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Abstract: Much attention has been paid to switchgrass’s potential for conversion to cellulosic ethanol
and its ability to sequester soil organic carbon (SOC). Soil samples from switchgrass farms in East
Tennessee were collected at depths of 0–5, 15–30, 30–60, and 60–90 cm and tested for SOC over a 4-year
period (2008–2011). Results showed no differences (p ≥ 0.05) in SOC from 2008 to 2011. However,
when comparing the initial samples to year four, SOC decreases ranging from 0.04 to 0.47 t ha−1 were
observed in the 5–10 and 10–15 cm soil depths. While SOC increased with time in the 90 to 120 cm
layer, this increase was not significant at p = 0.05 but was significant at the 0.10 level. Following three
full growing seasons, switchgrass’s potential to sequester carbon comes at deeper soil depths due to
its vast root structure. Greater levels of carbon were present in soil previously no-tilled compared to
that previously under conventional tillage; however, neither gained or lost a significant amount of
SOC by year four. Alfisols were the only taxonomic category that had a significant increase in SOC
by year four. Green beans were the only previously produced crop that had a significant positive
effect on sequestering carbon. Increases in switchgrass yield were correlated to SOC.

Keywords: soil carbon; carbon sequestration; soil testing; switchgrass; cellulosic feedstock; renewables;
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1. Introduction

The biofuels versus fossil fuels debate continues. Some indicate that the need to replace fossil fuels
with an environment friendly alternative has become all the more urgent, as reports pour in on how
fossil fuels pollute the environment and contribute to the phenomenon of global warming. Among
the various replacement options put forth, biofuels are believed to be one of the best alternatives to
fossil fuels and are expected to be the primary contributor to renewable energy over the next decade [1].

In 2005, the United States through the Energy Policy Act embarked on an alternative transportation
fuels strategy by setting a renewable fuel standard (RFS) that required 7.5 billion gallons of ethanol
by 2012. By 2007, production exceeded this mandate and the Energy Independence and Security Act
(EISA) was passed. The EISA expanded the RFS program to include diesel, in addition to gasoline;
increased the volume of renewable fuel required to be blended into transportation fuel from 9 billion
gallons in 2008 to 36 billion gallons by 2022; established new categories of renewable fuel, setting
separate volume requirements for each category; and required the Environmental Protection Agency
(EPA) to apply lifecycle greenhouse gas performance threshold standards to ensure that each category
of renewable fuel emits fewer greenhouse gases than the petroleum fuel it replaces [2].
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One crop promoted as a dedicated energy feedstock crop is switchgrass. Switchgrass
(Panicum virgatum L.) is a high yielding, deep rooted, herbaceous perennial grass native to the United
States (Figure 1) [3]. As a native species, switchgrass is resistant to many diseases and pests [4]. In 1991,
after years of research by the Bioenergy Feedstock Development Program at Oak Ridge National
Laboratory (ORNL), the U.S. Department of Energy selected switchgrass as the model herbaceous
bio-energy crop for the Southeast. Reasons for selecting switchgrass included high yields, low fertilizer
input, excellent conservation attributes, and because the production and harvest methods were
compatible with conventional farming practices [5,6]. There are two general ecotypes of switchgrass.
One is a lowland ecotype that is tall, thick-stemmed, and can adapt to wet conditions. The other is
an upland variety that is shorter and thinly stemmed. The lowland variety generally produces more
biomass than its counterpart [7].
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Figure 1. Following the development of a sinkhole in a switchgrass field, the shovel, which is four
feet long and has its handle placed at ground level, indicates an additional five feet of switchgrass
root exposed. The root is the diameter of your little finger and is growing deeper into the soil (photo
courtesy of Ken Goddard, Retired University of Tennessee Extension Specialist).

Shahandeh et al. found that the slow decomposition of switchgrass could be a potential advantage
in sequestering soil carbon [8]. The root biomass of switchgrass can exceed its aboveground biomass,
with roots capable of extending more than three meters in depth [5,9]. Increased amounts of soil
organic carbon (SOC) can also improve a soil’s productivity by increasing soil nutrients and water
holding capacity and reducing soil bulk density [10].

Previous studies have looked at switchgrass’s potential to sequester SOC and have found
promising results [11–13]. The amount of SOC sequestered by switchgrass has been found to vary by
factors of depth, previous land use, soil type, and age of the switchgrass stand [10,14]. Studies have
shown that growing switchgrass leads to gains in SOC when planted on land that was previously
cultivated to row crops or that is fallow or in the Conservation Reserve Program [14]. Zan et al.
suggested that perennial energy crops grown on relatively fertile soils have the potential to substantially
increase soil C levels when compared to conventional agricultural or unmanaged systems [15].

Different soil types can affect the amount of carbon sequestered in the soil because different
soil types have varying levels of productivity [16]. Higher productivity levels result in increased
biomass, which in turn will increase soil carbon. Soil type also affects the rate at which organic matter
is decomposed [17,18]. The age of the switchgrass stand can have a significant impact on the amount
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of SOC sequestered. Ma et al. found that switchgrass did not sequester a significant amount of carbon
after three years in their study conducted in Alabama [13]. However, after ten years the switchgrass
stand had sequestered 44.8% and 28.2% more carbon than an adjacent fallow soil at depths of 0–15
and 15–30 cm, respectively. An experiment performed in Quebec compared amounts of SOC between
switchgrass and corn after four years of production [15]. They found that switchgrass sequestered SOC
at a rate of 3 t/ha/year more compared to corn [15]. A study by Jung and Lal sampled down to 30 cm
and found no significant differences in SOC levels between soils under switchgrass and the reference
soils [19]. Liebig et al. conducted a study comparing 42 paired switchgrass and cropland sites in
Minnesota, North Dakota, and South Dakota [20]. The soil under switchgrass had significantly more
SOC than cropland at depths of 0–5, 30–60, and 60–90 cm. SOC differences were highly pronounced
at the deeper sampled depths, differences were 7.7 and 4.34 Mg ha−1 for the 30–60 and 60–90 cm
depths, respectively [20]. In a study conducted in Tennessee by Garten et al., they found carbon content
declined sharply with depth [9].

The main objective of this study was to determine the amount of SOC sequestered by Alamo
switchgrass, a lowland ecotype, in East Tennessee and how the amount sequestered is affected by
depth, tillage, age of switchgrass stand, yield, soil type, and previous crop. While similar studies
have been conducted on switchgrass’s ability to sequester carbon, they often have not incorporated
a multi-factor analysis to the interpretation of results.

2. Materials and Methods

2.1. Site

The study took place at seven switchgrass farms in East Tennessee, all within an 81-km (50-mile)
radius of the 250,000-gallon bio-refinery located at Vonore, TN. Soil samples were collected for both
shallow (0–5, 5–15, and 15–30 cm) and deep (30–60, 60–90, and 90–120 cm) depths. A map of the East
Tennessee counties used in this analysis along with the soil taxonomic categories present in each
county can be seen in Figure 2. A brief description of each farm is presented in Table 1.

Table 1. Farm location, size, previous crop, soil taxonomy, and tillage used in analysis.

Farm County Hectares Previous Crop Soil Taxonomy Tillage a

A Monroe 54.7 Soybeans Mollisols NT
B Monroe 27.9 Soybeans Ultisols NT
C Polk/McMinn/Bradley 22.2 Pasture Ultisols CT
D McMinn 31.4 Soybeans Inceptisols CT
E Blount/Loudon 6.8 Soybeans Alfisols NT
F Rhea 30.4 Green beans Alfisols/Inceptisols NT
G Loudon 15.9 Pasture Ultisols NT

a NT indicates No Tillage practice was used and CT indicates a conventional tillage practice was used to
plant switchgrass.

The owners of these farms were contracted in 2008 by the University of Tennessee and
Genera Energy to grow switchgrass for the purpose of generating biomass to be converted into
cellulosic ethanol at the DuPont Danisco Cellulosic Ethanol (D.D.C.E.) bio-refinery in Vonore, TN.
Information from the farmer included location, field size, and previously grown crop. Prior to
signing a contract with the farmer, Extension personnel measured the field using global positioning
system (GPS) technology. After the farmer was enrolled in the program, switchgrass establishment
began. Maps of the fields were generated and soil maps were used to identify soils within the field
boundaries [21]. The sampled farms range in size, shape, slope, drainage, soil type, previous crop
grown, tillage method, and overall soil productivity. The switchgrass was originally planted during
the months of April–July 2008 at a rate of 6 pounds live seed per acre and drilled to a depth of 1 to
2 cm using farmer-owned equipment. Mowing and baling occurred once a year during November
through March. Table 2 displays the average switchgrass yields for each farm for the years 2008–2011.
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Figure 2. Map of East Tennessee counties where the switchgrass farms were located that were used in
this analysis and their county-specific soil taxonomic category makeup [22].

Table 2. Average annual switchgrass yields.

Farm Farm ID Number
2008 Yield 2009 Yield 2010 Yield 2011 Yield

t/ha

A 4 2.4 13.0 20.9 13.5
B 5 3.8 15.9 15.4 14.7
C 8 5.6 13.2 9.2 11.8
D 9 4.4 7.1 13.7 19.0
E 12 2.1 6.7 13.5 10.9
F 13 1.2 10.2 15.2 16.0
G 15 9.7 15.1 17.5 16.7

2.2. Soil Sampling and Analysis

Four years of samplings were completed in June and July 2008 (prior to land use change), February,
March, and April 2009, and March and April 2010. The latest sampling occurred in February and March
2011. Within each field sampled, sampling points were selected randomly using a geo-referenced
statistical-based model developed in Visual Basic and ArcGIS Engine [22,23]. Empirical evidence
suggest that geo-referenced soil sampling is superior with respect to the information they provide
compared to other soil sampling strategies [24]. The model was designed as follows:

• Each soil type was assigned a number of sampling points based on its size within the farm.

# If the area was less than 0.81 hectares then no points were assigned,
# if the area was between 0.81 and 4.05 hectares the algorithm assigned 4 points, and
# if the area was greater than 4.05 hectares the number of points assigned was one point

per hectare.

• Each point was placed randomly but was guaranteed not to fall within 7.62 m from the soil
boundaries and guaranteed to be at least 30.5 m from every other point.
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The points, once selected, were loaded into a handheld GPS model TDS Nomad. The handheld
GPS unit was used in the field to locate and flag each respective sampling point. The same sets of
points were sampled each year.

After each sampling point was located, a handheld soil probe (JMC Backsaver push probe with
a JMC 38.1 cm dry sampling tube) was used to collect the shallow samples. The samples were broken
down in 0–5, 5–10, 10–15, and 15–30 cm increments. Five cores were taken within a five-foot radius of
the sampling point to give a representative sample of the area. A set of deep samples up to a depth of
120 cm was also collected. These samples were then broken down into 30-cm increments (30–60, 60–90,
and 90–120 cm). The criterion for collecting these samples was one core sample per soil type. During
the first year of sampling, the deep samples were collected with a bucket auger with a three-inch
diameter to the appropriate depths. Each year thereafter, deep samples were collected with a Giddings
hydraulic soil probe. After each sample was collected, they were placed into a plastic sample bag.
These bags were left open and placed in a greenhouse for air-drying. After the samples dried, they
were ground, sieved through a 2-mm sieve, then shipped to the University of Tennessee Soil, Plant,
and Pest Center (Nashville, TN) for additional oven drying and soil analysis.

Bulk density soil samples were collected along with soil carbon samples in 2008. Soil bulk density
for the shallow samples (0–30 cm) was determined using the core method [25]. Five-centimeter cores
were taken at 0 to 5 cm, 5 to 10 cm, 10 to 15 cm, and 15 to 30 cm depths for the shallow measurements.
The deep samples of 30–60 cm, 60–90 cm, and 90–120 cm depths were taken using a soil probe truck.
The cores were transferred to the lab to determine bulk density. The length and diameter of each core
were recorded to calculate the core volume. The cores were then oven-dried for 24 h at 105 ◦C and
the dry weight was determined [25]. For each core, bulk density was determined and recorded as
mass (g)/volume (cm3). Bulk densities were used to convert percent SOC into a concentration per
area of t/ha.

For SOC, a sample of 5–10 mg was placed in a tin sample cup. The soil sample was heated to
105 ◦C in a furnace in a stream of helium (He) [26]. Flash combustion was induced by a pulse of O2

injected into the quartz reactor causing the tin to heat to 1700–1800 ◦C, combusting the soil sample and
releasing CO2 [26]. The thermal conductivity of the gases was measured and the relative concentration
of the thermal conductivity indicated the content of organic carbon. The analyzer used was a Thermo
Fisher EA 1112 Combustion C/N Analyzer (Thermo Fisher Scientific, Waltham, MA, USA).

All data were analyzed using the SAS package [27]. Data were summarized using means to
provide soil organic carbon levels (t/ha) for each depth and year. Data were analyzed for significant
differences in SOC using a letter grouping ANOVA in PROC MIXED [28]. The probability level for
significance was set at p ≤ 0.10. A linear regression was also used to determine what factors were
having significant effects on changes in SOC between 2008 and 2011. This was accomplished by taking
the differences in SOC as the dependent variable. Factors considered in this analysis were tillage
method, previously produced crop, switchgrass yield, and soil taxonomy. Significance was set at
the p ≤ 0.10 level.

3. Results and Discussion

3.1. ANOVA Analysis

The amount of SOC (t/ha) present in the surface 0–30 cm is shown in Figure 3. For each increment
in the top 30 cm of the soil, the amount of carbon in the soil drops after the initial year and the amount
of SOC present in 2011 for each case is lower than the initial 2008 levels. While the levels have dropped,
the amount reduced in the 0–5, 10–15, and 15–30 cm depths was not statistically significant (Table 3).
In the top 10 cm of the soil, the amount of carbon sequestered or released seems erratic, which could
be for various reasons. Being so close to the surface, slight soil disturbances through harvest and
the increased decomposition for being exposed to the elements compared to deeper depths could
potentially affect SOC sequestration rates, seemingly making the top 10 cm of the soil a very sensitive
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area to carbon sequestration [29]. Anderson-Teixeira et al. found that harvesting biomass reduces
and/or slows SOC accumulation, especially at shallow depths [14]. For switchgrass, in particular,
they found that harvesting caused SOC to build less rapidly [14]. Another explanation could be
root turnover.
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Figure 3. Annual soil organic carbon amounts for the 0–5, 5–10, 10–15, and 15–30 cm depths between
the East Tennessee farms used in this study. Different letters within a depth range are significantly
(p = 0.05) different from each other. Error bars are 1 standard deviation from the mean.

Table 3. Change in soil organic carbon (SOC) from 2008 to 2011 by tillage method, previous crop,
taxonomic category, and switchgrass yield across all farms used in this study.

Variable Coefficient t-Value

INTERCEPT −2.29 −0.20
CT 5.33 1.29

Pasture 26.34 *** 4.41
Green beans 24.87 *** 3.14

Ultisols −24.85 *** −3.31
Inceptisols −42.95 *** −5.29
Mollisols −36.78 *** −3.97

Yield 2.83 * 1.94

*** Denotes significance at the 99% confidence level. ** Denotes significance at the 95% confidence level. * Denotes
significance at the 90% confidence level. (Reference Category: NT, Soybeans, Alfisols).

Average root turnover for native grasses is four years [30]. Since the switchgrass stands in this
study have only gone through three full growing seasons, the true contribution of SOC from root
turnover may not yet have been accounted for.

An interesting finding from the deep soil samples (Figure 4) shows that SOC levels at depths
below 30 cm (30–60 cm, 60–90 cm, and 90–120 cm) all had higher carbon stocks present by 2011
than were present in the base year of 2008. The amounts sequestered in the 30–60, 60–90 cm and
90–120 cm depths were not significant at the 5% level. Analysis at the 10% level showed that 90-120 cm
were different from the other two depths 30 to 60 and 60 to 90 cm. The carbon increases at these
depths were not expected since several studies show that the highest carbon sequestration rates
occur in the top 15 cm [11,13] or top 50 cm of the soil profile [31]. However, most of the experiments
available in the literature do not sample to as deep a depth as performed in this analysis and never has
an experiment of this size and scope been conducted to include so many farm types, sizes, landscapes,
soil types, or previously grown crops. One study that did sample to a depth of 120 cm found a similar
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result [20]. Liebig et al. found increases in organic carbon compared to cropland in deeper depths;
significant increases were found in the 30–60 cm and 60–90 cm depths [20]. The increase in soil
carbon at deeper depths is reasonable since not much carbon was initially present in depths of that
magnitude, but with switchgrass’s extensive root system more carbon is being placed into the deeper
soil. It is not uncommon for switchgrass roots to reach a depth of 3 m and for the root biomass to
exceed the aboveground biomass [5,9]. Carbon stored in deep soil is more permanent and is less
likely to be released into the atmosphere through soil disturbances. This could be an important factor
in helping to solve the problem of how to administer carbon credits to agricultural lands. Some
of the problems faced are contract length and how to put monetary value on the carbon, because
after the carbon sequestration contract has ended the land may be tilled or disturbed, thus gradually
releasing the stored carbon in the top profile of the soil. With a crop such as switchgrass this may not
be as big of an issue because a good portion of carbon is sequestered deep enough not be released
through normal soil disturbances, such as tillage. It is important to note that total carbon levels have
increased throughout the whole 120 cm soil profile (Figure 5) over the sampling period; however, not
yet by a significant amount.
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the East Tennessee farms used in this study. Different letters within a depth range are significantly
(p = 0.05) different from each other. Error bars are 1 standard deviation from the mean.

Figures 6–8 show the annual levels of SOC from the perspectives of the tillage method used
(no-tillage or conventional), previous crop (soybeans, green beans, or pasture) produced on the soil
before the switchgrass was planted, and the soil taxonomic category (Mollisols, Alfisols, Inceptisols,
or Utlisols). More carbon was present in the soils that had been planted with no-tillage when compared
to conventional tillage, but as shown in Figure 6 neither had a significant increase in carbon. For both
no-tillage and conventional tillage, the initial carbon levels were not statistically different from the final
year of sampling. No-tillage did sequester a significant amount of SOC in 2010, but carbon levels
decreased again in 2011. The reasons are unknown. Figure 7 shows the SOC levels present in the soil
when separated by taxonomic categories. At the 0.05% level, beginning and ending SOC levels were
not statistically different from each other for any of the taxonomic categories. The only exception
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being in 2010 under Mollisols, but carbon levels dropped back down in 2011. The location where
this occurred was a field characterized as “poor 20 bushel soybean ground” [32]. This 2010 change in
carbon for Mollisols may be an anomaly of the data.
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At the 10% probability of error level, Alfisols was shown to have significantly sequester SOC by
the fourth year when compared to the initial levels. This suggests that Alfisols may have an advantage
in sequestering carbon during the initial growth stage of switchgrass compared to the other taxonomic
categories used in this analysis. Overall, more carbon was present in Mollisols than any other
taxonomic category.

Previous crop history did not significantly impact the change in SOC when comparing the 2008,
initial year, to 2011. Previous crops on fields included in the experiment were soybeans, green beans,
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and land previously in pasture. While the data indicates that the previous crop has no significant
impact (see Figure 8), the number of observations for both green beans (8) and pasture (10) are small.
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3.2. Regression Analysis

Changes in SOC stocks from the base 2008 levels to 2011 are evaluated using linear regression
techniques to determine which factors were significant in affecting soil organic carbon levels. A positive
(negative) coefficient for a variable indicates that the change in SOC levels were larger (smaller)
than the change of SOC levels for the reference category. When using categorical dummy variables
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in regression analysis, one dummy variable from each category must be dropped. The reference
for tillage method was no-tillage, the reference for previous crop was soybeans, and the reference
for soil taxonomy was Alfisols. These references were chosen because they were the group in each
category that had the most observations. Results from the regression will vary from the ANOVA
analysis because of the reference chosen. In a regression, all comparisons are drawn from the references.
In the discussion, one or more of the reference categories for the dummy variables (no-tillage, soybeans,
Alfisols) may be implied for ease of exposition.

No significant changes in carbon were seen when comparing conventional tillage to no-tillage.
The change in SOC levels from 2008 to 2011 for pasture were greater than the changes in SOC levels
for soybeans. All things being equal, land previously in green beans also had a greater change in SOC
amounts over the same 4-year period than did soybeans. As can be seen in Figure 8, pasture and
green beans both had higher amounts of SOC present by 2011 than were present in 2008. Soybean was
the only previous crop that had lower carbon levels by 2011 than in the base year of 2008. These results
suggest that land previously used for soybean production may be less effective at sequestering carbon
compared to land previously used for producing green beans or in pasture. In addition, all three
taxonomic categories (Inceptisols, Mollisols, Utlisols) had significant changes between 2008 and 2011
compared to the reference category Alfisols. Inceptisols, Mollisols, and Utlisols all had significantly
smaller changes in SOC from 2008 to 2011 than did Alfisols. Alfisols were the only taxonomic category
to have significant increases in carbon by 2011. These results show that Alfisols may be more proficient
at sequestering carbon than the other taxonomic categories used in this analysis. Inceptisols had
an increase in carbon, but the increase was not significantly different from zero and Mollisols and
Ultisols had diminished carbon levels by 2011 compared to 2008. Switchgrass yield was also significant
in affecting changes in SOC. As biomass yields of switchgrass increased, SOC increased.

In examining change in carbon as a function of time, soils sampled in the 0–30 cm profile showed
a slightly declining amount of SOC (Figure 9) throughout the years sampled. The decrease in SOC
ranges from losing 0.04 t/ha of carbon per year for the 0–5 cm depths up to losing on average
0.47 t/ha of carbon per year for the 15–30 cm depths. However, as can be seen in Figure 10, there is
a gradual increase in SOC for the 30–120 cm depths, with the highest accumulation rate coming at
the 90–120 cm depth. The deeper the depth the more carbon that is being sequestered, with close to
2.5 times the rate of accumulation at the 90–120 cm depth than at 30–60 cm.
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4. Conclusions

The goal of this study was to examine the soil carbon sequestration capabilities of switchgrass.
This goal was accomplished by collecting soil samples annually from 2008 to 2011 from seven
switchgrass farms located in East Tennessee. The main findings of the analysis show that after
three growing seasons, switchgrass does sequester carbon though not a significant amount overall,
with most of the carbon accumulation occurring in the deeper soil depths. Carbon levels are likely to
increase significantly over time as root turnover occurs and the land stays untilled. This report also
found that initial carbon sequestration rates are affected by depth, soil taxonomic category, previous
grown crop, and biomass yield.

Switchgrass production is a promising biomass/biofuel crop that can help rid the United States
of dependence on foreign oil and has the additional benefit of sequestering carbon. Farmers producing
switchgrass will likely benefit financially from emerging carbon markets while at the same time reduce
greenhouse gas (GHG) present in the atmosphere. Further research and soil sampling should be done
to help track the accumulation of soil carbon stocks under switchgrass production and to further
evaluate how it is affected by different factors, such as tillage method, yield, previous crop, and soil
type. The soil samples used in this analysis have been archived and can be used in future studies.
If the fields sampled remain in switchgrass production, periodic sampling of those same fields could
provide valuable additional information.
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