2 years of alfalfa
incorporated into a corn and soy rotation. In addition to the 17 commercial fields, switchgrass
and Miscanthus plots at the University of Guelph research stations in both Guelph and Elora, ON
(Farm 18 and 19) were also examined for their SOC contents. Adjacent woodlots and
agricultural references were also sampled at these locations.
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3.1.2 Sample collection
At each field, top-soil samples from 0 to 30 cm were collected using a single transect
with five sampling sites. The sampling sites were located at evenly spaced intervals along the
transect. Since the fields varied in size, sampling intervals were adjusted to fit the unique size of
each field. For example, a field of 50 m length would have a sampling interval of 10m while
intervals for a field 100 m in length were 20 m. The start of each transect was marked using a
Garmin GPS unit accurate to within 2 m to allow locating the transect again for future sampling.
Along with the GPS coordinates of each transect, the bearing of the transect was recorded with a
compass. Moving along the bearing, the sampling interval was measured, and each sampling
location was found. An example of the transects sampled for each field at Farm 7 is shown in
Figure 2.

Figure 2. Transects sampled at Farm ID 7 in St. Mary’s Ontario in 2016. “S” represents the switchgrass field, “M”
the Miscanthus field and “A” the agricultural reference field in corn-soybean-wheat rotation.
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At each sampling location, 3 top-soil (0-30 cm) samples weighing 500-700 g were
collected using a Dutch auger. In addition, 2 samples were also collected for bulk density using a
250 ml UMS soil sampling ring. The soil sampling rings had an approximate height of 5 cm and
an approximate inner diameter of 8 cm. One sample was collected from a depth of 0-15 cm and
another from a depth of 15-30 cm to capture changes in bulk density due to differences in depth
below the plow layer. At each sampling location, all SOC and bulk density samples were
collected within a radius of 1m of the marked sampling location. This was done to ensure future
studies can sample soil in the same areas in order to assess changes in SOC. The transect method
using a single GPS point, and compass bearings was field tested prior to the study and was
accurate to within 5m.
Research plots of switchgrass and Miscanthus in Guelph and Elora were smaller than the
commercial fields surveyed. The Guelph plots were 10m by 10m and the Elora plots were 3.05
m by 6.1 m. Instead of sampling by transect, each replicated plot was treated like a sampling
point along the transect in the commercial fields. As such, 3 SOC and 2 bulk density samples
were collected for each replicate. In Guelph, plots were replicated 4 times which yielded a total
of 12 SOC samples and 8 bulk density samples for each switchgrass and Miscanthus. The
agricultural field and woodlots in Guelph were sampled using the transect method (15 SOC and
10 bulk density samples).
In Elora, plots were replicated 3 times. An agricultural control was a treatment in the plot
design and thus, 9 SOC and 6 bulk density samples were collected for each switchgrass,
Miscanthus and agricultural land-use types. The woodlot in Elora was sampled using the transect
method described above. Elora research plots also had four variable rates of fertilizer (0, 40, 80
and 160 kg N ha-1) and different biomass cultivars being tested. For consistency, all samples
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were collected from the areas growing either Cave-In-Rock switchgrass or M1 Select Miscanthus
that were fertilized with 160 kg N ha-1. The 160 Kg N ha-1 rate was chosen to ensure that N was
not a limiting factor on biomass growth and did not negatively impact the amount of biomass
inputs entering the soil.
3.1.3 SOC sample preparation
Soil samples were air dried for 7-10 d immediately upon returning from the field. After
air drying, samples were passed through a 2 mm sieve. Rock and root material above the 2 mm
sieve was discarded so that only soil aggregates remained, since many aggregates persisted in the
sample upon sieving. The large soil aggregates were then passed through a hammermill (Custom
Laboratory Equipment, FL, US) to break-up the soil material and improve the homogenization of
the soil sample. The soil from the hammermill was again passed through the 2 mm sieve.
Remaining material above the sieve was then discarded. In preparation for subsequent SOC
analysis 15-20 g of soil was ground ≤0.450 mm using a mortar and pestle.
3.1.4 SOC determination
SOC was determined using direct combustion methods adapted from Wang and
Anderson (1988) and further outlined by Wotherspoon et al. (2015). Each ground soil sample
was divided up into 2 subsamples. The first subsample was placed in a muffle furnace and heated
to 575°C for 24 h to burn off soil organic carbon (SOC) so that only the soil inorganic carbon
remained (SIC). After SOC removal, the subsample was analyzed for its remaining SIC content
by combusting 0.2000 - 0.3000 g of soil in a Leco CR-412 carbon analyzer (LECO Corporation,
MI, USA) at 1300oC using a lance flow of 1.2 L min-1. The second subsample was analyzed
directly using the same method to determine soil total carbon (STC). STC and SIC from the two
subsamples were then used in Equation (1) to calculate SOC (Tabatabi and Bremmer, 1970).
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The Leco CR-412 determines C content by analyzing the CO2 evolved from the soil
sample and displays %C on a total mass basis. Therefore, a moisture content correction factor
(MCF) was applied to account for the air-dry soil moisture in the air-dried STC subsample. Since
the SIC subsample was analyzed directly after being treated in the muffle furnace, it was
assumed that these samples did not contain any moisture and no MCF was applied. To determine
the MCF, soil was placed in tins and weighed before and after oven-drying for 48 h at 105oC.
Equation (2) was then used to calculate the MCF, where Mtin is the mass of the tin (g), MAD (g) is
the mass of air-dry soil (g) and MOV (g) is the mass of oven-dry soil. Soils used in the MCF
determination were not used for C analysis.
𝑆𝑂𝐶(%) = [𝑆𝑇𝐶(%) 𝑥 𝑀𝐶 𝐹 ] – 𝑆𝐼𝐶(%)
[M

(g)− M

(g)]

MCF = [M AD(g)− M tin(g)]
OD

(1)
(2)

tin

3.1.5 Bulk density determination
The Leco CR-412 displays SOC on a percent basis. To calculate the total mass of SOC
associated with each field, soil bulk density was used. For each field bulk density samples were
collected and analyzed separately from the SOC samples. Bulk density samples were first oven
dried for 48 h at 105oC and weighed to determine their oven dried mass (MOD). Since root debris
and rocks were present in the samples, bulk density was corrected to capture only the bulk
density of the soil material (Hao et al. 2008). After oven-drying, soil samples were passed
through a 2 mm sieve. The mass (Mdebris) and volume (Vdebris) of the root and rock material that
were retained on the 2 mm sieve was recorded and Equation (3) was used to calculate bulk
density. Vdebris was obtained through water displacement (Hao et al. 2008). The total soil volume
(Vtotal) was fixed at 250 cm3 as this was the volume of the UMS soil sampling ring used. Finally,
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the mean bulk density and mean SOC (%) of each field was used in Equation (4) to calculate the
total Mg of organic C per hectare in each field found within the top 30 cm of soil.
Bulk density(g cm−3 ) =

[MOD (g) – Mdebris (g)]
[Vtotal (cm3 ) – Vdebris (cm3 )]

SOC (Mg C ha−1 ) = [10,000m2 x 0.3m] x [bulk density(Mg m−3 )] x [SOC(%)]

(3)

(4)

3.1.6 Statistical analysis of land-use comparisons
To determine the effect of land-use on SOC (Objective 2), a linear mixed-effect model
was fitted using each field or woodlot as an independent observation. SOC values for each field
used within the model were the mean values of the 15 soil samples collected in each field.
Ideally, bulk density is used to standardize the SOC (%) data and report results on a mass basis
as described in section 3.1.5. This is especially useful when determining SOC stocks with respect
to climate change and C storage. However, some of the biomass and agricultural fields sampled
were grown on marginal, rocky soil that damaged sampling equipment and thus, it was not
possible to obtain bulk density for all fields. To include all the data within this study, two
separate models were created for land-use comparisons; one with SOC given as a concentration
(%) and the other with SOC given in mass (Mg C ha-1). SOC mass (Mg C ha-1) values, for each
field, were calculated using Equation 4 in section 3.1.5 and inputting the mean values of SOC
(%) and bulk density for each field.
Each linear mixed-effect model was fit in Rstudio using the “lme4” package. Land-use type was
modeled as the fixed effect and farm location was treated as the random effect. To compare all
land-use types (switchgrass, Miscanthus, agriculture, and woodlot) against each other, the least
square means were computed and compared pairwise using a Tukey’s multiple range test using
the “lsmeans” package. For each model, assumptions of variance and normality were examined
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using scatterplots and Q-Q plots of the Pearson residuals. Plots of the observed and predicted
values for SOC were also examined for each model to ensure proper fit. One outlier was
removed in each model. In total, n=60 for the analysis using SOC concentrations (%) and n=52
for the analysis using SOC masses (Mg C ha-1). The type 1 error for all statistical tests was 0.05.
3.2 Factors effecting SOC in biomass fields
3.2.1 Overview and data collection
Objective 3 outlined in section 2.2 aimed to investigate potential differences in SOC in
biomass fields due to various site factors such as biomass species, age of the crop, climate and
soil texture. Data on precipitation (mm yr-1), growing degree days, biomass stand age, biomass
crop type and soil texture were obtained and compared to the SOC data obtained in section 3.1 to
determine their influence. All switchgrass and Miscanthus fields sampled were used in this
analysis; however, agricultural fields and woodlots were excluded. This allowed for comparisons
to be made within biomass fields only.
Data on precipitation was obtained from the Government of Canada’s historical climate
database. More specifically, all data was obtained from the Canadian Climate Normals 19812010 Station Data (Environment and Climate Change Canada, 2017). The GPS coordinates of
each biomass field was used to locate the nearest weather station with yearly precipitation data.
All stations contained at least 15 years of precipitation data and no station was more than 30 km
away from their corresponding biomass field. Information on growing degree days (GDD) was
obtained from the Science and Technology Branch of Agriculture and Agri-food Canada. Similar
to precipitation, the nearest weather stations available to each field were used. However, weather
stations for GDD were not always the same as those used for precipitation. GDD were calculated
using a base temperature of 10oC and values used were for the year of 2016. Soil texture for each
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field was obtained using ArcMap 10.4 (ESRI Inc., Redlands CA, 2017), by overlaying the GPS
coordinates of each field on the Historical Canadian Soil Survey Data (Agriculture and AgriFood Canada, 2017). Information on the type of biomass grown and the age of each stand was
determined through land-owner consultation.
3.2.2 Statistical analysis of influential SOC factors
The statistical analysis used to determine the effects of the various factors on SOC in
biomass fields was similar to the analysis used in section 3.1.6; however, no agricultural fields or
woodlots were included. Again, a linear mixed-effect model was fitted using each biomass field
as an independent observation in Rstudio using the “lme4” package. To include all the data
within this study, two separate models were created; one with SOC given as a percentage and
one with SOC given in Mg C ha-1.
Biomass crop and soil texture were modeled as fixed effects and farm location was
modeled as the random effect. Stand age, mean annual precipitation (mm) and growing degree
days were modelled as covariates. For each model, the least square means for each texture were
computed, and compared pairwise using a Tukey’s multiple range test using the “lsmeans”
package. This was completed to compare all different textures pairwise against each other. Only
one (n=1) biomass field existed on silty clay loam and only one existed on loamy sand. To
include these field in the analysis, silty clay loam was placed under the clay loam texture
category and loamy sand was placed in the sand texture category. For each model, assumptions
of variance and normality were examined using scatterplots and Q-Q plots of the Pearson
residuals. Plots of the observed and predicted values for SOC were also examined for each model
to ensure proper fit. No outliers were removed in either analysis and the type 1 error for all

31

statistical tests was 0.05. In total, n=30 for the analysis using SOC concentrations (%) and n=26
for the analysis using SOC masses (Mg C ha-1).
3.3 δ13C isotope analysis
3.3.1 Site selection
Since initial SOC δ13C values were not obtained upon biomass crop establishment,
adjacent agricultural fields were used as a reference for comparisons. In this case, not all farms
could be analyzed for their δ 13C natural abundance. Farms were selected for δ13C analysis based
on the following criteria: (1) the farm had both switchgrass and Miscanthus crops >3 years of age
to allow for biomass residues to decompose and change the δ13C signature of the SOC pool, (2)
the farm had a reference agricultural field that was under the same management regime as the
biomass fields, prior to biomass establishment and, (3) the landowner could provide a land-use
history of the fields sampled to fully interpret results. Ultimately, three farm locations were
selected for δ13C analysis within this study, the Guelph and Elora research plots, as well as Farm
7 in St. Mary’s ON. At each farm, switchgrass, Miscanthus and the agricultural reference field
were analyzed. In Elora, the adjacent woodlot was also included for analysis as a reference soil
for native soil δ13C.
3.3.2 Soil sample preparation
Five samples from each type of field, at each farm, were analyzed for δ13C. Soil samples
used for this analysis were the same 0-30 cm top-soil samples collected for SOC analysis (as
described in section 3.1.2) and 5 were chosen at random. Samples were prepared as described in
section 3.1.3. However, instead of grinding in a mortar and pestle, approximately 10 g of each
sample was ground using a ball mill (Retsch, Newton, PA) to <0.125 mm. After grinding,
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samples were treated with H2SO3 to remove inorganic carbonates using methods adapted from
Wotherspoon et al. (2015).
Approximately 1 g of ground soil was placed in a glass vial and moistened with 500 µl of
nanopure water. After moistening soils with water, vials were placed on a hot plate set to 65°C
and left for 3 minutes to come to temperature. Using a micropipette, 0.73 M H2SO3 was slowly
added 1 mL at a time, until effervescence stopped. A minimum of 6 mL and maximum of 8 mL
H2SO3 was added to each sample. At the end of the reaction, samples were placed in a vacuumsealed desiccator overnight, with sodium hydroxide used as a desiccating agent. After
desiccation, samples were oven-dried at 50°C for 48 h or until constant mass was reached. Soil
was cooled and subsequently sent to the University of Saskatchewan Stable Isotope Laboratory
for δ13C analysis.
3.3.3 Plant sample collection and preparation
Five types of crops grown in biomass and agricultural fields were used for δ13C analysis:
Switchgrass, Miscanthus, corn, soybean and wheat. δ13C isotope ratios for each of these plants
were determined in addition to the soil to calculate the proportions of C3 and C4 biomass found
in the soil. Plant samples were collected from research plots at the University of Guelph
Turfgrass Institute and nearby University of Guelph Arkell Research Station in fall 2017.
Three plants were harvested from each field including both the above and belowground
material. Plants residues were separated into aboveground and belowground material which were
processed and analyzed separately. The plant material was oven dried at 60oC for 48 h and
subsequently ground to <0.450 mm using a Wiley Mill (Thomas Scientific, NJ, USA). Prior to
drying and grinding, belowground material was washed with water to removed soil stuck to root
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surfaces. Plant samples were sent to the University of Saskatchewan Stable Isotope Laboratory
for δ13C analysis.
3.3.4 Analysis and calculations
Soil and vegetation samples were sent to the University of Saskatchewan Stable Isotope
Laboratory for δ13C analysis where samples were combusted at 1000oC in a continuous flow
mass spectrometer where the stable isotope ratio 13C/12C of the resulting CO2 was compared to a
reference gas. Equation (5) was used to calculate the stable C isotope ratio expressed as δ13C
(‰). Rsample represents the 13C/12C ratio of the sample and Rstandard represents the 13C/12C ratio of
the reference gas.
𝑅

𝛿 13 𝐶 (‰) = [(𝑅 sample )– 1] × 1000
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

(5)

The proportion of C4 biomass in the SOC at each field was calculated using Equation (6)
where δ13CSOC was the 13C/12C ratio of the field soil, δ13CC4 was the mean 13C/12C ratio of C4
plant material previously grown on the field (switchgrass, Miscanthus and corn) and δ13CC3 SOC
was the 13C/12C ratio of the native soil system prior to crop establishment. Since the δ13CC3 SOC
were not previously determined, the δ13C signature of the SOC in Elora’s was calculated and
used as the δ13CC3 SOC in all analyses. The proportion of C4 derived SOC was then multiplied with
the total SOC stocks (Mg C ha-1) calculated in section 3.2 to determine the amount of C4 SOC in
Mg C ha-1.
P𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶4 𝑆𝑂𝐶 =

𝛿 13 𝐶𝑆𝑂𝐶 − 𝛿 13 𝐶𝐶3
𝛿 13 𝐶𝐶4 − 𝛿 13 𝐶𝐶3
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(6)

3.4 Modelling soil organic matter dynamics in biomass fields
3.4.1 Description of soil organic matter models
Research on SOM can be difficult and complex due to the considerable number of
chemical, physical, spatial, and temporal factors associated with its decay and stabilization
(Dungait et al., 2012). In this respect, SOM simulation models can be a powerful tool to predict
long-term trends in SOM levels under specified conditions. SOM models allow for a
mathematical framework to be applied that can be used to test specific hypothesizes on SOM
dynamics (Campbell and Paustian, 2015). This is especially true in situations that are theoretical
or where long-term and controlled experiments are not possible. A prime example is in land-use
change and C stock calculations being made in greenhouse gas inventories around the world.
Over large land-masses such as Canada or the United States, models are being employed along
with remote sensing data to estimate total soil C stocks according to land-use (United States
Department of Agriculture, 2016)
To date, many simulation models have been developed specifically to simulate organic
matter dynamics in terrestrial ecosystems. For example, Smith et al. (1997) examined the
performance of nine separate models at predicting SOM in several long-term experiments. While
Smith et al. (1997) found that no one model was better at predicting the long-term trends in each
dataset, certain models performed better in certain situations. Ideally, models would be based on
agreed upon mechanisms responsible for the decay and stabilization of SOM. However, no such
agreed upon mechanisms exist (Campbell and Paustian, 2015). Each developed model uses a
separate set of parameters and mathematical equations to simulate SOM processes occurring
within the soil, and popular models include the Roth C model, DeNitrification DeComposition
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(DNDC), and the Century model. The Century model was first developed in the late 1970’s and
early 1980’s to simulate C, N, P and sulfur (S) dynamics in grassland systems (Parton, 1998).
DayCent is a process-based ecosystem simulation model built upon the previously
developed Century model, but with a daily time-step. It was originally developed to produce
more reliable simulations of greenhouse gas fluxes due to rapid changes in abiotic factors (Parton
et al. 1998). Since its inception, DayCent has been applied to simulate plant growth and soil
processes in numerous native and managed ecosystems scenarios. In fact, there are over 1000
citations in the peer-reviewed scientific literature describing, validating or using the DayCent
model (Chang, 2011). Within these articles, DayCent has often been used to describe soil C
dynamics. This is largely due to its ability to accurately model plant-soil interactions. The
processes and framework of DayCent have been validated by several studies (Robertson et al.
2015).
3.4.2 DayCent simulations in Elora, ON
To satisfy Objective 5 of this study, the DayCent model was used to simulate biomass
cropping systems and predict the long-term fate of SOC in comparison to agricultural fields
using a consistent rotation of corn, soybean and wheat. The Elora Research Station was chosen
as the sole test site for DayCent modelling because accurate site data on the soil and weather was
readily available. To initialize the model and its SOM pools, 200 years (1800 to 2000) of a corn
and soy rotation were simulated in Elora. After initialization, the model was set to simulate an
additional 200 years (2000-2200) for one of three land-uses: corn-soybean-wheat (CSW)
rotation, continuous switchgrass or continuous Miscanthus.
For the CSW rotation, pre-parameterized crops inherently found within the DayCent
model were used to simulate corn, soybeans and winter wheat. For each year, tillage by
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moldboard plow was simulated and sufficient N was applied to prevent growth limitation. At
time of harvest, DayCent differentiates between both grain and residue removals. In each CSW
simulation, all grain was harvested from the field and various rates of residue removal were used.
Various rates of residue removal were used in multiple simulations to understand the effect of
this practice on overall SOC levels.
Since no pre-parametrized switchgrass or Miscanthus crop was available within DayCent,
these crops were created within the model. Values governing the growth of the crop were
adjusted to mirror above and belowground biomass yields reported by Vogel et al. (2002), Ma et
al. (2000) and Sampson et al. (2016) for switchgrass and Neukirchen et al. 1999 and Withers et
al. (2016) for Miscanthus. To simulate perennial biomass systems in Ontario, switchgrass and
Miscanthus were grown using 10-year stand rotations. Although, both switchgrass and
Miscanthus stands can be productive longer than 10 years, a 10-year stand rotation was chosen to
simplify the simulation and to provide more opportunity in the model for root biomass to
turnover. After 10 years, a plowing event was created, and a new stand was planted in the
subsequent year. Like the CSW simulations, fertilizer was applied at a rate where it would not
become a limiting factor for biomass production. Biomass was fall harvested and 75% of the
aboveground material was removed at the time of harvest.
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Chapter 4 – Results
4.1 Land-use effects on oil organic carbon levels
4.1.1 Soil organic carbon concentration
Least square mean (hereby referred to as mean) SOC concentrations, for each land-use
are shown in Figure 3 below.
5.0
b

Mean soil organic carbon (%)

4.0

3.0

a

a

Miscanthus

Switchgrass

a

2.0

1.0

0.0
Agriculture

Woodlot

Land-use
Figure 3. Land use effects on mean soil organic carbon concentration (%) in fields sampled in Ontario, Canada in
2016. Means followed by the same letter are not significantly different according to a Tukey’s multiple range test
(P≥0.05).

Pairwise comparisons showed no statistical difference (p ≥0.05) in mean SOC
concentrations between common agricultural, switchgrass or Miscanthus land-uses. The mean
SOC concentration of the woodlots was 4.26 ± 0.29% and was significantly higher (p <0.05)
than in any other type of land-use. The mean SOC values include biomass fields that ranged
from 0 (planted in 2016) to 10 years of age. However, only a single field with an age of 0 was
sampled and the mean age for all biomass fields was 4.23 years. Agricultural fields had a mean
SOC concentration of 2.21 ± 0.31%, while switchgrass and Miscanthus had a mean SOC
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concentration of 2.50 ± 0.29% and 2.50 ± 0.36%, respectively. Though SOC levels were not
significantly different statistically, the numerical trends observed in this study support the
hypothesis that biomass fields are able to sequester additional SOC in comparison to common
agricultural crops.
4.1.2 Soil organic carbon stocks
Mean SOC stocks (Mg C ha-1) for each land-use are shown in Figure 4.

Mean soil organic carbon (Mg ha-1)

120.00

100.00

b
a

ab

Miscanthus

Switchgrass

a

80.00

60.00

40.00

20.00

0.00
Agriculture

Woodlot

Land-use
Figure 4. Land-use effects on mean soil organic carbon stocks (Mg of C ha -1) in fields sampled in Ontario, Canada
in 2016. Means followed by the same letter are not significantly different according to a Tukey’s multiple range test
(P≥0.05).

Mean SOC stocks in each land-use system was influenced by soil bulk density. Mean
SOC was highest in woodlots at 103.55 ± 7.40Mg C ha-1. This was significantly higher (p <
0.05) than both agricultural and Miscanthus land-uses which contained 80.51 ± 7.74 and, 83.36 ±
8.97 Mg C ha-1 respectively. Interestingly, the mean SOC stock calculated for switchgrass was
85.30 ± 7.14 Mg C ha-1 and was not significantly different to any land-use, including woodlots.
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This result supports the numerical trend observed for the SOC concentrations across the different
land-use types.
4.2 Factors effecting soil organic carbon in biomass fields
4.2.1 Soil organic carbon concentrations
A linear mixed-model was used to examine the effects of biomass species, biomass age,
soil texture, GDD, and mean annual precipitation and showed that no single factor significantly
affected SOC concentrations. However, in Figure 5 below, a clear numerical trend can be

Mean soil organic carbon concentration
(%)

observed between SOC concentrations and different soil textures.
4.00
3.50

a

a
a

3.00

a

2.50
a

2.00
1.50
1.00
0.50
0.00
clay loam

loam

silt loam

sandy loam

sand

Texture
Figure 5. Mean soil organic carbon concentrations (%) in switchgrass and Miscanthus fields sampled on different
textural classes in Ontario, Canada in 2016. Texture was determined using the Historical Canadian Soil Survey Data
(Agriculture and Agri-Food Canada, 2017). Means followed by the same letter are not significantly different
according to a Tukey’s pairwise comparison of the means (P≥0.05).

Sandy-textured soils had lower mean SOC concentrations than soils with higher clay
contents. This was the expected outcome outlined in H0 3. Nevertheless, the Tukey’s
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comparisons of mean SOC values found for each soil texture demonstrated that all soil textures
were not significantly different from each other, despite this clear trend.
4.2.2 Soil organic carbon stocks
For SOC stocks, the outcome of the model was the same as for the SOC concentrations.
However, a significant effect was observed for mean annual precipitation (p = 0.036). For each
mm increase in precipitation, the model showed SOC stocks to increase by 0.161 ± 0.653 Mg C
ha-1. There was a clear trend between soil textures, showing that sand and sandy loam soils
contained the lowest C stocks out of the 5 textural classes examined shown in Figure 6.
However, this trend was not significant according to the Tukey’s pairwise comparisons.
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Figure 6. Mean soil organic carbon stocks (Mg ha-1) in switchgrass and Miscanthus fields sampled on different
textural classes in Ontario, Canada in 2016. Texture was determined using the Historical Canadian Soil Survey Data
(Agriculture and Agri-Food Canada, 2017). Means followed by the same letter are not significantly different
according to a Tukey’s pairwise comparison of the means (P≥0.05).
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4.3 δ13C isotope analysis
4.3.1 Overview of field sites
The study sites examined for δ13C isotope analysis were the University of Guelph
research sites in Guelph and Elora, as well as a commercial field site in St. Mary’s ON. For both
Guelph and Elora, baseline SOC concentrations were obtained during site establishment in 2009.
This is shown in Table 2 along with the SOC concentrations determined in 2016. Because St.
Mary’s was a commercial site, no records of baseline SOC could be obtained.
Table 2. Soil organic carbon concentrations (%) and field information for the three study sites used in the δ13C
isotope analysis. SOC 2009 indicates the soil organic carbon concentration (%) at establishment and N/A indicates
missing data.
Location
Guelph, ON
Guelph, ON
Guelph, ON
Elora, ON
Elora, ON
Elora, ON
St. Marys, ON
St. Marys, ON
St. Marys, ON

Establishment
(year)
2009
2009
<1989
2009
2009
2009
2011
2010
< 1966

Crop Species /
Rotation
Switchgrass
Miscanthus
Corn-Soybean-Wheat
Switchgrass
Miscanthus
Corn-Soybean
Switchgrass
Miscanthus
Corn-Soybean-Wheat

SOC 2009
(%)
1.66
1.70
2.05
1.91
2.21
1.85
N/A
N/A
N/A

SOC 2016
(%)
2.07
2.00
2.31
1.55
2.23
1.89
2.74
2.31
3.09

Δ SOC (%)
+ 0.41
+ 0.30
+ 0.26
- 0.36
+ 0.02
+ 0.04
N/A
N/A
N/A

St. Marys, Guelph and Elora provided the only suitable farm sites for δ 13C analysis. Each
of these farms had agricultural reference fields that had similar management histories prior to the
introduction of herbaceous biomass crops. For example, in St. Marys (pictured in Figure 2,
section 3.1.2) the switchgrass and Miscanthus fields were once part of the agricultural reference
fields and were sectioned off into their own fields in 2011 and 2010, respectively. No
agricultural reference fields could be found that did not recently grow corn. Therefore, it was
important that the agricultural reference fields were under the same management regime as
biomass fields, prior to biomass establishment. Since corn is also a C4 crop, different
management strategies such as residue removal or crop rotations could have influenced initial C4
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SOC levels and ultimately, the inferences made. However, because St. Mary’s was treated
identically to the biomass fields up until biomass establishment, this effect of this was minimal.
At Elora, prior management was also not an issue since the agricultural reference field was built
directly into the research plot design. In Guelph, the agricultural reference field was located <200
m from the biomass research plots and was in corn-soybean-wheat rotation. Prior to 2009, the
agricultural reference field and biomass plots were once a single field managed under cornsoybean rotation since the 1980’s.
4.3.2 Analysis of plant material
Mean δ13C isotope ratios for the aboveground and belowground components of each crop
are shown in Table 3. Mean δ13C values for the C4 crops switchgrass, Miscanthus and corn were
similar and ranged between -12.00 ‰ to -13.00 ‰. The C3 crops, soybean and wheat, had δ13C
values between -27.80 ‰ to -29.70 ‰. This demonstrates a clear difference between the δ13C
signatures of C4 versus C3 crops.
Table 3. δ13C (‰) values of above and belowground plant material sampled in Guelph, ON in fall of 2017.

Crop
Miscanthus
Miscanthus
Switchgrass
Switchgrass
Corn
Corn
Soy
Soy
Wheat
Wheat

δ13C (‰)
-12.90
-13.07
-13.10
-12.90
-12.37
-12.20
-29.30
-27.83
-29.17
-29.67

Plant Material
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground
Aboveground
Belowground

Crop Mean (‰)
-12.98
-13.00
-12.28
-28.57
-29.42

4.3.3 Analysis of soil organic matter
The amounts of C4 and C3 derived SOC was calculated for each field sampled in St.
Marys, ON, Guelph, ON and Elora ON and is presented in Table 4.
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Table 4. δ13C (‰) signatures, soil organic carbon stocks and calculated contribution of C4 biomass to the soil
organic carbon pool for three farms sampled throughout Ontario in the summer of 2016.
Farm Location

Field Type

δ13CSOC (‰)

Total SOC
(Mg C ha-1)

C4 SOC

C4 SOC

C3 SOC

(%)

(Mg C ha-1)

(Mg C ha-1)

St. Marys, ON

Agricultural

-23.74

123.93

23

28.27

95.66

St. Marys, ON

Miscanthus

-22.63

94.43

31

29.29

65.13

St. Marys, ON

Switchgrass

-22.88

120.97

29

35.45

85.52

Elora, ON

Agricultural

-21.43

60.49

38

23.22

37.27

Elora, ON

Miscanthus

-21.19

47.25

41

19.33

27.91

Elora, ON

Switchgrass

-21.32

51.77

40

20.74

31.03

Elora, ON

Woodlot

-27.13

121.88

0

0

121.88

Guelph, ON

Agricultural

-21.73

81.84

36

29.73

52.11

Guelph, ON

Miscanthus

-22.07

77.94

35

27.17

50.77

Guelph, ON

Switchgrass

-22.50

73.84

32

23.60

50.24

In St. Marys, the SOC in the agricultural reference field had a δ13C value of -23.74 ‰
and values for switchgrass and Miscanthus were -22.88 ‰ and -22.63 ‰, respectively. The δ13C
of SOC in agricultural soils was slightly more negative than those measured for SOC in the
adjacent switchgrass and Miscanthus fields indicating a C4 biomass enrichment of SOC. Overall,
across the 3 sites, more SOC was present in the agricultural reference field compared to the
switchgrass and Miscanthus fields. However, about 22% of SOC in agricultural reference was
derived from C4 vegetation inputs. Even though soils planted to switchgrass and Miscanthus
contained less total SOC, the proportions of C4 derived SOC were greater at approximately 29%
in switchgrass and 31% in Miscanthus. This suggests that residues from the herbaceous biomass
crops are being incorporated into the soil and influencing the SOC pool. However, this trend was
not observed in either Guelph or Elora.
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In Elora, no discernable difference was observed between either the δ13C values of the
SOC or the proportion of C4 derived biomass. The δ13C values of the SOC in switchgrass
Miscanthus and the agricultural reference fields were within 0.24 ‰ of each other. The total
proportions of C4 derived biomass were 38% in the agricultural reference plots, 40% in
switchgrass plots and 41% in the Miscanthus plots.
The δ13C signature of the agricultural reference soil at the Guelph field site was more
positive than either the switchgrass and Miscanthus fields at -21.73 ‰. While slightly more
positive, this was still close to the switchgrass and Miscanthus fields that had δ13C values of 22.50 ‰ and -22.07 ‰, respectively. Unlike in St. Marys and Elora, the agricultural reference
field did not share the exact same land use history as both the switchgrass and Miscanthus fields.
Therefore, the slightly more positive δ13C value for the agricultural reference field is likely due
to additional crop cycles of C4 corn while herbaceous biomass plots were in fallow.
4.4 DayCent results
4.4.1 Guelph and Elora yields
In DayCent, the C allocation to the SOC pool is governed by both the aboveground and
belowground plant inputs determined by the plant growth sub-model. To gauge if the plant
growth sub-model was accurately simulating the agricultural and biomass systems, yields from
Guelph and Elora were compared to yields reported in the DayCent simulation. Average amounts
of above and belowground plant biomass reported over the entire 200-year simulation for each
crop is shown in Table 5 on the following page. For comparison, actual aboveground plant
biomass for Elora is reported in Table 6 on the following page. Since DayCent reports all
biomass in g C m-2, mass of plant biomass was calculated on a Mg ha-1 basis by assuming a plant
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C content of 46%. This is an average value of plant C found by Eichelmann et al. (2016) in
switchgrass biomass grown in Ontario.
Table 5. Aboveground biomass, belowground biomass and grain yield predicted by DayCent simulations. Above
and belowground biomass represents the whole biomass of the plants at harvest. All values are reported in Mg ha-1
and were calculated assuming an average plant carbon content of 46%.
Crop Simulated
Corn
Soybean
Wheat
Switchgrass
Miscanthus

Aboveground biomass
(Mg ha-1)
19.01
7.71
13.57
12.74
20.97

Belowground biomass
(Mg ha-1)
5.85
1.25
3.83
7.94
9.24

Grain Yield (Mg ha-1)
6.85
2.39
1.28
N/A
N/A

Table 6. Average crop yields for 2015 and 2016 calculated for crops grown at the biomass research plots in Elora,
ON. Corn and soybean yields represent the average grain harvested from plots fertilized at 160 kg N ha-1 and the
switchgrass and Miscanthus yields represent fall harvested aboveground biomass for plots fertilized at 160 kg N ha1
.
Crop
Corn (Grain)
Soybean (Grain)
Switchgrass (Biomass)
Miscanthus (Biomass)

2015 Yield (Mg ha-1 )
11.01
3.64
9.68
20.50

2016 Yield (Mg ha-1 )
11.14
3.27
9.16
21.38

Grain yields and aboveground biomass generated by DayCent were not identical to those
observed or predicted in previous work. In the Elora research plots, comparisons of average
DayCent yields for the 200-year period in Table 5 and the observed yields for Elora in 2015 and
2016 found in Table 6 indicate that DayCent may have been underestimating grain yields in
corn, soybean and wheat. However, the observed yields were only for two-years in comparison
to a 200-year average. Grain yields of corn, soybean and wheat crops generated by the model
were also within the range of observed and DayCent predicted grain yields for Elora reported by
Chang (2011).

46

For biomass crops, switchgrass and Miscanthus biomass was comparable between
observed yields and model values. It is important to note that values for switchgrass and
Miscanthus in Table 6 are for fall harvested biomass and values in Table 5 represent total
aboveground biomass at the end of the growing season, prior to harvest. Therefore, total
aboveground biomass may be slightly higher because factors such as lodging and aboveground
biomass residue that is not able to be captured by harvesting equipment. Above and belowground
biomass productions predicted by the model are within ranges reported for switchgrass and
Miscanthus reported by Marsal et al. (2016) in Ontario. In addition, they are also comparable to
values reported by Alder et al. (2007) and Davis et al. (2010) whom used DayCent to predict
yields of biomass crops in the United States.
4.4.2 Changes in soil organic carbon
After model initialization, SOC level at the beginning of each simulation was 73.08 Mg C
ha-1 and had leveled off to a relatively steady state. This was in the range of SOC stocks found in
agricultural fields surveyed in this study for land-use comparisons. Four cropping scenarios were
simulated and the total SOC for each year is shown in Figure 7: continuous switchgrass with
75% aboveground biomass removal, continuous Miscanthus with 75% aboveground biomass
removal, corn-soybean-wheat rotation with only grain removal, and corn-soybean-wheat rotation
with grain and 80% residue removal. Residue removal rates (%) are indicated by numbers
within brackets found in the legend of Figure 7.
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Figure 7. Total soil organic carbon stocks for various 200-year simulations in DayCent. CSW indicates cornsoybean-wheat rotation, SWI indicates switchgrass, MIS indicates Miscanthus. Brackets are aboveground residue
removal rates at harvest.

Over the 200 years of the simulation, switchgrass and Miscanthus decreased SOC levels
by a substantial amount. By the end of the simulation, switchgrass SOC was 37.23 Mg C ha-1 and
Miscanthus was 42.26 Mg C ha-1. In comparisons, the CSW rotation with no residue removal
increase SOC levels over the 200-year period to 79.59 Mg C ha-1. Residue removal in the CSW
rotation decreased SOC levels to 49.50 Mg C ha-1 which was still greater than the SOC levels in
the biomass crops. This indicated that herbaceous biomass cropping systems did not positively
impact SOC long-term when compared to common agriculture using DayCent.
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Chapter 5 – Discussion
5.1 Understanding carbon dynamics in biomass systems
Comparisons of SOC between land-uses revealed interesting trends in relation to biomass
crops. While not statistically different, biomass fields had both numerically higher mean SOC
concentrations and stocks than the agricultural reference fields. This evidence coupled with the
relatively young age of biomass stands could represent a trend in which biomass will accumulate
more SOC in the future compared to annual field crops grown in Ontario. However, results
obtained from the 13C isotope analysis, baseline data comparisons and DayCent modelling
exercises reveal that this might not always be the case and are discussed towards the end of this
section (Section 5.1). To better understand if herbaceous biomass systems will enhance SOC
levels in comparison to annual field crops, better estimates of C inputs and measured changes in
SOC overtime are needed.
Although herbaceous biomass crops can produce high yields of above and belowground
plant material, not all these materials are decomposed each year, making the actual input of
organic matter into the soil difficult to estimate. Estimations of C inputs are critical for
understanding SOC impacts in biomass systems, especially when comparing them to other landuses. For example, by quantifying aboveground biomass, annual litter fall (including harvest
residues), belowground biomass, Anderson-Teixeira et al. (2013) developed C balances for cornsoybean, switchgrass and Miscanthus fields grown in Illinois. They found that with yearly
harvest, biomass crop litter inputs were 20-40% less than the corn-soy rotation. However, they
found that the net ecosystem C balance (NECB) of both switchgrass and Miscanthus was greater
than corn due to extensive C allocation to the belowground biomass. The root biomass of
switchgrass and Miscanthus exceeded 400% that of corn roots in the top 30 cm with switchgrass
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having the largest total root biomass over the entire 1 m profile at 362 ± 33 g C m-2. However, in
Ontario, NECB in switchgrass may not always indicate C sequestration. Measuring CO2
dynamics in a mature, commercial switchgrass stand, Eichelmann et al. (2016) found that the
NECB of switchgrass can alternate between being a source or a sink of C from year to year.
Studies such as by Eichelman et al. (2016) demonstrate that C-fluxes and C-dynamics in
herbaceous biomass systems are not always straight forward and this provides important context
for results reported within this study.
Depending on the management strategy, it is conceivable that little to no aboveground
biomass will remain on the field. For example, anecdotal evidence obtained from landowner
consultations revealed that in some cases, leaves were raked off the field, baled and sold
separately for additional income. In addition, for all biomass systems the remaining aboveground
residues are also not incorporated into the fields each year since these systems are not tilled. The
lack of and delayed incorporation of aboveground residues in biomass systems may explain why
SOC levels did not change in comparison to the agricultural reference fields in this study.
Nevertheless, it is typically thought that the root biomass is the main contributor of C influencing
the SOM pool in herbaceous biomass cropping systems (de Graff et al., 2013; Adkins et al.,
2016).
Total dry root biomass has been known to reach over 18 Mg ha-1 (Ma et al., 2000) in
switchgrass and over 16 Mg ha-1 in Miscanthus (Neukirchen et al., 1999). However, since these
crops are perennial, not all this root mass is accumulated or turned over each year. It could take
many years or multiple crop rotation of biomass, in which the entire root system is subject to
decay, before changes in SOC can be observed. Since the mean age of biomass fields for this
study was young at 4.23 years, there may not have been enough time for herbaceous biomass
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systems to result in a statistically significant net change in SOC levels compared to the
agricultural reference fields. As demonstrated by NECB studies such as Eichelman et al. (2016),
herbaceous biomass systems can be both a source and sink of carbon depending on the year and
improved C input estimates in addition to longer SOC studies are needed to understand longterm SOC trends. However, available baseline data and δ13C measurements reported in this study
and throughout the scientific literature help to clarify this issue.
Robertson et al. (2017) reported that total SOC in the top 30 cm of soil in a commercial
Miscanthus field grown near Lincolnshire, UK did not change after 7 years. Although δ13C
signatures indicated that Miscanthus derived SOC was incorporated within the top 30 cm of soil
at a rate of 860 kg C ha−1 yr−1, no net change in total SOC was observed. This is in accordance
with δ13C natural abundance research by Zatta et al. (2014) who also recorded changes in
Miscanthus derived C but observed no net changes in SOC (0-30 cm) after 6 years. Zatta et al.
(2014) attributed this result to both increased root respiration and to rhizosphere priming effects
whereby the newly added, labile Miscanthus inputs accelerated the decomposition of previously
existing SOC. However, studies examining rhizosphere priming in biomass systems have had
mixed results (Robertson et al., 2017).
Baseline data and δ13C measurements reported in this study support results obtained by
both Robertson et al. (2017) and Zatta et al. (2014). Baseline data, obtained for plots at Elora
showed that Miscanthus did not change SOC since establishment seven years prior. Moreover, in
switchgrass SOC concentrations from baseline decreased by 0.36 (%). However, 9 samples per
crop type were used to calculate the SOC concentrations for Elora in 2016, while in 2009 SOC
means were calculated using only 3 samples. Research conducted on SOC dynamics in
switchgrass plantations often report positive changes in SOC, even after recent establishment
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(Liebig et al., 2008). Data showing positive SOC changes in young Miscanthus stands is limited
in the scientific literature. However, results from some of these studies indicate that young
Miscanthus stands do influence the SOC pool and that land-use change from agriculture to
Miscanthus does not result in a loss of SOC (Zimmerman et al., 2013). In the literature search,
no studies on either switchgrass or Miscanthus could be found that reported negative changes on
SOC levels after land-use change to biomass crops.
Although land-use comparisons and δ13C analysis did not indicate overall C sequestration
in biomass crops, they did support the consensus in the literature that, cropland conversion to
herbaceous biomass does not negatively impact SOC levels. This is true in the land-use
comparisons as no statistical difference was observed between species of herbaceous biomass
crops or the agricultural reference fields. In addition, the δ13C analysis suggested that biomass
crops are still adding organic matter to the SOC pool equivalent to or more than corn. This is true
in results for St. Marys as the δ13C signatures showed that SOC was more enriched with C4
derived organic matter compared to the reference field. In Elora, the reference field was under
corn-soybean rotation and no change in δ13C signature was found. Since corn is a C4 crop, it is
assumed that switchgrass and Miscanthus are adding similar amounts of C4 biomass to the SOC
pool as is corn in a corn-soy rotation. In other words, yearly herbaceous biomass inputs are equal
to the inputs produced by one single cropping of corn. If inputs were not the same, then an
overall decrease in δ13C signature would have been seen. Unlike other studies using δ13C natural
abundance, the mass of SOC derived from herbaceous biomass could not be detected due to the
recent presence of corn crops. To properly calculate the mass of herbaceous biomass derived C
in future studies, sites that have not contained C4 plants prior to switchgrass and Miscanthus
establishment should be selected.
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Within this study, an effort was also made to incorporate yield data and C input data
where possible. However, yield data in the commercial biomass fields was difficult to determine
and no such data could be obtained from landowners. Instead, variables such as GDD and annual
precipitation were incorporated within some of the statistical models as yield predictors.
However, this was likely not accurate as weather data alone does not predict crop growth.
Moreover, true inputs of the biomass in these fields might also be influenced by different
management strategies employed by commercial biomass growers.
5.2 Calculating soil organic carbon stocks
SOC stocks calculated in this study were for the top 30 cm soil profile only, and as such
did not include the C stored within the vegetation, or within the soil horizons deeper than 30 cm.
The roots of trees are significant contributors to the SOC pool and persist below 30 cm
(Oelbermann et al. 2004). The root systems of trees can be larger and extend deeper in the soil
than perennial grasses, even though switchgrass and Miscanthus roots can also extend beyond 2
m (Weaver and Darland, 1949; Neukirchen et al., 1999; Ma et al., 2000). In this study, the
woodlots sampled were all undisturbed systems for the last 30 to 100 years. Large C inputs
associated with forest ecosystems and lack of disturbance likely contributed to the significantly
greater SOC storage found in woodlots within this study. As the herbaceous biomass agricultural
sites selected for this study are in close proximity to the woodlots, in the long-term, there is
potential for herbaceous biomass crops to increase SOC stocks to reach the levels that are
recorded in woodlots. However, this is controlled by the level of SOC inputs added to the SOC
pool in herbaceous biomass systems.
Positive changes in SOC stocks have been observed in biomass stands at depths greater
than 60 cm (Zan et al., 2001; Liebig et al., 2008; Dondini et al., 2009; Felten and Emmerling
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2012; Gauder et al., 2016). This has been attributed to the death and decay of the large, deep root
mass of both switchgrass and Miscanthus. This is an important insight when considering C
credits and C policy in Ontario as quantifying SOC in only the top 30 cm soil would under
estimate SOC stocks associated with herbaceous biomass crops. In addition, the SOC stored
deeper might also be more permanently retained since it is not as subject to erosion or soil
disturbance (Lemus and Lal, 2005).
Another pivotal part of calculating total SOC stocks in soils is the measurement of bulk
density. Typical values of bulk density for Ontario agricultural fields range from 1.1 to 1.5 g cm3

. However, an accurate measure of soil bulk density can be difficult to obtain since typical

methods of driving a sampling ring or tube into the soil can cause compaction and soil fracturing
that impact overall results. In addition, bulk density of the same soil has been known to change
with season, moisture content and sampling depth (Stone, 1991). Therefore, it is tedious to
accurately derive soil bulk densities of the entire soil profile. Since the sampling rings used in
this study were only 5 cm in height, an attempt was made at each sampling point to take one bulk
density reading for 0-15 cm depth and one 15-30 cm, to better capture the total variability in bulk
density within the top 30 cm of soil. Bulk density values for switchgrass and Miscanthus
appeared slightly higher than typical agricultural soil values reported in Ontario. Abnormally dry
field conditions during the 2016 sampling year, sample compaction and partial sampling of the
entire 0-30 cm profile may have influenced bulk density numbers. Nevertheless, similarly high
soil bulk densities for biomass fields have been reported in the literature. Felten and Emmerling
(2012) reported a soil bulk density of 1.54 ± 0.09 g cm-3 in the 0-15cm depth and 1.73 ± 0.03 g
cm-3 in the 15-30 cm depth in a 16-year-old German, Miscanthus plantation. Similarly, Gauder et
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al. (2016) reported values ranging from 1.3 g cm -3 to 1.52 g cm -3 in switchgrass and Miscanthus
fields grown in Nebraska.
5.3 Importance of land-use change
The cultivation of switchgrass and Miscanthus as a biomass crop is relatively new in
Ontario and markets for herbaceous biomass materials are only beginning to emerge. Anecdotal
evidence obtained through landowner consultation revealed that because of this fact, none of the
landowners were growing biomass crops as their main source of income. This suggests two
separate land-use change scenarios for Ontario biomass fields: (1) biomass crops were cultivated
on the least productive agricultural lands previously cropped with annual row crops such as corn,
soybean and winter wheat, or (2) biomass crops replaced lower income crops such as hay and
forages. In each case, biomass crops were placed on previously existing agricultural land that
was contributing less to the overall farmers’ incomes than that from their prime agricultural land
and this could have implications on the results of this study.
An aspect not captured in this study is the initial SOC prior to establishment of the
biomass cropping systems. A major objective of this study was to create a database of current
SOC levels in biomass fields to serve as baseline for future studies and long-term analysis.
Without knowing the initial levels of SOC at establishment, it is difficult to determine with
certainty the effect biomass crops have had on SOC levels. Given the two land-use change
scenarios to herbaceous biomass, it is possible that the agricultural reference fields may not have
been suitable comparisons. In the first scenario, the agricultural reference fields examined may
have contained higher inherent levels of SOC in comparison to biomass fields since they have
historically had higher productivity. In this case, equal SOC levels between the biomass crops
and agricultural references may have indicated that biomass crops did positively impact the SOC
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pool, but not sufficient enough to surpass the reference. The baseline values and δ13C analysis of
biomass plots in Guelph, ON constitute one example that supports the above speculation.
When the 2016 SOC concentrations across the land-uses in Guelph were compared, the
agricultural reference had the highest amount of SOC. However, when the 2009 baseline values
in the biomass fields were compared to the 2016 values, an overall numerical increase in SOC
was observed in biomass plots. In this case, it is likely that the biomass fields had inherently
lower levels of SOC and the net increase in SOC was not captured through land-use
comparisons. This observation is further supported by the δ13C values which indicated more C4
biomass inputs in the agricultural reference in comparison to the biomass fields. Upon further
investigation of the land-use history at the Guelph site, the agricultural reference field was
cropped with turfgrass from 2009 to 2012 and then converted back to corn-soybean-wheat
rotation. Turfgrass is a C4 plant and may have contributed to the higher δ13C value of the SOC
recorded in the Guelph agricultural reference field.
In the event of hay and forage displacement, herbaceous biomass crops may have
decreased SOC to levels comparable to adjacent agricultural references. By applying the
Introductory Carbon Balance Model (ICBM) to various Canadian agricultural practices on
different land suitability classes, Sanscartier et al. (2014) demonstrated this effect. They
concluded that net SOC sequestration in biomass systems was highly dependent on land class
and the displaced agricultural activity. Modelled scenarios where Miscanthus displaced longterm pasture and forage production resulted in net SOC emissions, while displacement of corn
and soybean resulted in net SOC sequestration. This effect has also been verified globally
through meta-analysis by Qin et al. (2016) who found that cropland conversion to Miscanthus
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resulted in a 14% increase in SOC stocks while conversion from grassland or forest to
herbaceous biomass resulted in no SOC change.
Soil texture may also play a role in determining overall initial SOC levels since SOM
forms organo-mineral complexes with the surrounding soil mineral particles (Jastrow et al.
2006). Clay soils have a higher mineral surface area and higher potential to form organo-mineral
associations with organic matter thus protecting them from decay. Clay soils also have a higher
potential to form aggregates which could ultimately physically protect SOM from decay (Six et
al., 2002). In the analyses of this study, no statistical effect of texture could be discerned despite
the measured differences sometimes exceeding 20 Mg of C ha-1 between sandy-textured soils and
clay-textured soils. Log transformations of the SOC (%) data, not reported in the results section,
resulted in significant effects between the clay loam and sand soil textures. However, no data
transformations were used in this study as the assumptions of the linear mixed-effect models
were not violated. Nevertheless, this shows that the data was sensitive to different statistical
choices and more data for SOC in biomass fields grown on different textures is needed to
improve results. Additionally, the textures used were from historical soil survey data that was
not collected at a high resolution. Therefore, the actual texture of the soils may be different than
the textures recorded in this study.
Due to the plethora of factors that influence SOC and the long timeframe needed to
witness changes in SOC, it is difficult discern the influence of land-use change without baseline
data. While anecdotal evidence was obtained throughout his study, extensive land-use histories
could not always be obtained from land-owners to determine what influence land-use change had
on overall results. In addition, fertilizer application, method of planting, herbicide use, harvest
time (fall or spring), and cover crop use varied at each location and management details were
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often not available. Previous land-uses and different management decisions could have
influenced C dynamics in herbaceous biomass and agricultural land-use systems and may have
influenced SOC levels at different locations. Nevertheless, the data compiled in this study will be
useful in future research to measure direct changes to the SOC pool under herbaceous biomass
crops in the fields tested.
5.4 DayCent simulations and long-term soil organic carbon trends
In addition to the field data collected throughout this study, the DayCent model was used
to estimate the long-term implications of continuous herbaceous biomass systems on SOC
dynamics. Modelling simulations using DayCent, predicted that cropping to both switchgrass
and Miscanthus would decrease SOC levels relative to corn-soy-wheat rotations. Through yield
comparisons at the Elora Research Station and values found throughout the literature, it appears
that the above and belowground masses of plant C were simulated properly within the model.
However, previous investigations in herbaceous biomass systems using DayCent have not found
the same result.
Davis et al. (2010) in a modelling study found that switchgrass did not increase total
SOC in the simulation compared to continuous corn, but Miscanthus did increase SOC levels in
the model over a 10-year simulation period. This was attributed to greater litterfall and
belowground biomass production in Miscanthus which was reported as 1041 to 1194 g C m-2 y-1.
Though not clear in the article, this value seemed to only represent belowground plant C
production and when converted to total belowground plant biomass was equivalent to 22.63 to
25.96 Mg ha-1. Since DayCent simulations only occur in the top 20 cm of the soil, this value for
root production seems unlikely given measured root biomass for Miscanthus found throughout
the literature (Neukirchen et al., 1999). Throughout the course of the literature review for this
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study, Davis et al. (2010) were the only known researchers to publish data on Miscanthus
simulations using DayCent directly parameterized using field data. The fact was also noted by
Robertson et al. (2015) in their review of computer model simulations of Miscanthus production.
Simulations of switchgrass dynamics in the southern US reported by Chamberlain et al. (2011)
demonstrated that switchgrass increased system SOC upon conversion from cotton by 20-320%
over a 15-year period depending on N fertilization rate.
Given the field measurements of SOC in biomass and agricultural fields in Ontario and
the results of biomass crop simulations reported by others, it is unlikely that switchgrass and
Miscanthus were simulated properly within this study. While total above and belowground
biomass production was accurately simulated, transfer of this biomass into the SOC pool likely
did not occur as it does in the field. One reason could be that the fine root turnover that occurs in
biomass fields is not accurately being simulated within the DayCent model. Recently, Field et al.
(2016) undertook an extensive study to parameterize the DayCent model for switchgrass
according to SOC and N dynamics reported for switchgrass data compiled from multiple sources.
They suggested in their study that root death rates need to be substantially increased; however,
even when changes suggested by Field et al. (2016) were adopted, switchgrass and its SOC
dynamics at Elora could not be accurately simulated and resulted in overestimations of above
and belowground plant production. This is like the overestimations of belowground C reported
by Davis et al. (2010) and could be a potential reason for discrepancies between the results of
this study and other DayCent studies examining herbaceous biomass systems.
As noted by Robertson et al. (2015), the plant growth sub-model of DayCent has often
been cited as a shortcoming of DayCent and has only recently been revised to include more
complex plant growth dynamics. Model parameters and field data on fine-root turnover and
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residue inputs from the aboveground biomass need to be critically reviewed for the DayCent
model to be parameterized properly. Agostini et al. (2015) noted that this is not only a problem
for DayCent, but for most SOC models that have simulated herbaceous biomass systems.
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Chapter 6 – Conclusions
Across the 19 farm sites sampled throughout Ontario, soils associated with herbaceous
biomass crops did not contain significantly higher concentrations of SOC when compared to
common agricultural land-use systems and thus, H01 was accepted. Woodlots sampled under
similar soil and climatic conditions and close proximity to biomass fields contained the highest
mean SOC concentrations and stocks indicating that biomass crops due to their perennial nature
may have the potential to enhance SOC sequestration in the long term. However, the average age
of the herbaceous biomass fields was only 4.23 years. Numerically higher SOC concentrations
and SOC stocks recorded in switchgrass and Miscanthus fields in comparison to the agricultural
reference fields show that SOC sequestration potential is higher in biomass fields. Statistical
analysis also showed that both stand age and soil texture did not have a significant influence on
SOC and thus H0 2 and H0 3 were also accepted. However, even though effects were not
significant, numerical separation of SOC based on texture was found. Sandy-textured soils
contained less SOC than clay-textured soils. δ13C analysis of three herbaceous biomass field sites
indicated that herbaceous biomass crops are adding organic matter to the SOC pool. In Guelph
ON, this resulted in a net increase in SOC concentrations after 7 years from establishment.
DayCent simulations of SOC in biomass fields located in Elora ON, predicted SOC to decrease
over a 200-year period in comparison to agricultural fields under corn-soybean-wheat rotations.
However, the model parameters used in this study could not be resolved to accurately simulate
root turnover in herbaceous biomass fields. Therefore, the SOC output recorded in this study
needs further investigation and it is non-conclusive at this time.
Challenges associated with this study such as accurate soil bulk density measures and
lack of baseline data need to be resolved in order to improve measurements of SOC
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sequestration. In addition, biomass crop parametrizations and model validation need to be better
developed in order to use DayCent as a predictive tool to model SOC dynamics in biomass
systems. Contradictory evidence in the scientific literature on SOC in biomass crops
demonstrates that the underlying mechanisms controlling changes in SOC are not fully
understood. Crucial factors such as land-use change, sampling depth and site conditions can all
influence overall results. However, the data collected throughout this study can be used in the
future to track long-term changes in SOC within the tested herbaceous biomass fields. This will
help to explore the underlying mechanisms controlling changes in SOC, and potentially verify
SOC storage in connection with the Ontario Government’s new C policy initiatives.
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17t
17t
17t
17t

590096.14
589738.01
589665.94
589675.34
594499.80
594332.05
593915.07
559079.00
558816.61
558919.59
561072.09
550011.04
550058.44
550416.95
536771.00
536826.20
536865.94
442412.00
442236.74
442304.00
494049.56
493942.73
493879.90
577962.00
578029.00
572361.44
572258.08
517328.05
529784.66
529171.26
529810.77
532759.18
533232.61
532923.10
483172.24

4811591.91
4811457.46
4810929.23
4811042.40
4808155.09
4804853.97
4805321.59
4738202.00
4738553.21
4738757.06
4734235.29
4769005.83
4769006.53
4768923.10
4789829.38
4789740.63
4789766.26
4777587.00
4780200.92
4777456.00
4793621.27
4793659.89
4793676.90
4814584.00
4814340.00
4824258.83
4824427.86
4913729.54
4914065.97
4913986.82
4914164.72
4827948.93
4828275.99
4828624.00
4939893.29

Tioga

3

17t

483368.24

4939471.00

Teeswater
Teeswater
Teeswater
Osprey
Harriston
Harriston
Perth
Harriston
Donnybrook
Bondhead
Bondhead
Bondhead
White Lake
White Lake
White Lake
Gerow
Gerow
Guelph
Guelph
Guelph
Guelph
London
London
London
London

1
1
1
5
1
1
1
1
6
4
4
4
6
6
6
2
2
1
1
1
1
1
1
1
1

17t
17t
17t
17t
17t
17t
17t
17t
17t
17t
17t
17t
18t
18t
18t
18t
18t
17t
17t
17t
17t
17t
17t
17t
17t

476071.22
475806.40
475976.83
541603.53
534332.01
534267.71
463938.93
463957.99
462214.15
736901.46
736937.00
737372.46
400189.96
400266.09
400123.98
311511.21
311527.05
563762.34
563993.73
563993.73
563536.22
548255.64
548255.64
548255.64
548250.39

4896121.74
4896079.10
4896021.06
4900707.00
4901702.91
4901597.32
4825894.00
4825956.68
4828379.04
4910001.58
4910077.00
4907908.99
4918515.00
4918609.64
4918898.59
4872800.21
4872916.25
4821999.02
4822195.92
4822195.92
4821487.81
4832855.69
4832855.69
4832855.69
4832856.81
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Appendix B – Factors affecting the fate of soil organic matter
The fate of SOM within terrestrial ecosystems depends on a complex set of factors that
control its loss or accumulation (Jastrow et al., 2006). Overall increases and decreases to the
SOM pool are governed by the inputs and outputs of organic material within the system. By far
the largest input into any ecosystem comes from dead and decomposing plant material. In
agroecosystems, the amount of crop material returned to the soil each year is one of the primary
factor governing levels of SOM. Major losses of SOM can come from erosion, runoff and
leaching. In these processes dissolved SOM or SOM particles are physically removed from the
system (Jastrow et al., 2006). However, these processes are well understood. What is less
understood is the loss and retention of SOM through its decomposition and stabilization within
the soil matrix.
At any given time, decomposer groups such as microbial and fungal communities are
continually degrading plant material and using it as an energy and nutrient resource. In fact,
decomposition processes are what bring about many of the beneficial soil properties associated
with SOM (Janzen, 2006). Decomposition of SOM is governed by three general sets of
interacting factors: the decomposing organisms, substrate quality and the environment (or abiotic
factors) (Dungait et al., 2012).
In much of the SOM research to date, model predictions and experimental evidence have
focused on first order kinetics to describe the decomposition and accumulation of SOM (Six et
al., 2002). Early SOM research by Jenkinson and Rayner (1977) proposed a double exponential
model based on first-order kinetics to describe the decay of plant residues in soil. Since then,
first-order kinetic equations have been successfully applied to a variety of situations describing
SOM dynamics under current conditions and management. Assuming first order kinetics, SOM
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is linearly proportional to total carbon inputs and SOM levels can in theory be increased
indefinitely so long as sufficient carbon is provided (Six et al., 2002).
The first-order kinetic models and experimental evidence describing SOM dynamics thus
far have been fundamentally based on the quality of the substrate introduced to the soil as well as
the resulting formation of humic substances after its decomposition. The initial decomposition of
the plant material can be quite rapid. Using 14C labelled plant residues (corn, soy, wheat and
tobacco), Beyaert and Voroney (2011) found that after about 1 year only 33% on average of the
labeled plant carbon was recovered in the soil. By year 15, only about 6.8% of labelled plant
material was recovered. This is a similar result to a plethora of classic decomposition studies
where an initial phase of rapid decomposition is followed by a prolonged period of SOM decay.
This is the same type of process observed by Jenkinson and Rayner (1977) and is the motivation
for the double exponential decay models applied successfully in SOM research to date.
The initial decay process can be affected by any factors that retard the ability of the
microorganisms to fully decompose plant materials. These include abiotic factors (temperature,
moisture, available oxygen, etc.) and the materials found within the plant residues themselves.
Decomposition is thought to be highly affected by chemical recalcitrance in which certain
molecules found within various parts of the plant residues are more resistant to decay.
Substances such as lignin and suberin are thought to be more difficult for microbial populations
to decompose and therefore take longer to be fully metabolized (Rasse et al., 2005). Moreover,
as the microbial populations work to decompose these materials, new substances referred to as
“humic substances” are produced from the resulting by-products and leftover plant materials.
This process is often referred to as humification and represents the oldest body of research on the
nature and persistence of SOM (Schnitzer and Monreal, 2011).
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The result of humification produces SOM that can then be protected from further decay
both biochemically and physiochemically (Jastrow et al. 2006). Biochemically protected
materials are those that at highly resistant to further decay due to their chemical structure.
Chemical properties such as hydrophobicity and biologically toxicity are a few examples
explaining biochemical protection (Spaccini et al., 2002; Dungait et al., 2012). Physicochemical
protection occurs when humic substances create organo-mineral complexes with the surrounding
soil mineral particles (Jastrow et al. 2006). These complexes bind organic material to the soil and
thus help to protect it from microbial or fungal decay.
While a great deal of success has been achieved isolating various fractions of humic
materials such as humic and fluvic acid, modern analytical chemistry techniques such as nuclear
magnetic resonance (NMR) have not been able to isolate and identify specific humic substances
with any definitive success (Lehman and Kelber, 2015). This has led to doubt within parts of the
scientific community as to whether this concept fully describes SOM dynamics and the longterm persistence of SOM. Even among scientists promoting the role of humic materials in SOM
research, the fundamental concepts describing what humic substances are is not consistent. The
classic interpretation is that humic substances are high molecular weight polymers (Schnitzer and
Monreal, 2011). However, competing theories postulate that humic substances are an association
of a series of low weight molecules held together by weak forces such as hydrogen bonds and
van der Waals forces (Piccolo, 2001; Spaciccini et al., 2002).
Recently more emphasis has been placed on the importance of physical and
physicochemical protection in relation to the long-term fate of SOM (Schmidt et al., 2011;
Dungait et al., 2012; Lehman and Kelber, 2015). Essentially the explanations of long-term SOM
persistence has shifted from focusing on the properties of the organic matter itself, to the
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surrounding physical, chemical and biological environment (Schmidt et al., 2011). In this
explanation, the stabilization and long-term retention of SOM is governed by sorption to soil
mineral surfaces, occlusion within aggregates, and deposition in soil pores (Jastrow et al. 2006).
This limits access to decomposing organisms which reduces the probability of decay and thus,
the rate of decomposition (Schmidt et al., 2011; Dungait et al., 2012).
Proponents of the physically mediated stabilization of SOM argue that short-term studies
examining residue decay cannot extrapolate the long-term persistence of SOM (Dungait et al.,
2012). Radiocarbon dating techniques have proven that SOM can be retained within the soil for
minutes, to decades and even millennia (Wattel-Koekkoek et al., 2003). However, it appears
unlikely that the chemical recalcitrance of the original organic material alone is the sole mediator
of SOM retention and stabilization. Six et al. (2002) point out that many studies examining soils
with high initial carbon levels have all not witnessed SOC increases when doubling or tripling
organic matter inputs. In addition, examinations into the chemical nature of SOM observe similar
chemical compositions of SOM and the soil microbial biomass (Simpson et al., 2007).
Chemical similarities of SOM and microbial biomass across a broad range of ecosystems
could indicate a universal mechanism for SOM formation. Contrufo et al. (2013) argue that the
microbial biomass serves as this universal mechanism and is the key link between plant litter
decomposition and its long-term stabilization. Within their microbial efficiency matrix
stabilization (MEMS) framework, Contrufo et al. (2013) argue that organo-mineral associations
are the primary means of SOM stabilization and that mineral stabilized organic matter is of
microbial origin. The MEMS framework has been highly cited and suggests that labile plant
materials are preferentially used by the microbial biomass and therefore more likely to become
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stabilized. This is contradictory to theories of humification whereby more chemically recalcitrant
plant materials are thought to become stabilized and this presents a conundrum.
The models and explanations on the intrinsic properties of the organic matter and its
humic byproducts thus far have had success predicting and explaining SOM dynamics. Each
theory of long-term stabilization has its merits and its criticisms but at this point, neither theory
can completely describe SOM and its stabilization. It is likely that a combination of these factors
is at play and more research is needed to reconcile these theories and understand the complex
dynamics of SOM. Schnitnzer and Morris (2011) suggest that emerging chemical techniques and
interdisciplinary cooperation with soil scientists, chemists and microbiologists may help to
provide answers. Nevertheless, the true nature of SOM and its long-term stabilization is still of
ongoing debate.
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