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Abstract Switchgrass (Panicum virgatum L.), a warm-
season perennial grass, is an important bioenergy crop
candidate because it produces high biomass yields on
marginal lands and on reclaimed surface mined sites. In
companion studies, dry matter (DM) yields for Cave-in-
Rock, Shawnee, and Carthage cultivars varied from 4.2 to
13.0 Mg ha−1averaged over 6 years at the reclaimed
Hampshire site, and fertilization increased yields of
Cave-in-Rock at Black Castle and Coal Mac sites from
0.3 to 2 Mg ha−1 during the first 3 years. The objective
of these experiments was to compare the impacts of cul-
tivar and soil amendments on biomass quality and theo-
retical ethanol production of switchgrass grown on sur-
face mines with differing soil characteristics. Biomass
quality was determined for fiber, ash, lignin, digestibility,
and carbohydrate contents via near-infrared reflectance
spectroscopy, and carbohydrates were used to calculate
theoretical ethanol yield (TEY; L Mg−1) and multiplied
by biomass yield to calculate theoretical ethanol produc-
tion (TEP; L ha−1). Cultivars at the Hampshire site did not
differ in TEY and ranged from 426 to 457 L Mg−1. The-
oretical ethanol production from Cave-in-Rock at Hamp-
shire was 7350 L ha−1, which was higher than other cul-
tivars because of its greater biomass production. This TEP
was higher than in other studies which predicted 4000 to
5000 L ha−1. At the Black Castle and Coal Mac sites,
fertilizer applications slightly affected biomass quality of
switchgrass and TEY, but provided greater TEP as a func-
tion of increased yield. Similar to other findings, total

switchgrass biomass production has more impact than
compositional differences on TEP, so maximizing bio-
mass production is critical for maximizing potential bio-
fuel production. With appropriate soil substrates, fertiliza-
tion, planning, and management, large areas of reclaimed
surface mines can be converted to switchgrass stands to
produce high biomass quality and yields to support a
bioethanol industry.
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Abbreviations
DM Dry matter
EC Electrical conductivity
NIRS Near-infrared reflectance spectroscopy
TEP Total ethanol production
TEY Total ethanol yield

Introduction

Switchgrass is a model crop for cellulosic ethanol because of
high biomass production potential and compositional char-
acteristics [8]. Switchgrass ethanol yield is improved with
greater carbohydrate fractions, fewer lignin constituents, and
less metals [9, 34]. The major fermentable sugars in hydro-
lyzed grass biomass are glucose and xylose, while arabinose,
galactose, and mannose contribute significantly less [1, 7,
10, 13, 27, 35]. Therefore, simple conversion calculations
can be used to predict ethanol yield using the hexose (glu-
cose, mannose, and galactose) and pentose (xylose and arab-
inose) sugars from hydrolyzed switchgrass biomass cell
walls [6, 35].
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Switchgrass composition demonstrates significant annual
and spatial variation [29]. This can be due to precipitation
[15], temperature [1], and management [14]. Within-field var-
iation and small changes in soil properties do not seem to
affect switchgrass composition because individual fields are
subject to similar temperatures, precipitation, and harvest
management [29]. This is useful in practice because
biorefineries can run fewer analyses of switchgrass if ship-
ments come to the refinery from harvests of the same fields.

Many studies have reported differences among switchgrass
cultivars in ligno-cellulosic composition [2, 5, 23, 29], while
others have shown similarities among cultivars [20, 39]. For
example, Schmer et al. [29] showed that Cave-in-Rock and
Shawnee had higher total hexose concentrations than the cul-
tivar Trailblazer. Trailblazer had a higher theoretical ethanol
yield (TEY; L Mg−1) compared to Shawnee at one of three
sites in their study. Cultivar differences were also evident for
theoretical ethanol production (TEP; L ha−1) at two sites be-
cause of differences in biomass yield. Although compositional
differences among cultivars may affect ethanol yield on a
mass basis (L Mg−1), greater aboveground biomass may have
a greater influence on ethanol production per land area
(L ha−1) [21, 23, 29, 35].

Wet chemical analysis to determine carbohydrate charac-
teristics of biomass samples is expensive and time-consuming.
The cost of producing a comprehensive profile of carbohy-
drate and other constituents as performed by Vogel et al. [35]
is approximately $2000 per switchgrass sample [12, and per-
sonal communication, K. Vogel and M. Casler]. Although a
biorefinery does not need complete characterization of bio-
mass traits and cell wall components to determine quality for
ethanol production, analyzing large numbers of samples can
become very costly. Typical biomass quality traits required by
a biorefinery are ash, structural and soluble carbohydrate con-
tent, lignin, and moisture [6, 25]. Analyzing each individual
sugar requires a significant amount of time, equipment, and
money.

Recent research has demonstrated the feasibility of deter-
mining the chemical constituents of bioenergy feedstocks with
near-infrared reflectance spectroscopy (NIRS) rather than by
traditional laboratory wet chemistry techniques [17, 22, 34,
35, 38]. Biomass samples for prediction equation develop-
ment are selected to represent the range of spectral, cultural,
and compositional characteristics, such as maturity and crop
management, in the population of interest [32, 35]. Calibration
sets of paired spectra and reference wet chemical data are used
with chemometrics software to develop prediction equations
for rapid, cost-effective analysis of biomass constituents
[35, 38]. Currently, there are no research results regarding
compositional analysis of switchgrass grown on reclaimed
surface mines by wet chemistry or NIRS.

Our first objective was to determine if biomass composi-
tion, TEY, and TEP varied among three switchgrass cultivars

grown on a surface mine. Previous experiments showed that
aboveground biomass levels differed among cultivars and rec-
lamation methods [3], but higher biomass yields may not
translate into better biomass quality for ethanol production.
A second objective was to determine the effect of fertilizer
applications on Cave-in-Rock switchgrass composition,
TEY, and TEP from reclaimed surface mine sites.

Materials and Methods

Composition of switchgrass biomass was evaluated from four
reclaimed sites in West Virginia. Site descriptions, biomass
collection, and yield data were reported previously [3] and
are summarized below. To determine compositional differ-
ences among three switchgrass cultivars in experiment 1, bio-
mass samples were collected for NIRS analysis from Hamp-
shire, a site where annual biomass dry matter (DM) yields
were up to 19 Mg ha−1. Compositional analysis of samples
from Hobet via NIRS was unsuccessful because spectra were
outside the population structure of our calibration set, and
therefore, the data were not used further. To determine com-
positional differences of Cave-in-Rock grown with different
fertilizer and mulch treatments in experiment 2, biomass sam-
ples were collected from Black Castle and Coal Mac sites.

Brief Description of Sites

Experiment 1

Reclamation at Hampshire (39.4° N,79.1°W)was completed in
1996 and mine soils were covered with 0.3 m of topsoil, and
three applications of lime-treated sludge from the Luke, MD,
municipal wastewater treatment plant were made in 1998,
2003, and 2008, each at a rate of 225 Mg (dry)ha−1. The appli-
cation of topsoil and sludge provided favorable soil properties
which greatly enhanced revegetation potential. Nine 0.4-ha
plots were laid out in 2008, and three upland cultivars of switch-
grass, replicated three times, were assigned to plots in a
completely randomized design. Cave-in-Rock, Carthage, and
Shawnee were broadcast-seeded in individual plots at 11.2 kg
pure live seed ha−1. Six sampling points were randomly chosen
within each plot, and aboveground biomass within a 0.21-m2

quadrat was clipped to 10-cm stubble height at post-anthesis
stage in October 2012 and 2013 to determine yield. Biomass
was not removed from plots annually, and biomass collected
from previous year’s growth was less than 5 % of sample mass.

Experiment 2

Sites at Coal Mac (37.7° N, 82.0° W) and Black Castle (38.1°
N, 81.7° W) were reclaimed in early 2011, but Coal Mac was
reclaimed with 0.6 to 0.9 m of topsoil and Black Castle had
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0.2 to 0.3 m of applied topsoil. Cave-in-Rock switchgrass was
planted at the same rate as in experiment 1, and planting,
fertilizing, and mulching occurred in June 2011. At both sites,
four treatments were assigned to plots in a randomized com-
plete block design with five 0.4-ha blocks:

1. No fertilizer, light mulch: control; 1.5Mg ha−1 application
of hydromulch (dry wt)

2. Low fertilizer, light mulch: 34 kg N-P2O5-K2O ha−1 and
1.5 Mg ha−1 application of hydromulch

3. Low fertilizer, heavy mulch: 34 kg N-P2O5-K2O ha−1 and
3.0 Mg ha−1 application of hydromulch

4. High fertilizer, light mulch: 68 kg N-P2O5-K2O ha−1 and
1.5 Mg ha−1 application of hydromulch

Commercial 10-10-10 fertilizer was applied at appropriate
rates to plots. Hydromulch, a paper-based product, was used
to simulate hydroseeding techniques for revegetation. Three
sampling points were randomly chosen within each plot, and
aboveground biomass within a 0.21-m2 quadrat was clipped at
each point as in experiment 1 to determine biomass yield.
Biomass was not removed from plots annually, and biomass
collected from previous year’s growth was less than 1 % of
sample mass at these sites.

Biomass Preparation and NIRS Analysis

Clipped biomass samples were dried at 60 °C to constant weight
and ground to pass a 2-mm screen of a cutting mill and a 1-mm
screen of a cyclone mill. Sample spectra were obtained on a
scanning monochromator (SpectraStar 2400 RTW, Unity Sci-
entific, Brookfield, CT) as the reciprocal log of reflectance (log
1/R) at 1-nm increments over a range of 1250 to 2349 nm.
Subsequent predictions of sample composition were made with
UCal 3.0 chemometrics software (Unity Scientific, Brookfield,
CT). Spectra were standardized with a data file that spectrally
matched our instrument to a master instrument (FOSSModel
6500, FOSS North America, Eden Prairie, MN) managed by
the NIRS Forage and Feed Testing Consortium (NIRSC,
Hillsborough, WI) and from which UCal prediction equations
for compositional analysis were obtained. A switchgrass
bioenergy equation was used from a calibration database devel-
oped by Vogel et al. [35] with samples grown on agricultural
sites in the Great Plains region of the USA and representing
diverse varieties, locations, and harvesting techniques and
timing. A second forage compositional equation was used,
which was developed by the NIRSC (13ghu24.prd) from a
grass-hay database containing cool- and warm-season grasses
including switchgrass. Summary statistics for these equations
developed with modified partial least squares regression are in
Vogel et al. [35] and online [24]. Reference wet chemical
methods for switchgrass bioenergy calibration samples are de-
scribed in Vogel et al. [35]. Those for NIRSC grass-hay

equation samples include amylase-treated neutral detergent fi-
ber (aNDF), ash, acid detergent lignin (ADL), and 48-h in vitro
NDF digestibility (NDFD48) as described in Peters [26].

Samples were considered to be well-represented by predic-
tion equation calibration sets if global and neighborhood dis-
tances (GD and ND) calculated for each sample were ≤3 and
≤1.2, respectively, for individual constituents [32]. Samples that
exceeded these limits for a constituent were considered outliers
relative to the calibration dataset and predicted values for those
constituents were excluded from comparisons of experimental
treatments and calculations of TEY and TEP. For Hampshire,
10 % of the samples were discarded because they were consid-
ered outliers, while 22 and 11 % of samples were discarded for
Black Castle and Coal Mac, respectively. As noted, all samples
from Hobet were outliers and not used in this analysis.

Estimation of Theoretical Ethanol Yield and Ethanol
Production

Data for individual sugars obtained from compositional anal-
ysis with NIRS (Table 1) were used to predict TEY and TEP.
Concentrations of cell wall carbohydrates used in Vogel et al.
[35] and predicted by the NIRSC bioenergy equation were as
polymeric forms: glucan (GLC), galactan (GAL), mannan
(MAN), xylan (XYL), and arabinan (ARA) (Table 1 and B.
Dien, personal communication). Three methods were used to
estimate TEY and TEP (Table 2). The first was a Vogel
et al. NIRS switchgrass bioenergy equation [35], which is
more comprehensive and is based on cell wall and nonstruc-
tural carbohydrate concentrations (method 1). The second
method from Dien [6] is a simplification of Method 1
and includes only the main cell wall hexose and
pentosepolysaccharides which can be hydrolyzed to ferment-
able sugars. For samples from Black Castle and Coal Mac for
which all constituents could not be predicted within accept-
able GD and/or ND limits with the switchgrass bioenergy
equation, a third method was used, which is a simplified ver-
sion of Method 2. Method 3 was based only on cell wall
glucan and xylan because concentrations of these constituents

Table 1 Carbohydrates
used in predicting
ethanol yield and
production

Abbreviation Constituent

GLC Glucan

GAL Galactan

MAN Mannan

STA Starch

GLCS Soluble glucose

FRU Fructose

SUC Sucrose

XYL Xylan

ARA Arabinan
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could be more reliably predicted than those of other cell wall
sugars at these sites. Concentrations of sugars in equations are
in mg g−1.

Statistical Analyses

Data were analyzed as a repeated measures analysis of vari-
ance (ANOVA), with year as the repeated variable, using a
mixed-model procedure of the Statistical Analysis System
(SAS) with sites, cultivars, and years as fixed effects [33].
Data met assumptions of normal distributions for ANOVA
according to the Shapiro-Wilk normality test [31]. For both
experiments, data were analyzed by the least square (LS)
means analysis with Tukey-Kramer adjustment for multiple
comparisons. The LS means and standard errors are presented
in the tables. For experiment 2, blocks within sites (Black
Castle and Coal Mac) were random effects, while site, treat-
ment, and year were fixed effects. For each analysis, statistical
significance was based on a p value of <0.05.

Results and Discussion

Experiment 1: Differences in Chemical Composition
of Switchgrass Cultivars

Biomass quality traits differed among cultivars (Table 3).
Cave-in-Rock had the highest concentrations of aNDF and

ADL, while Carthage had the lowest. Carthage had the highest
concentration of N. Ash and NDFD48 did not differ among
cultivars. Values for each constituent for Shawnee were con-
sistently between those for Cave-in-Rock and Carthage. There
were no cultivar × year interactions.

Our biomass compositional values are comparable to those
cited in other literature. Cortese and Bonos [4] showed a sig-
nificant year × cultivar effect for ash content across 2 years
and ten cultivars. Similar to our findings, ash contents for
Cave-in-Rock (6.0 %) and Carthage (6.4 %) did not differ,
but our ash contents of 5.8 % were much higher than theirs
at 2 %. Lemus et al. [19] showed average ash contents of
6.1 % across 20 cultivars in the Midwestern USA, very close
to our ash contents that ranged from 5.3 to 6.3 %. Our data for
switchgrass aNDF varied between 76.9 and 84.0 %, which is
very similar to those of Lemus et al. [19] who showed a mean
of 73.7 % across 20 cultivars grown in Iowa.

Experiment1: Cell Wall Constituents

Concentrations of GLC, GAL, GLCS, and FRU differed
across cultivars (Table 4). As in biomass composition, cell
wall constituent concentrations for Shawnee were intermedi-
ate between the other two cultivars. Cave-in-Rock had the
highest values for GLC, which ranged from 31.7 % for
Cave-in-Rock to 28.5 % for Carthage. The GLC values are
very close to those reported by others. Adler et al. [1] showed
different GLC concentrations over years for Cave-in-Rock at
28.6 and 32.5 %. Schmer et al. [29] reported averages of

Table 2 Methods and carbohydrates used in predicting theoretical
ethanol yield (TEY, L Mg−1) and theoretical ethanol production (TEP,
L ha−1) on reclaimed surface mines

Method/
parameter

Reference and constituentsa used Unit

Method 1 Vogel et al. [35]

HEX (((GLC+GAL+MAN+STA)×0.57)
+((GLCS+FRU)×0.51)+(SUC×0.537))
×1.267; assuming 100 % conversion

L Mg−1

PEN (XYL+ARA)×0.579×1.267 L Mg−1

TEY1 HEX+PEN L Mg−1

TEP1 TEY1×biomass yield (Mg ha−1) L ha−1

Method 2 Dien et al. [6]

C6 (GLC+GAL+MAN)×0.57×1.267 L Mg−1

C5 (XYL+ARA)×0.579×1.267 L Mg−1

TEY2 C6+C5 L Mg−1

TEP2 TEY2×biomass yield (Mg ha−1) L ha−1

Method 3 Dien et al. [6]

GL GLC×0.57×1.267 L Mg−1

XY XYL×0.579×1.267 L Mg−1

TEY3 GL+XY L Mg−1

TEP3 TEY3×biomass yield (Mg ha−1) L ha−1

a See Table 1

Table 3 Biomass composition of switchgrass from Hampshire

Na aNDF Ash ADL NDFD48
% DM % aNDF

Cultivar

Cave-in-Rock 0.37 bx 84.0 a 5.3 6.4 a 30.4

Carthage 0.83 a 76.9 b 6.3 5.1 b 38.2

Shawnee 0.61 ab 79.7 ab 5.8 5.8 ab 34.0

SE 0.082 1.33 0.04 0.22 1.86

p Value 0.02 0.03 NS 0.02 NS

Year

2012 0.69 81.0 6.1 5.9 32.4

2013 0.52 79.3 5.6 5.6 36.0

SE 0.068 1.08 0.29 0.18 1.52

p Value NS NS NS NS NS

x Different letters in each column denote significant difference at p≤0.05
level of probability according to ANOVA or Tukey’s HSD

P value the statistical significance by ANOVA

N nitrogen, aNDF neutral detergent fiber, ADL acid detergent lignin,
NDFD48 48-h neutral detergent fiber digestibility, SE the standard error
of the mean
aN×6.25=crude protein
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27.6%GLC for Cave-in-Rock and 20.6 %GLC for Shawnee,
while Dien et al. [6] found a post-frost harvest GLC concen-
tration of 32.2 % for Cave-in-Rock and 28.1 % for Shawnee.
Carthage had the highest concentration for GAL with 0.93 %,
while Cave-in-Rock and Shawnee had similar values of
0.83 %. GLCS was highest for Carthage and Shawnee at
1.6 %. Carthage showed the highest concentration of FRU
(1.1 %), while Cave-in-Rock and Shawnee had similar values.
Concentrations of GAL in 2012 of 0.93 % were higher than in
2013 when they were 0.80 %. Years also differed for STA
concentrations of 0.16 and 0.42 % in 2012 and 2013,

respectively. There were no cultivar × year interactions for
any cell wall component.

TheMAN, STA, SUC, XYL, and ARA concentrations were
all similar among cultivars. Concentrations of MAN averaged
0.80% and ranged from 0.94% for Cave-in-Rock to 0.77% for
Carthage. Averaged over cultivars, MAN concentrations were
higher at 0.91 % in 2012 than in 2013 with 0.78 %. In other
studies, MAN concentration for Cave-in-Rock was found to be
closer to 0.50 %with Adler et al. [1] reporting 0.59 % and Dien
et al. [7] reporting 0.50 %. STA ranged from 0.18 to 0.43 %,
SUC from 2.7 to 3.1 %, XYL from 20.6 to 22.2 %, and ARA

Table 4 Cell wall and
nonstructural carbohydrate
constituents of switchgrass from
Hampshire

Effect GLCa GAL MAN STA GLCS FRU SUC XYL ARA
% DM

Cultivar

Cave-in-Rock 31.7 ax 0.83 b 0.94 0.25 1.4 b 0.58 b 2.7 22.2 2.8

Carthage 28.5 b 0.93 a 0.77 0.18 1.6 a 1.10 a 3.1 20.6 2.9

Shawnee 29.7 ab 0.83 b 0.82 0.43 1.6 a 0.83 ab 3.0 21.4 2.8

SE 0.54 0.017 0.040 0.070 0.05 0.067 0.13 0.42 0.04

p Value 0.02 <0.01 NS NS 0.02 <0.01 NS NS NS

Year

2012 29.3 0.93 0.91 0.16 1.6 0.89 2.8 21.3 2.8

2013 30.6 0.80 0.78 0.42 1.5 0.79 3.0 21.5 2.8

SE 0.44 0.014 0.04 0.057 0.04 0.055 0.10 0.03 0.03

p Value NS <0.01 0.02 <0.01 NS NS NS NS NS

x Different letters in columns denote significant difference at p≤0.05 level of probability according to ANOVA or
Tukey’s HSD

P value the statistical significance by ANOVA

SE the standard error of the mean
a See Table 1

Table 5 Switchgrass theoretical
ethanol yield and production from
Hampshire using methods 1 and 2

Effect HEXa PEN TEY1 TEP1 C6 C5 TEY2 TEP2
L Mg−1 L ha−1 L Mg−1 L ha−1

Cultivar

Cave-in-Rock 274 ax 183 457 7350 a 241 a 184 425 a 6830 a

Carthage 258 b 173 430 1870 b 218 b 174 392 b 1710 b

Shawnee 266 ab 160 426 3990 b 227 ab 179 406 ab 3820 b

SE 3 10 12 795 4 3 7 740

p Value 0.02 NS NS <0.01 0.02 NS 0.05 <0.01

Year

2012 261 165 426 3560 225 179 403 3400

2013 271 178 449 5250 233 179 412 4840

SE 2 8 10 640 3 2 5 580

p Value 0.02 NS NS NS NS NS NS NS

x Different letters within columns denote significant differences at p≤0.05 level of probability according to
ANOVA or Tukey’s HSD

P value the statistical significance by ANOVA

SE the standard error of the mean
a See Table 2

44 Bioenerg. Res. (2016) 9:40–49



from 2.8 to 2.9%. Other studies reported XYL values for Cave-
in-Rock and Shawnee within our range. For Cave-in-Rock,
Adler et al. [1] showed an average XYL concentration of
22.2 % and Dien et al. [7] reported 22.3 %.

Experiment1: Theoretical Ethanol Yield and Production

Only ethanol yield from the hexose sugars (HEX and C6)
differed among cultivars (Table 5) with Cave-in-Rock having
higher values compared to Carthage, with Shawnee being in-
termediate. Only HEX differed among years with 2013 having
a higher value at 271 L Mg−1 (Table 5).

Our TEY1 was similar among cultivars and ranged from
426 to 457 L Mg−1 with an average value of 437 L Mg−1

(Table 5). The TEY2 (using fewer constituent sugars) differed
slightly among cultivars with Cave-in-Rock showing higher
values at 425 L Mg−1. Schmer et al. [29] showed no differ-
ences between Cave-in-Rock and Shawnee for their TEY
using method 1. Averaged over sites and years, they showed
Cave-in-Rock and Shawnee yielded 420 and 425 L Mg−1,
respectively, which are very close to those we reported.

The TEP1 and TEP2 differed among cultivars. Cave-in-
Rock had the highest TEP1 with a value of 7350 L ha−1, while
Carthage and Shawnee averaged 2930 L ha−1 (Table 5). Our
values for Cave-in-Rock were much higher and Carthage and
Shawnee were only slightly higher than the TEP values re-
ported by Schmer et al. [29]. They did not find differences
between the two cultivars, with Cave-in-Rock ranging from
2310 to 3286 L ha−1 and Shawnee ranging from 2032 to
2247 L ha−1 [29]. Keshwani and Cheng [16] reported that
adapted switchgrass varieties should produce between 5000
to 6000 L of ethanol ha−1, higher than Schmer et al.’s [29]
estimate of 2000 to 4000 L ha−1. These switchgrass TEP
values contrast with 4000 L ha−1 for corn starch and
2000 L ha−1 for corn stover from agricultural soils [16].

The simpler equations used in method 2 to calculate TEYand
TEP showed a similar trend, with TEY2 and TEP2 being 5 to
10 % less than TEY1 and TEP1 (Table 5). Cave-in-Rock was
again higher in TEY2 using C6 and C5 and, with its higher
biomass yield, provided almost double the TEP2 than the other
two cultivars. Adler et al. [1] showed Cave-in-Rock producing
an average of 427 L Mg−1 averaged over two fall season har-
vests using themethod 2 equations. Usingmethod 2, two upland
varieties averaged over a 3-year period showed TEY2 for both
Dacotah and Sunburst to be 350 L Mg−1 while TEP2 was ap-
proximately 3800 L ha−1for Dacotah and 5000 L ha−1 for Sun-
burst [23]. OurCave-in-Rock and Shawnee grown atHampshire
would be considered Bhigh yielding^ by Schmer et al. [30] since
both cultivars had TEP2 similar to or greater than 3800 L ha−1.

The main factor that influenced the higher TEP for Cave-
in-Rock was its high biomass production compared to Shaw-
nee and Carthage. At Hampshire, TEPs for Cave-in-Rock are
much higher than values in the literature, which could be due

to our methods for determining yields. Our yield estimates
were based on clipped plots, where we carefully collected
the biomass for determining dry weight. In conventional
large-scale biomass harvesting, Adler et al. [1] showed that
21% of biomass can be left behind. Assuming a similar loss of
biomass, our aboveground biomass yields and TEPs would be
reduced to values similar to those of other field studies.

Table 6 Biomass composition of switchgrass from Black Castle and
Coal Mac

Effect Na aNDF Ash ADL NDFD48
% DM % aNDF

Site

Black Castle 0.34 74.1 7.3 3.3 34.8

Coal Mac 0.40 76.3 6.5 3.8 34.6

SE 0.031 0.70 0.26 0.10 0.80

p Value NS NS NS 0.002 NS

Year

2012 0.56 71.2 7.8 2.9 34.6

2013 0.18 79.1 6.0 4.2 34.8

SE 0.030 0.70 0.23 0.10 0.76

p Value <0.0001 <0.0001 <0.0001 <0.0001 NS

Treatment

NF:LM 0.57 ax 71.5 b 8.1 a 2.9 b 34.5

LF:LM 0.31 b 75.9 a 6.8 b 3.7 a 34.8

LF:HM 0.35 b 75.0 a 7.1 b 3.6 a 34.7

HF:LM 0.26 b 78.3 a 5.7 b 4.1 a 34.6

SE 0.050 0.99 0.29 0.01 1.10

p Value <0.0001 <0.0001 <0.0001 <0.0001 NS

Treatment × year

2012

NF:LM 0.9 a 66.0 8.5 2.5 34.3

LF:LM 0.5 b 71.7 7.7 3.1 34.6

LF:HM 0.5 b 71.1 8.1 2.8 34.6

HF:LM 0.3 c 76.0 6.8 3.3 34.8

2013

NF:LM 0.2 76.9 7.7 3.4 34.8

LF:LM 0.1 80.1 5.8 4.3 34.9

LF:HM 0.2 79.0 6.1 4.3 34.8

HF:LM 0.2 80.6 4.6 4.8 34.4

SE 0.06 1.40 0.41 0.19 1.40

p Value 0.002 NS NS NS NS

x Different letters within columns denote significant difference at p≤0.05
level of probability according to ANOVA or Tukey’s HSD

P value the statistical significance by ANOVA

NF:LM no fertilizer, light mulch, LF:LM low fertilizer, light mulch,
HF:LM high fertilizer, light mulch, LF:HM low fertilizer, heavy mulch,
N nitrogen, aNDF neutral detergent fiber, ADL lignin, NDFD48 48-h
neutral detergent fiber digestibility, SE the standard error of the mean
aN×6.25=crude protein
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Experiment 2: Differences in Switchgrass Chemical
Composition due to Fertilizer Applications

For biomass composition, Cave-in-Rock switchgrass
grown at Black Castle differed only for ADL concentra-
tions compared to those at Coal Mac (Table 6). The effect
of year differed for all biomass quality traits except
NDFD48. In 2012, N and ash were higher, while in 2013,
aNDF and ADL were higher. Composition of switchgrass
is known to vary among years because of age and stand
maturity, environmental differences, and harvesting times.

Our biomass quality differences are probably more related
to age and maturity of the switchgrass stand than to envi-
ronmental causes. As switchgrass matures, lignin, hemicel-
lulose, and cellulose all increase. An increase in cell wall
and lignin concentrations will decrease biomass digestibil-
ity. Additional studies over a longer time period could help
separate effects of switchgrass stand age from environmen-
tal differences across years on biomass composition from
these sites.

Across treatments, all traits except for NDFD48 differed,
with higher fertilizer resulting in lower N and ash

Table 7 Cell wall and nonstructural carbohydrate constituents of switchgrass from Black Castle and Coal Mac

Effect GLCa GAL MAN STA GLCS FRU SUC XYL ARA
% DM

Site

Black Castle 27.3 – 0.9 1.1 1.7 1.1 3.7 21.4 3.4

Coal Mac 28.3 1.1 0.9 0.6 1.6 1.0 3.0 21.7 3.4

SE 0.35 0.02 0.02 0.10 0.10 0.08 0.15 0.26 0.04

p Value NS – NS 0.001 NS NS 0.01 NS NS

Year

2012 26.2 1.2 0.9 0.6 1.7 1.3 3.3 20.7 3.5

2013 29.4 – 0.9 1.2 1.5 0.7 3.3 22.3 3.3

SE 0.31 0.20 0.01 0.10 0.08 0.07 0.12 0.23 0.03

p Value <0.0001 – NS 0.001 NS <0.0001 NS <0.0001 <0.0001

Treatment

NF:LM 26.2 bx – 0.8 0.7 1.6 1.2 3.1 20.4 b 3.4 ab

LF:LM 28.3 a 1.1 0.9 0.9 1.5 1.0 3.3 21.8 a 3.4 a

LF:HM 28.7 a 1.0 0.9 1.0 1.7 1.0 3.6 21.8 a 3.3 a

HF:LM 28.0 a 1.1 0.9 0.9 1.6 1.0 3.3 22.0 a 3.4 b

SE 0.40 0.02 0.02 0.15 0.12 0.07 0.16 0.32 0.04

p Value <0.01 NS NS NS NS NS NS 0.013 0.013

Treatment × year

2012

NF:LM 24.4 1.2 0.8 0.4 1.8 1.6 3.4 19.2 3.4

LF:LM 26.4 1.2 0.9 0.7 1.6 1.3 3.4 20.9 3.5

LF:HM 26.4 1.2 0.9 0.6 1.6 1.3 3.2 21.2 3.5

HF:LM 27.5 1.2 0.9 0.6 1.8 1.1 3.2 21.7 3.6

2013

NF:LM 28.0 – 0.9 1.0 1.4 0.8 2.9 21.6 3.3

LF:LM 30.1 1.0 0.9 1.1 1.4 0.6 3.1 22.7 3.4

LF:HM 29.9 1.0 0.9 1.3 1.6 0.7 3.4 22.8 3.1

HF:LM 29.5 0.9 0.8 1.3 1.7 0.8 4.0 22.0 3.3

SE 0.52 0.03 0.03 0.20 0.12 0.11 0.21 0.42 0.05

p Value NS NS NS NS NS NS 0.018 NS 0.004

x Different letters denote significant difference at p≤0.05 level of probability according to ANOVA or Tukey’s HSD

P value the statistical significance by ANOVA

NF:LM no fertilizer, light mulch, LF:LM low fertilizer, light mulch, HF:LM high fertilizer, light mulch, LF:HM low fertilizer, heavy mulch, SE the
standard error of the mean
a See Table 1
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concentrations in biomass. The highest percentage of aNDF
was for high fertilizer with low mulch treatment (HF:LM) at
78.3%.Alamo switchgrass had 80.7% aNDF averaged across
three fertilizer treatments up to 90 kg N ha−1 [11].

For N concentrations, NF:LM was the highest at 0.57 %
while the other three had lower values averaging 0.31 %. In-
teraction was due to the highest value for no fertilizer in 2012
but not for 2013. Our N concentration for NF:LM was much
higher than 0.34 % reported by Sadeghpour et al. [28] for
Cave-in-Rock grown with no fertilizer. Although our N appli-
cation rates were at the low end of the range, our results did
not show increasing biomass N concentration with increasing
fertilizer rate as suggested by Lemus et al. [18]. Waramit et al.
[36] did not show a fertilizer rate effect for N concentration of
Cave-in-Rock over rates of 0, 65, and 140 kg N ha−1 and the
biomass in their study averaged 0.6 % N concentration.

Ash levels were highest for NF:LM at 8.1 % and lowest
with HF:LM at 5.7 %. These levels for Cave-in-Rock are
higher than the average ash concentrations reported by
Sadeghpour et al. [28] and Wilson et al. [37] of 3.6 and
4.5 %, respectively. Our ash concentrations are similar to
those for Cave-in-Rock grown by Waramit et al. [36]. Over
rates of 0 to 140 kg N ha−1, they showed similar concentra-
tions of approximately 7.0 % in 2006 and 6.5 % in 2007.
Values for ADL were lowest for NF:LM at 2.9 % which are
lower than those reported by Waramit et al. [36] of 4.0 to
4.5 % over rates of 0 to 140 kg N ha−1.

Experiment 2: Cell Wall Constituents

A few ethanol prediction constituents differed among sites,
years, and treatments (Table 7). The two sites were only dif-
ferent for STA and SUC. Sugars in biomass differed between
years for GLC, STA, FRU, XYL, and ARA. No site × treat-
ment interactions were found, while SUC and ARAwere the
only constituents with a treatment × year interaction. The only
differences among treatments were for GLC, XYL, and ARA.
Our values for XYL of 21.5 % are similar to those of Adler
et al. [1] who reported concentrations in Cave-in-Rock to be
22.2 % averaged over two fall harvest seasons.

Experiment 2: Theoretical Ethanol Yield and Production

Ethanol prediction values did not differ between sites
(Table 8). Because all sugars could not be predicted for bio-
mass from these two sites, a simplified version of method 2
was used which only included GLC and XYL (method 3,
Table 2). Years differed in ethanol prediction values, and
2013 was always greater than 2012. Since 2013 had greater
biomass yields as well as TEY3, TEP3 was greater in 2013.
Treatments differed for all ethanol prediction values and
NF:LM had the lowest GL, XY and TEY3 and TEP3 values.
Adler et al. [1] had a much higher ethanol yield of 427 LMg−1

from Cave-in-Rock averaged over two fall harvests. They
used an equation that also only used XYL to estimate pentose
ethanol yield, but that equation included more constituents in
the hexose calculation, which obviously contributed to higher
ethanol yield. The HF:LM treatment had the greatest TEP3 at
1520 L ha−1 due to higher biomass yield.

Since a simplified equation (method 3) was used on these
sites, theoretical ethanol yields from Black Castle and Coal
Mac using TEY3 were obviously lower compared to Hamp-
shire using TEY1 and other studies where more sugars were
included in their calculations.

Schmer et al. [30] suggested a simple conversion of 380 L
of ethanol Mg-1 of biomass can be used to predict TEP. From
Hampshire, the TEY1 data gave values of 427 to 457 LMg−1,
which are higher that this estimate of 380. To compare this
simple conversion to our results, TEP1 for Cave-in-Rock at
Hampshire was 7350 L ha−1 (Table 5). Using the 380 LMg—1

conversion and a biomass yield of 16 Mg ha−1 (Cave-in-Rock
yield at Hampshire from Fig. 2 in Brown et al. [3]), TEP was
calculated to be 6080 L ha−1, which is lower than both TEP
estimates by methods 1 and 2 (Table 5).

Table 8 Cave-in-Rock switchgrass theoretical ethanol yields (TEY3)
and production (TEP3) from Black Castle and Coal Mac using method 3

Effect GLa XY TEY3 TEP3
L Mg−1 L ha−1

Site

Black Castle 197 158 354 808

Coal Mac 204 169 363 1180

SE 2.6 1.9 4.1 235

p Value NS NS NS NS

Year

2012 189 154 342 418

2013 212 165 375 1570

SE 2.2 1.8 3.8 190

p Value <0.0001 <0.0001 <0.0001 <0.0001

Treatment

NF:LM 189 bx 151 b 339 b 567 b

LF:LM 204 a 161 a 363 a 891 ab

LF:HM 202 a 163 a 365 a 993 ab

HF:LM 208 a 162 a 366 a 1520 a

SE 2.9 2.4 5.1 235

p Value <0.0001 0.002 <0.0001 0.02

x Different letters within columns denote significant difference at p≤0.05
level of probability according to ANOVA or Tukey’s HSD

P value the statistical significance by ANOVA

NF:LM no fertilizer, light mulch, LF:LM low fertilizer, light mulch,
HF:LM high fertilizer, light mulch, LF:HM low fertilizer, heavy mulch,
SE the standard error of the mean
a See Table 2
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Conclusion

In spite of few to no differences among cultivars for TEY at
Hampshire, Cave-in-Rock had significantly higher TEP due to
its higher biomass production compared to Shawnee and Car-
thage. Fertilizing switchgrass at planting increased TEY and
TEP, which was due to slight increases in GLYand XYL and
to primarily greater biomass production. In comparing our
results to other studies, switchgrass biomass quality and com-
position grown on surface mines is similar to that grown on
agricultural soils, and TEYs are within the range of other
studies in the USA. Six years after seeding, TEP1 at Hamp-
shire with Cave-in-Rock was over 7000 L ha−1, which is
greater than estimates of 4000 to 5000 L ha−1 for other sites
in the USA.
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